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Multi watt continuous-wave operation of tetragonal rare-

earth calcium aluminate Yb:CaLnAlO4 (Ln = Gd, Y) 

crystals in plano-plano microchip lasers was 

demonstrated with an almost quantum-defect-limited 

slope efficiency. Pumped at 978 nm by an InGaAs laser 

diode, a 3.4 mm-long 8 at.% Yb:CaGdAlO4 laser generated 

7.79 W at 1057–1065 nm with a slope efficiency of η = 

84% (with respect to the absorbed pump power). Even 

higher η = 91% was achieved with a 2.5 mm-long 3 at.% 

Yb:CaYAlO4 laser, from which 5.06 W were extracted at 

1048–1056 nm. Both lasers produced linearly polarized 

output (σ-polarization) with an almost circular 

diffraction-limited beam (M2
x,y <1.1). The output 

performance of the developed lasers was modelled 

yielding an internal loss coefficient as low as 0.004-0.007 

cm-1. In addition, their spectroscopic properties 

were revisited. 

OCIS codes: (140.3380) Laser materials; (300.0300) Spectroscopy; 
(140.3480) Lasers, diode-pumped. 
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The development of compact lasers comprising a gain material 
and (optionally) a saturable absorber placed between two plane 
cavity mirrors (in the so-called microchip laser geometry) is of 
practical interest since such devices offer numerous advantages 
[1]. In the continuous-wave (CW) operation mode they benefit 

from low-loss, robustness and insensitivity to misalignment, as 
well as good mode-matching provided by the induced thermal lens 
[2]. As a consequence, high laser efficiency is possible. In the 
passively Q-switched (PQS) regime, they generate very short 
pulses (down to sub-ns in duration) due to the reduced cavity 
roundtrip time [3-5]. The laser material intended for use in 
microchip lasers should combine certain spectroscopic and 
thermal / thermo-optic properties. The former group includes 
high doping levels, high transition cross-sections leading to a high 
pump efficiency and low laser threshold, as well as relatively long 
upper laser lifetime leading to pulse energy scaling capabilities for 
the PQS regime [4,5]. The latter group includes high thermal 
conductivity and positive thermal lensing [2]. 

The Ytterbium (Yb3+) ion is well-known for its laser emission at 
~1 μm related to the 2F5/2 → 2F7/2 transition. Its simple energy level 
scheme disables parasitic excited-state absorption and 
upconversion processes, leading to low heat loading. Yb3+-doped 
crystals can easily be pumped by commercially available high-
power InGaAs laser diodes. To date, there is a variety of laser hosts 
studied for Yb3+ doping [6]. Over the past decade, Yb3+-lasers have 
become the choice for high power operation. At the same time, 
only few materials were studied in highly-efficient power-scalable 
compact (incl. microchip-type) lasers [7-11]. 

One type of crystals which is known to be very suitable for 
power-scalable CW and especially mode-locked (ML) Yb lasers are 
the tetragonal rare-earth calcium aluminates Yb:CaLnAlO4 (where 
Ln = Gd or Y [12,13]), denoted shortly as CALGO or CALYO, 



respectively. These crystals exhibit local disorder [14] and when 
doped with Yb3+ ions, this is manifested in broad and smooth 
spectral bands. Doping concentrations as high 15 at.% are feasible 
for Yb:CaLnAlO4 crystals. Their thermal conductivity is rather high 
(3-6 W/mK) for disordered crystals and shows weak dependence 
on the Yb3+ doping level [15]. In addition, positive thermal lens was 
reported for various Yb:CALGO crystal orientations [16]. 

The CW and ML performance of Yb:CaLnAlO4 crystals has been 
extensively studied in the last decade. Sub-50 fs pulses were 
achieved using semiconductor saturable absorbers (SESAMs) and 
Kerr-lens mode-locking [17-19]. High-power bulk and thin-disk 
Yb:CALGO lasers were also reported [10,16,20]. However, to date, 
Yb:CaLnAlO4 crystals have not been used in microchip lasers. In the 
present work, we report on various Yb:CaLnAlO4 microchip lasers 
demonstrating almost quantum-defect-limited laser slope 
efficiency and multi-watt CW output power. 

CaLnAlO4 crystals belong to the family of crystals with general 
formula ABCO4 where A = Ca or Sr, B = Y or rare-earth ion, C = Al or 
Ga. They are tetragonal (sp. gr. I4/mmm, D174h), with lattice 
parameters a = 3.663 Å and c = 12.010 Å for CALGO and a = 3.645 
Å and c = 11.874 Å for CALYO. Yb3+ substitutes the passive Ln3+ in a 
site with a point symmetry C4v and IX-fold O2--coordination which 
otherwise is statistically occupied by Ca2+ and Ln3+ ions due to the 
closeness of their ionic radii. In doped crystals, the local disorder 
originates from the second coordination sphere of the Yb3+ cations 
by the Ca2+ and Ln3+ ions (due to the charge difference of these ions 
and the different cation-cation distances) [14]. The ionic radii of IX-
fold coordinated Y3+ (1.075 Å) and Gd3+ (1.107 Å) are slightly larger 
than that of Yb3+ (1.042 Å) and therefore relatively high Yb3+ 
doping levels are possible. 

The CaLnAlO4 crystals are optically uniaxial, the optic axis is 
parallel to the crystallographic c-axis. Thus, there are two principal 
refractive indices, no and ne, see Table 1 [21], and two principal 
polarizations for doped CaLnAlO4 crystals, E || c (π) and E ⊥ c (σ). 

Table 1 Optical and Thermo-Optical Parameters of CaLnAlO4 

crystals at ~1 μm 

Crystal no(e) dno(e)/dT,  
10-6 K-1 

M (a-cut, σ)*, 
m-1/W 

CALGO 1.918 (o),1.941 (e) -7.6 (o), -8.6 (e) 0.38 
CALYO 1.886 (o),1.909 (e) -7.8 (o), -8.7 (e) 0.36 

*Diode-pumping: λp = 978 nm, wp = 100 μm. 
 

In the present work, 8 at.% Yb:CALGO and 3 at.% Yb:CALYO 
crystals were grown by the Czochralski method and annealed in a 
reducing atmosphere to eliminate the color centers. The obtained 
crystals were transparent and colorless. The laser elements were 
oriented for light propagation along the a-axis (a-cut). Their 
thickness was 3.4 mm (Yb:CALGO) or 2.5 mm (Yb:CALYO), and the 
aperture was 3×3 mm2. Both input and output faces of the samples 
were polished to laser grade quality and remained uncoated. 

At first, we revisited the absorption, σabs, and stimulated-
emission (SE), σSE, cross-sections for the Yb:CaLnAlO4 crystals. This 
was needed because of the strong discrepancy found in the 
literature [12,13,22,23], partially due to the lack of refractive index 
data, which was reported only very recently [21]. In the present 
work, σSE was calculated with the modified reciprocity method 

[24] using the following Yb3+ lifetimes: τYb = 420 and 426 μs for 
Yb:CALGO and Yb:CALYO, respectively [13]. The results are shown 
in Fig. 1. The values, if calculated by the standard reciprocity 
method, would correspond to a ratio of the partition functions for 
the ground- and excited-state Zg/Ze ~1.24 which is very close to the 
value obtained from the published Stark splitting of the Yb3+ 
multiplets in CALYO (1.195) [22]. As already mentioned, the 
disordered structure of Yb:CaLnAlO4 leads to inhomogeneous 
broadening of the absorption and emission bands. The maximum 
σabs for the π-polarization (corresponding to the zero-phonon line 
(ZPL), in both crystals at λ0 = 979.5 nm, or E0 = 10209 cm-1) is 
2.6×10-20 cm2 for Yb:CALGO and 3.5×10-20 cm2 for Yb:CALYO. The 
corresponding full width at half maximum (FWHM) of the 
absorption band is ~6 and 10 nm, respectively. For the σ-
polarization, σabs at λ0 is roughly 2 times lower, ~1.4×10-20 and 
1.5×10-20 cm2 for Yb:CALGO and Yb:CALYO, respectively. 
Consequently, Yb:CALYO provides higher σabs and broader ZPL 
absorption peak. As for the SE cross-sections, since Yb3+ ions 
represent a quasi-three-level laser scheme, laser operation is 
expected at the long-wavelength part of the σSE spectra. In this 
spectral range for both crystals σSE is higher for the σ-polarization: 
0.65×10-20 cm2 at ~1035 nm for Yb:CALGO and 0.58×10-20 cm2 at 
~1046 nm for Yb:CALYO. Consequently, Yb:CALGO is more 
attractive because of slightly higher σSE. 

 

Fig. 1.  Absorption, σabs, and stimulated-emission, σSE, cross-sections of 
Yb3+:CALGO (a) and Yb3+:CALYO (b) for the π and σ light polarizations. 

 

Fig. 2.  Gain cross-sections, σg = βσSE – (1 – β)σabs, for Yb3+:CALGO (a) 
and Yb3+:CALYO (b) for the σ-polarization and different inversion 
ratios β. 



The gain cross-section, σg = βσSE – (1 – β)σabs, spectra of Yb3+ in 
CaLnAlO4 crystals are shown in Fig. 2 (for the σ-polarization). Here, 
β is the inversion ratio, β = N2(2F5/2)/NYb, where NYb is the actual 
doping concentration. 

The laser performance of Yb:CaLnAlO4 crystals was studied in a 
compact plano-plano cavity. Laser operation with such a cavity is 
possible only when a positive thermal lens is provided by the 
crystal. However, it is known that the thermo-optic coefficients of 
both CaLnAlO4 crystals are negative [15] as shown in Table 1. This 
is overcome by their large and positive thermal expansion leading 
to a nearly-athermal behavior [15,25]. In the present work, we 
determined the sensitivity factors of the thermal lens M = dD/dPabs 
(D is the optical (refractive) power of the thermal lens, Pabs is the 
absorbed pump power, see details in [7]) for the a-cut Yb:CALGO 
and Yb:CALYO and σ-polarization as 0.38 m-1/W and 0.36 m-1/W, 
respectively (diode-pumping, λp = 978 nm, pump spot radius wp = 
100 μm). Thus, microchip laser operation is possible with both 
Yb:CaLnAlO4 crystals. 

The designed laser cavity, see the scheme in [7], consisted of a 
flat pump mirror (PM) that was antireflection (AR) coated for 900–
1000 nm and highly-reflective (HR) coated for 1020–1200 nm, 
and a flat output coupler (OC) with transmission TOC = 1%, 2.5%, 
5% or 10% at the laser wavelength. Both PM and OC were located 
as close as possible to the crystal faces, so that the geometrical 
cavity length was equal to the crystal length (3.4 or 2.5 mm). The 
laser crystals were pumped through the PM by a fiber-coupled 
InGaAs laser diode (fiber core diameter: 200 μm, N.A. = 0.22) 
emitting up to 20 W at ~978 nm (emission bandwidth: 2 nm). The 
diode emission wavelength was stabilized by water-cooling. A lens 
assembly with an imaging ratio of 1:1 and a focal length of 30 mm 
provided a pump spot radius of wp = 100 μm in the crystal. The 
confocal parameter for the pump beam 2zR was 1.75 mm (M2 
~70). The pump radiation was unpolarized. The crystals were 
pumped in a double pass configuration due to the partial reflection 
(~90%) of the OC at the pump wavelength. The total pump 
absorption under lasing conditions was determined from the 
pump-transmission experiment and rate-equation modelling 
accounting for the ground-state bleaching [26] as 73% (for 
Yb:CALGO) and 47% (for Yb:CALYO). The radius of the laser mode 
in the crystal was calculated with the ABCD-modelling using the 
determined parameters of the thermal lens [2] as wL = 100±10 μm. 

 

Fig. 3.  Input-output dependences for Yb:CALGO (a) and Yb:CALYO (b) 
microchip lasers (wp = 100 μm), η – slope efficiency. 

Laser operation in the plano-plano cavity was achieved with 
both Yb:CaLnAlO4 crystals. The laser output was linearly polarized 
(σ) and no polarization switching was observed. The input-output 

dependences are shown in Fig. 3. For Yb:CALGO, the maximum 
output power reached 7.79 W at 1057–1065 nm with a slope 
efficiency η of 84% (versus Pabs) for TOC = 10%. The laser threshold 
was at Pth = 2.0 W and the optical-to-optical efficiency (versus 
incident pump power) reached ηopt = 49%. For TOC = 5% and 1%, 
the slope efficiency was lower, η = 72% and 37%, respectively. For 
Yb:CALYO, the maximum laser output reached 5.06 W at 1048–
1056 nm corresponding to a record high η = 91% connected with 
a lower laser threshold (Pth = 1.4 W) and ηopt = 32%. 

Neither roll-over of the output power nor the stress fracture 
were observed for both studied Yb:CaLnAlO4 microchip lasers (at 
least up to Pabs = 11.6 W), thanks to the relatively high thermal 
conductivity of these compounds (κ ~5.6 W/mK for 8 at.% 
Yb:CALGO) and the low anisotropy of their thermal expansion 
(αc/αa = 1.4...1.6) [15]. 

The laser emission spectra of the Yb:CaLnAlO4 microchip lasers 
are shown in Fig. 4. The spectra exhibit a multi-peak behavior due 
to the broad gain spectra of the Yb3+ ion (Fig. 2) and etalon effects 
due to the small separations between the PM, laser crystal and OC. 
For Yb:CALGO, at low TOC = 1%, the laser emitted at 1069-1080 nm 
and for the higher TOC, the spectra shifted to shorter wavelengths, 
1057-1068 nm. For Yb:CALYO, the emission spectra were weakly 
dependent on TOC and emission in the 1048-1064 nm range was 
observed. Such spectral behavior agrees with the σg spectra (for 
small β < 0.1), see Fig. 2 and is common in Yb3+ gain media [27]. 

 

Fig. 4.  Laser emission spectra for the Yb:CALGO (a) and Yb:CALYO (b) 
microchip lasers, measured at maximum Pabs according to Fig. 3. 

 

Fig. 5.  Input-output characteristics of the Yb:CALGO laser pumped by 
a VBG-stabilized diode at 981 nm (wp = 50 μm), η – slope efficiency. 

The output characteristics of the Yb:CaLnAlO4 microchip lasers 
were simulated with a model of a quasi-three-level laser [26] using 
the revisited spectroscopic parameters, Fig. 1. Based on this model, 
we estimated the internal losses in the 8 at.% Yb:CALGO and 3 
at.% Yb:CALYO crystals to be as low as δ = 0.0067±0.0008 cm-1 and 
0.0042±0.0006 cm-1, respectively. A lower η for the 8 at.% Yb 
doped crystal is due to the higher losses and partially due to the 



stronger cooperative processes for the Yb3+-Yb3+ ion pairs. It is 
worth noting that the corresponding blue emission was very weak 
for both Yb:CaLnAlO4 crystals. 

In Fig. 3, power scaling of the Yb:CaLnAlO4 microchip lasers was 
limited by the available pump power. Thus, we have employed a 
different pump source, namely a VBG-stabilized InGaAs diode 
emitting up to 27 W at 981 nm (fiber core diameter: 105 μm, N.A.: 
0.22) which ensures higher total pump absorption (~80% for 
Yb:CALGO) with a smaller pump spot radius of wp = 50 μm. The 
output characteristics of the Yb:CALGO microchip laser pumped by 
the unpolarized output of the VBG-stabilized diode are shown in 
Fig. 5. The maximum output power reached 10.05 W at 1045-
1057 nm with η = 63% and ηopt = 46%. The laser threshold was at 
Pth = 1.05 W. The lower laser efficiency with respect to Fig. 3(a) can 
be explained by the worse mode-matching due to the stronger 
thermal lens (as M ~1/wp2) and stronger divergence of the pump 
beam (2zR = 0.83 mm). Thus, larger wp is desirable for high laser 
efficiency in the Yb:CALGO microchip lasers. Multi-watt operation 
of this laser with high output coupling is a promising indication for 
further development of PQS oscillators where high TOC is needed to 
reduce the damage probability of optical surfaces. 

All the studied Yb:CaLnAlO4 microchip lasers generated a nearly 
circular output beam, see Fig. 6. The circular beam profile indicates 
a very low astigmatism of the thermal lens (estimated in the 
present paper to be S/M < 10% for both crystals). 

 

Fig. 6.  Spatial profiles of the Yb:CALGO (a) and Yb:CALYO (b) 
microchip lasers, TOC = 10%, Pabs = 11.6 W (a) or 7.0 W (b). 

In conclusion, the ytterbium-doped rare-earth calcium 
aluminates, Yb:CaLnAlO4, are very promising for microchip lasers 
as they provide high Yb3+ doping levels, broad spectral bands, 
weak and positive thermal lensing allowing for good mode-
matching for a broad range of pump powers, high thermal 
conductivity and low internal losses resulting in nearly linear 
output dependence and very high laser slope efficiency. We 
presented the first Yb:CaLnAlO4 plano-plano microchip lasers 
which generated multi-watt CW output with record and almost 
quantum-defect-limited laser slope efficiencies of 84% and 91%, 
respectively, when pumped with a fiber-coupled InGaAs laser 
diode at ~978 nm. For an a-cut 8 at.% Yb:CALGO, the output 
power was scaled up to ~7.8 W (with η = 84%) or even up to ~10 
W (with lower η = 63%) at the emission wavelength of ~1050 nm. 

The Yb:CaLnAlO4 crystals are promising for PQS microchip 
lasers potentially generating sub-ns pulses. Indeed, the lifetime of 
the Yb3+ ion in CALGO and CALYO is almost two times longer as 
compared with the Yb:KLu(WO4)2 successfully used in this type of 
lasers [4]. An additional benefit of Yb:CaLnAlO4 as compared with 
Yb:KLu(WO4)2 is a much weaker thermal lens leading to a larger 
size of the laser mode and, consequently, lower probability of 
laser-induced damage. By inserting a Cr:YAG saturable absorber 

into such microchip lasers, we expect to generate short pulses with 
energies of hundreds of μJ and peak powers exceeding 100 kW. 
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