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Abstract: We report on the first erbium (Er3+) doped double tungstate waveguide laser. As a 
gain material, we studied a monoclinic Er3+:KLu(WO4)2 crystal. A depressed-index buried 
channel waveguide formed by a 60 µm-diameter circular cladding was fabricated by 3D 
femtosecond direct laser writing. The waveguide was characterized by confocal laser 
microscopy, µ-Raman and µ-luminescence mapping, confirming that the crystallinity of the 
core is preserved. The waveguide laser, diode pumped at 981 nm, generated 8.9 mW at 
1533.6 nm with a slope efficiency of 20.9% in the continuous-wave regime. The laser 
polarization was linear (E || Nm). The laser threshold was at 93 mW of absorbed pump power. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
The Erbium (Er3+) ion is known for its laser emission around 1.5 µm wavelength due to the 
4I13/2 → 4I15/2 transition [1]. This emission is eye-safe and it corresponds to one of the 
transparency windows of atmosphere and silica fibers. Er-doped silica fiber lasers and 
amplifiers are the workhorse in telecommunication. Furthermore, Er lasers are used in free-
space communications, range-finding (LIDAR), navigation and environmental sensing. 
Continuous-wave (CW) and pulsed waveguide Er lasers are of practical importance for 
integrated optics [2] as well. Various methods have been implemented for the fabrication of 
Er waveguides for lasers and amplifiers, e.g., ion diffusion [3], ion exchange [4], reactive co-
sputtering [5], pulsed laser deposition [6], liquid phase epitaxy [7], femtosecond direct laser 
writing (fs-DLW) [8], etc. 

The Er3+ ion (electronic configuration: [Xe]4f11) possesses a complex energy levels 
scheme with multiple resonant energy-differences between multiplets [9]. This determines 
various possible transfer processes of electronic excitation, e.g., energy-transfer upconversion 
(ETU), excited-state absorption (ESA) or cross-relaxation (CR) [9,10]. For the 1.5 µm laser 
emission, these processes are parasitic limiting the laser efficiency and causing unwanted heat 
loading. Thus, the selection of a proper Er3+ doping concentration as well as pumping scheme 
is critical. 

The most well-known scheme is (Er3+,Yb3+) codoping with the Yb3+ ion serving as a 
sensitizer and providing strong absorption at 0.98 µm (range of emission from InGaAs laser 
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diodes). For certain materials like phosphate glasses, this scheme is rather efficient [11,12]. 
In-band pumping of Er3+ ions at ~1.5 µm (directly to the 4I13/2 upper laser level) has proven its 
potential for power-scalable crystalline lasers, e.g., Er:Y3Al5O12 [13], but the suitable pump 
sources are not widely spread and expensive. Pumping of singly Er3+-doped crystals at 0.98 
µm (to the 4I11/2 state) can be a cheap alternative [14] although the optical-to-optical 
efficiency of such lasers is limited by the low 4I15/2 → 4I11/2 absorption. 

Among the hosts for laser-active rare-earth ions (RE3+), monoclinic double tungstates 
(MDTs) having a chemical formula KRE(WO4)2 where RE = Gd, Y or Lu, have been 
extensively studied. These crystals feature high transition cross-sections with polarized light, 
weak non-radiative relaxation, long RE3+-RE3+ distances and acceptance of high RE3+ doping 
concentrations [15]. Efficient MDT lasers based on Nd3+ and Yb3+ (at ~1 µm), Tm3+ and Ho3+ 
(at ~2 µm) doping have been reported [16–18]. Moreover, efficient MDT waveguide (WG) 
lasers have also been demonstrated [19,20]. Typically, they are based on thin films grown by 
liquid phase epitaxy (LPE) [21] and (optionally) microstructured by ion etching. 

However, there are only few studies devoted to Er:MDT lasers [14,22,23] and there are no 
reports on Er:MDT WG lasers. An Er,Yb:KY(WO4)2 laser generated only 2.8 mW at 1.54 µm 
with a slope efficiency η of ~1% [22]. In-band pumping of Er:MDTs at 1.52 µm has been also 
realized, while still with limited output power, e.g., 110 mW at 1.609 µm with η = 40% for 
Er:KY(WO4)2 [23]. Very recently, direct diode-pumping of singly-doped Er:KLu(WO4)2 
crystal was demonstrated reaching 268 mW of CW output at 1.610 µm with η = 30% [14]. 
Note that tetragonal double tungstates, NaRE(WO4)2, have been considered as hosts for Er3+ 
doping as well [24]. 

Regarding Er:MDT WGs, previous studies focused on their fabrication and Er3+ 
spectroscopy [7,25–27]. Bolaños et al. reported on the growth of “mixed” Er:KY1-x-

yGdxLuy(WO4)2 layers on undoped KY(WO4)2 substrates by LPE [25]. Upconversion 
luminescence of LPE-grown Er,Yb:KY(WO4)2 thin films was studied in [26]. Recently, the 
gain in 0.98 µm-pumped singly Er3+-doped KGd1-xLuy(WO4)2 channel WGs was studied. A 
relative internal gain (signal enhancement minus absorption) of 12 ± 5 dB/cm at 1.535 µm, 
ESA spectra and ETU micro-parameters were determined [7]. Kurilchik et al. reported on the 
growth, spectroscopy and “bulk” laser operation of Er,Yb:KGd1-xYx(WO4)2 LPE-grown thin 
films. Under in-band pumping in non-waveguiding geometry, 16 mW of CW output were 
achieved at 1.606 µm with η = 64% [27]. 

In the present work, we demonstrate the first Er-doped MDT WG laser. A singly Er3+ 
doped bulk MDT crystal is diode-pumped at ~0.98 µm (to the 4I11/2 state). The waveguide was 
fabricated by 3D femtosecond direct laser writing (fs-DLW). Fs-DLW is a powerful tool to 
produce active microstructures in transparent dielectric materials [28–30]. It has been 
previously used to fabricate waveguides in Er3+,Yb3+-codoped glasses applied for amplifiers 
[31] and lasers [8,32,33]. Fs-DLW MDT WG lasers based on Yb3+ and Tm3+ ions have been 
reported recently [34,35]. 

Fs-DLW of active waveguides in RE3+-doped low-symmetry crystals like MDTs in the 
geometries of type II or depressed cladding (with a negative refractive index change) [30] is 
expected to benefit from the anisotropy of spectroscopic properties of RE3+ ions in crystals 
and better thermal and thermo-mechanical properties of the host matrix, as compared to 
glasses. Note that it is typically not possible to produce type I WGs (with a positive refractive 
index change) in such crystals contrary to glasses [30]. 

2. Experimental 
2.1 Laser crystal 

As a laser crystal, we used Er:KLu(WO4)2 (below, it is denoted shortly as Er:KLuW). The 
Er3+ doping concentration was 1 at. % (NEr = 0.64 × 1020 cm−3). The crystal was grown by the 
Top-Seeded Solution Growth (TSSG) Slow-Cooling method using K2W2O7 as a solvent and a 
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[010]-oriented seed [15]. A rectangular sample was cut for light propagation along the Ng 
optical indicatrix axis. It had a length t of 3 mm and an aperture of 3(Nm) × 3(Np) mm2. Both 
Nm × Np faces, as well as one of the lateral side faces were polished to laser quality and 
remained uncoated. 

2.2 Waveguide fabrication 

The depressed-index buried channel WG was fabricated in the bulk Er:KLuW sample by fs-
DLW [35], Fig. 1. For writing, we used a Ti:Sapphire regenerative amplifier (Spitfire, Spectra 
Physics) operating at 795 nm and emitting 120 fs pulses at a repetition rate of 1 kHz. As 
focusing optics, a 40 × (N.A. = 0.65) microscope objective was used. The incident pulse 
energy on the crystal was 74 nJ, only a small fraction of the Spitfire output energy (~1 mJ) 
that was reduced by using a set of a half-wave plate, a linear polarizer and a calibrated neutral 
density (ND) filter. The fs-DLW was performed through the polished lateral side face of the 
sample. The crystal was scanned at a speed of 400 μm/s along the Ng-axis producing damage 
tracks through the whole length of the sample. The damage tracks reached both sample end-
facets but no surface damage was observed. As a result, the end-facets were not repolished 
after fs-DLW. The polarization of the fs laser corresponded to E || Nm in the crystal, so that it 
was perpendicular to the scanning direction, see Ref [36]. for reasoning. 

The channel WG consisted of a 60 μm diameter core and a ring-shaped cladding formed 
by fs laser damage tracks. The axis of the WG was located 120 μm beneath the crystal 
surface. The separation between adjacent tracks along the perimeter of the core was ~2 μm. 
The WG was written along the entire crystal length (3 mm). The refractive index of KLuW nm 
is 2.024 (at 1.534 μm, for E || Nm) [37]. According to our previous study [36], the decrease of 
the refractive index in the cladding region Δn is ~6 × 10−4. 

 

Fig. 1. Scheme of the 3D femtosecond direct laser writing of the channel waveguide in 
Er:KLuW. 

2.3 Waveguide characterization 

The fs-DLW WG was studied using a confocal laser microscope (LSM 710, Carl Zeiss) 
equipped with a set of a polarizer and an analyzer, a blue GaN laser (λ = 405 nm) and an Ar+ 
ion laser (λ = 488 nm). 

For µ-Raman and µ-luminescence mapping, we used a Renishaw inVia Reflex confocal 
Raman microscope with a He-Ne laser (λ = 632.8 nm) and an Ar+ ion laser (λ = 514 nm), 
respectively. It was equipped with a 50 × Leica objective and a set of polarizers and an 
analyzer. The spatial resolution was 0.4 μm. 

The luminescence spectra were measured using OSAs (model AQ6373 for visible and 
model AQ6375B for near-IR, Yokogawa) and a Glan-Taylor polarizer. The VBG-stabilized 
InGaAs laser diode at 981 nm (described in Section 2.3) was applied as excitation source. The 
decay curves were measured under quasi-CW excitation using a 2 GHz digital oscilloscope 
(Tektronix DPO5204B) and an InGaAs photodiode. 
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2.4 Laser set-up 

The Er:KLuW sample containing the fs-DLW WG was mounted on an Al holder between 
conventional cavity mirrors. The passively-cooled holder was kept at room temperature (RT, 
293 K) and no noticeable change of the temperature was detected during the laser operation. 
The laser cavity consisted of a flat pump mirror (PM) coated for high transmission (HT) at 
0.98 μm and for high-reflection (HR) at 1.52–1.70 μm and a flat output coupler (OC) having a 
transmission of TOC = 1%, 2% or 5% at the laser wavelength. Both PM and OC were placed 
as close as possible to the WG end-facets while no index-matching liquid was used. 

 

Fig. 2. (a) Laser set-up: CL – collimating lenses, FL -focusing lens, PM – pump mirror, OC – 
output coupler, F – filter; (b) photograph of the green upconversion from the pumped fs-DLW 
Er:KLuW waveguide. 

The WG was pumped by an InGaAs laser diode (fiber core diameter: 105 µm, numerical 
aperture: 0.22). Its unpolarized emission at 981 nm was stabilized by a volume Bragg grating 
(emission bandwidth: 0.7 nm). The fiber output was collimated and focused into the crystal 
by a lens assembly (1:1 imaging ratio, focal length f = 30 mm). The pump spot size on the 
input facet of the WG 2wp was 105 µm. The pump radiation coupling efficiency was 
estimated from the geometrical overlap of the focused pump beam and the WG core as 29 ± 
2% (accounting for the Fresnel losses). The measured pump absorption under lasing 
conditions ηabs,L was 9.5 ± 0.5%. 

The laser output was filtered from the residual pump with a long-pass dielectric filter and 
collimated with an aspherical uncoated plano-convex lens (f = 40 mm). The output power was 
measured with a power meter (Ophir Nova P/N 1Z01500), the emission spectrum was 
recorded using an optical spectrum analyzer (OSA, Yokogawa, model AQ6375B) and the 
beam profile was captured using a near-IR camera (FIND-R-SCOPE model 85726). The 
calibration of the camera was performed using a 1951 USAF resolution test target (Thorlabs, 
model R1DS1) placed at the position of the output facet of the WG and illuminated by the 
pump beam. 

The scheme of the laser set-up is shown in Fig. 2(a). The Er:KLuW WG under lasing 
conditions emitted bright green Er3+ upconversion luminescence (the 2H11/2 + 4S3/2 → 4I15/2 
transition). The greenish luminescence in Fig. 2(b) indicates the pump channel. 

3. Results and discussion 
3.1 Confocal microscopy study 

At first, we studied the fs-DLW Er:KLuW WG by confocal microscopy, see Fig. 3. The 
measurements were done in transmission with polarized light at λ = 405 nm. When looking at 
one of the polished end-facets, a dark ring is formed by vertically extended (1.5...2 × 5...8 
µm2 along horizontal and vertical directions, respectively) damage tracks, representing the 
WG cladding, Fig. 3(a). The WG core appears to be darker than the bulk region because of 
attenuation of light passing through the core and cladding. No cracks in the inner core and 
surrounding bulk regions are visible. 

When looking from above on the central part of the WG (along the direction of 
propagation of the writing fs laser), a dark barrel with a net-like structure surrounded by a 
bright bulk area is observed, Fig. 3(c). The selected sample scanning speed (400 μm/s) 
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ensures the continuity of the damage lines along the sample as clearly seen in Fig. 3(с). On 
the other hand, the use of a smaller scanning speed is detrimental for the WG performance 
provided that a more severe damage will be induced increasing propagation loss, and the 
cumulative effects of the stress may distort the mode profile. The inhomogeneity in the 
damage tracks that can be seen in Fig. 3(c) is related to a minor defect in the motion of the 
XYZ stage. 

 

Fig. 3. Transmission-mode confocal microscope images of the fs-DLW Er:KLuW waveguide: 
(a,b) end-facet view, (c,d) top view. (a,c) polarized (P) light, (a) P || Np, (c) P || Ng, λ = 405 nm, 
(b,d) with crossed polarizer (P) and analyzer (A), (b) P || Np, A || Nm, (d) P || Ng, A || Nm, λ = 
488 nm. 

To reveal the effect of fs-DLW on the induced birefringence of the WG, it was further 
studied with crossed polarizers. Monoclinic KLuW is an optically biaxial crystal [15]. If 
placed between two crossed polarizers oriented along two orthogonal optical indicatrix axes, 
it will show a dark field in transmission. The latter is seen in the bulk regions in Fig. 3(b) 
(end-facet view) and Fig. 3(d) (top view). Fs-DLW induces a modification of the structure 
and the stress field leading to a local alteration of the optical indicatrix via the photo-elastic 
effect. Light is therefore transmitted through the crossed polarizers due to an additional phase 
shift within the crystal, as shown in Figs. 3(b) and 3(d). 

3.2 µ-Raman mapping 

µ-Raman mapping is a sensitive method to monitor the alteration of crystallinity (degree of 
structural order, i.e., the lack of lattice defects, imperfections and structure disorder) of 
samples intended for fs-DLW [38]. 

The Raman spectra were measured in the g(mm)g geometry focusing on the most intense 
internal mode of KLuW appearing at ~908 cm−1. Its peak intensity, peak position and width 
were monitored. This mode is assigned as ν(W–O)/ν1 and related to the W–O stretching 
vibrations of the [WO6] octahedra in the KLuW structure [15]. 
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Fig. 4. µ-Raman mapping of the polished end-facet of a fs-DLW Er:KLuW waveguide, 
g(mm)g geometry, monitoring the ~908 cm−1 Raman peak: (a) peak Raman intensity, (b) peak 
position, (c) peak width, λexc = 632.8 nm. 

The results of the µ-Raman mapping of one of the WG end-facets are shown in Fig. 4. In 
the WG core region, the crystalline quality of the material is preserved, as indicated by the 
unchanged Raman response with respect to the bulk crystal. In the cladding, the peak 
intensity of the studied Raman band decreased, the peak position shifted to higher frequencies 
(to 909.1 cm−1), and a slight broadening of the peak was observed, indicating a reduction of 
the structural order and appearing stresses [38–41]. Note that as it was shown in Section 3.1, 
no macroscopic crystal damage was detected. 

3.3 µ-luminescence mapping 

µ-luminescence mapping allows to analyze the effect of fs-DLW on the emission properties 
of active ions. 

 

Fig. 5. Spectra of the Er3+ luminescence due to the 2H11/2 + 4S3/2 → 4I15/2 transitions measured 
from the bulk, core and cladding regions of the end-facet of a fs-DLW Er:KLuW waveguide, 
λexc = 514 nm, excitation / detection light polarization is E || Nm. 

The luminescence spectra of Er3+ corresponding to the 2H11/2 + 4S3/2 → 4I15/2 transition 
(corresponding to the green spectral range) measured from the bulk, WG core and WG 
cladding regions are shown in Fig. 5. The excitation / detection light polarization is E || Nm. 
The shape of the spectra for all three studied areas is almost the same. The emission intensity 
decreases when going from the bulk and the WG core to the WG cladding. 

To trace such changes, we selected a well-resolved peak at 552.8 nm due to the Stark-to-
Stark transition within the 4S3/2 → 4I15/2 emission band. The peak intensity, peak position and 
peak width were analyzed, see Fig. 6. In the WG core region, no notable change of the 
luminescence response is detected with respect to the bulk crystal. In the WG cladding region, 
the luminescence intensity is suppressed and the Stark-to-Stark emission peak is broadened 
experiencing a red-shift. The former effect is attributed to the luminescence quenching by fs-
DLW-induced color centers (structure imperfections) and the two latter effects – to the 
slightly modified crystal-field arising from lattice disorder in the WG cladding [38]. In Figs. 
6(b) and 6(c), a weak horizontal area extending over the WG core is observed where the 
emission properties are weakly altered. It is attributed to the so-called anisotropic stress fields 
induced by fs-DLW [41]. 

                                                                                                Vol. 26, No. 23 | 12 Nov 2018 | OPTICS EXPRESS 30831 



 

Fig. 6. µ-luminescence mapping of the polished end-facet of a fs-DLW Er:KLuW waveguide 
on the 4S3/2 → 4I15/2 Er3+ transition: (a) luminescence intensity, (b) peak position, (c) peak 
width, λexc = 514 nm, λlum = 552.8 nm, excitation / detection light polarization is E || Nm. 

3.4 The Er3+ 4I13/2 → 4I15/2 transition at ~1.5 µm 

Prior to the laser experiments, we also characterized the ~1.5 µm emission of Er3+ from the 
WG core according to the 4I13/2 → 4I15/2 transition. The collecting fiber of the OSA was placed 
next to the output facet of the WG which was pumped at ~981 nm by unpolarized light. The 
polarized luminescence spectra are shown in Fig. 7(a). They are strongly polarized; the 
maximum intensity corresponds to E || Nm. The local peak in the emission spectra is at 1535 
nm. The corresponding stimulated-emission cross-section σSE is 3.0 × 10−20 cm−2 [14]. 

 

Fig. 7. 4I13/2 → 4I15/2 emission from the fs-DLW Er:KLuW waveguide: (a) photo luminescence 
(PL) spectra for light polarizations E || Nm and E || Np, arrow indicates the laser wavelength; 
(b) luminescence decay curve: symbols – experimental data, line – single-exponential fit, λexc = 
981 nm, λlum = 1534 nm. 

The luminescence decay curve at 1.534 µm is shown in Fig. 7(b). It is clearly single-
exponential with a characteristic decay time τlum of 3.6 ± 0.1 ms. This value is close to that 
measured for a bulk Er:KLuW crystal [14]. The single-exponential decay confirms the 
presence of a single type of site for Er3+ ions (Lu3+ site, VIII-fold O2- coordination, C2 
symmetry) [15]. Thus, fs-DLW does not affect the site symmetry for Er3+ ions in the WG core 
region. 

3.5 Laser operation 

Laser operation was achieved with the fs-DLW Er:KLuW WG using all applied OCs (1%-
5%). The laser output was linearly polarized (E || Nm), naturally selected by anisotropy of the 
gain [14]. No damage of the WG was observed under laser operation up to an incident pump 
power of at least 5.2 W. 

The input-output dependences are shown in Fig. 8(a). The maximum output power 
corresponded to TOC = 5%, namely 8.9 mW at 1533.6 nm with a slope efficiency η of 20.9% 
(with respect to the absorbed pump power Pabs). The laser threshold was at Pabs = 93 mW. For 
smaller output coupling, the laser output deteriorated: η = 10.6% and 2.1% for TOC = 2% and 
1%, respectively. For all studied OCs, the input-output dependences were linear showing no 
detrimental thermal effects. Due to the small number of available OCs, we were not able to 
perform the Caird analysis (a plot of inverse of the slope efficiency vs. inverse of the output-
coupling losses) [42]. The propagation losses in similar fs-DLW circular 3 at.% Tm:KLuW 
WGs were recently estimated by us from the Caird analysis to be about 1.4 ± 0.5 dB/cm at 
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1.84 µm [35] while the exact value is expected to vary slightly with the RE3+ ion and the 
doping concentration. 

Typical spectra of the fs-DLW Er:KLuW WG laser are shown in Fig. 8(b). The laser 
wavelength λL experienced a slight blue-shift with increasing TOC, from 1535.2 to 1533.6 nm 
in agreement with the quasi-three-level nature of the Er3+ laser for this transition. The weak 
dependence of the laser wavelength on the output coupling is explained by relatively high 
intracavity losses of the WG laser leading to high inversion ratios β = N2(4I13/2)/NEr. 
According to the gain spectra of Er3+ in KLuW for light polarization E || Nm [14], the local 
peak at ~1535 nm dominates in the spectra for very high β >0.55 (strongly bleached WG). 
The latter agrees with the determined pump absorption under lasing conditions ηabs,L (Section 
2.4) which is much smaller than the small-signal pump absorption calculated from the 
spectroscopic data, ηabs,0 = 1 – exp(-σp

absNErt) = 20.6% (assuming no ground-state bleaching). 
Here, σp

abs = 1.2 × 10−20 cm2 is the absorption cross-section at the pump wavelength (averaged 
for E || Nm and E || Np polarizations) [14]. 

The spatial profile of the laser output beam was measured in the far-field. The equivalent 
size of the mode at the output facet of the WG was determined using far-field beam profiles 
obtained with a resolution test target placed at the position of the WG output facet. The 
results are shown in Fig. 8(c) for TOC = 5% (the mode size was nearly unchanged for all 
studied OCs). The mode is nearly-spherical and the intensity profiles in the directions of the 
Nm and Np axes are well fitted to a Gaussian distribution. The resulting mode sizes 2wL are 
48.2 µm and 49.4 µm, respectively. Thus, the mode is well-confined within the WG core. 

 

Fig. 8. Diode-pumped fs-DLW Er:KLuW waveguide laser: (a) input-output dependences, η – 
slope efficiency; (b) typical laser emission spectra measured at Pabs = 116 mW; (c) calibrated 
spatial profiles of the laser mode corresponding to the output facet of the WG: symbols – 
experimental data, curves – their Gaussian fits, inset – 2D profile, TOC = 5%, Pabs = 116 mW. 

Table 1. Output Characteristics of Er fs-DLW Waveguide Lasers Reported So Far 

Active material λp, nm Pth, 
mW 

Pout, 
mW 

λL, nm η, % Ref. 

Er3+,Yb3+-codoped 
glass 

      

phosphate 976&980 142 80 1535 21.5inc [43] 
phosphate 976&980 90 23 1560 6.6inc [32] 
phosphate 975 330 1.7 1533 2inc [8] 
oxyfluoride-silicate 980&1480 350 0.03 1536 0.01inc [44] 
La-phosphate 976 350 5 1535 ~2inc [33] 
La-phosphate 976 21.6 112 1535 38.3abs [45] 
Er3+-doped crystal       
KLu(WO4)2 981 93 8.9 1534 20.9abs This 

work 
LiLuF4 974 1150 10 553 3inc [46] 

 
In Table 1, we compared the output characteristics of the fs-DLW Er WG lasers reported 

so far [8,32,33,43–46]. To date, most of the studies focused on Er3+,Yb3+-codoped glasses, 
namely phosphate, La-phosphate and oxyfluoride-silicate. The maximum output power was 
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achieved in [45] using a 2 wt.% Er2O3, 4 wt% Yb2O3 doped P2O5 – La2O3 – Al2O3 – K2O 
glass and diode-pumping at 976 nm, namely 112 mW at 1535 nm with a maximum η = 38.3% 
(with respect to Pabs). Single-longitudinal-mode (SLM) operation was obtained by fiber Bragg 
grating mirrors. The use of other glass compositions typically led to lower output powers and 
slope efficiencies [8,33,44]. 

This work represents the first ~1.5 µm fs-DLW Er crystalline WG laser. A previous study 
on fs-DLW waveguides in Er:LiLuF4 crystal focused on upconversion laser emission at 553 
nm (4S3/2 → 4I15/2 transition) [46]. 

4. Conclusion 
To conclude, we report on the first ~1.5 µm fs-DLW erbium crystalline waveguide laser, as 
well as the first erbium-doped double tungstate waveguide laser. It is based on a monoclinic 
singly Er3+-doped KLu(WO4)2 crystal diode-pumped at ~0.98 µm (to the 4I11/2 state). Strong 
polarization-anisotropy of transition cross-sections for Er3+-doped MDTs promotes the 
possibility of direct diode-pumping of singly Er3+-doped crystals. In addition, 3D fs-DLW 
allowed us to fabricate channel waveguides with well-preserved crystallinity of the core, as 
confirmed by µ-Raman and µ-luminescence mapping. 

The designed waveguide laser generates 8.9 mW of CW output at 1533.6 nm (a 
wavelength corresponding to the telecom C-band) with a slope efficiency of >20%, linear 
laser polarization (E || Nm) and nearly-Gaussian output beam. The laser threshold is as low as 
93 mW of absorbed pump power. We believe that it is possible to improve the WG laser 
performance by a proper combination of Er3+ concentration and output coupling. In-band 
pumping of the WG laser can lead to even higher laser slope efficiency. The use of fiber 
Bragg grating may lead to single-longitudinal-mode operation with this laser. 
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