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A B S T R A C T   

We present a comparative study of two Lu-based oxide ceramics doped with Yb3+ ions, namely Yb:Lu3Al5O12 
(garnet) and Yb:Lu2O3 (sesquioxide), promising for thin-disk lasers. The ceramics are fabricated using nano-
powders of 3.6 at.% Yb:Lu2O3 and Al2O3 produced by laser ablation: Yb:Lu3Al5O12 – by vacuum sintering at 
1800 ◦C for 5 h with the addition of 1 wt% TEOS as a sintering aid, and Yb:Lu2O3 – by vacuum pre-sintering at 
1250 ◦C for 2 h followed by Hot Isostatic Pressing at 1400 ◦C for 2 h under Ar gas pressure of 207 MPa. The 
comparison includes the structure, Raman spectra, transmission, optical spectroscopy and laser operation. The 
crystal-field splitting of Yb3+ multiplets is revealed for Lu3Al5O12. A continuous-wave (CW) Yb:Lu3Al5O12 
ceramic microchip laser generates 5.65 W at 1031.1 nm with a slope efficiency of 67.2%. In the quasi-CW regime, 
the peak power is scaled up to 8.83 W. The power scaling for the Yb:Lu2O3 ceramic laser is limited by losses 
originating from residual coloration and inferior thermal behavior.   

1. Introduction 

Transparent ceramics are fully dense single-phase polycrystalline 
materials containing μm-sized grains and featuring high light trans-
mission in a broad spectral range [1,2]. High transmission is ensured by: 
(i) very small porosity, (ii) absence of a second phase at the grain 
boundaries – negligible difference of the optical properties between the 
grains and their boundaries, (iii) high quality grain boundaries, (iv) 
small grain size with narrow and spatially uniform size distribution, (v) 
isotropic lattice structure and (vi) high surface quality. Under such 
conditions, transparent ceramics are of interest for fabrication of pho-
tonic elements. 

Recently, transparent ceramics doped with rare-earth ions (RE3+) 
such as Nd3+ [3,4], Yb3+ [5,6], Tm3+ [7], Ho3+ [8], etc., have attracted 
research interest for implementation in near-infrared lasers. As defined 
by the condition of isotropic structure, cubic materials mainly belonging 
to two crystal families were employed for this aim, namely, garnets 

RE3Al5O12 (RE = Y, Lu) [9,10] and sesquioxides A2O3 (A = Y, Lu, Sc or 
their mixture) [11–13]. Transparent laser ceramics offer several ad-
vantages as compared to the corresponding single-crystals, i.e., (i) easier 
fabrication method, (ii) lower synthesis temperature (cf. the 
high-melting temperature sesquioxides [11,12]); (iii) higher RE3+

doping levels [5,14], (iv) size-scalable production and (v) possibility to 
fabricate compositionally “mixed” structures [13,15]. 

The first studies on laser ceramics focused on Nd3+ doping for laser 
emission at ~1.06 μm [3,4]. Later on, the interest shifted to the ytter-
bium (Yb3+) ion [5,6]. Yb3+ provides broader emission bandwidth 
around ~1 μm allowing for wavelength tuning and generation of ul-
trashort pulses. The simple energy-level scheme eliminates 
energy-transfer upconversion. Yb3+-doped materials can be efficiently 
pumped by commercial and high-power InGaAs laser diodes at 930–980 
nm leading to high Stokes efficiency and much weaker heat loading (as 
compared to the Nd3+-doped ones). Yb3+-doped laser ceramics are thus 
important for applications in power-scalable continuous-wave (CW) [5, 
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16,17] and mode-locked bulk [18,19] and thin-disk [20] lasers at ~1 
μm. 

It was shown that Lu-based oxides (e.g., Lu3Al5O12 and Lu2O3 [10]) 
are more suitable for Yb3+ doping as compared to their Y-counterparts 
[21,22]. This is because of the relatively small difference of ionic radii 
between Yb3+ and Lu3+ which leads to weaker lattice distortions, lower 
scattering losses, easier doping with close to 100% segregation coeffi-
cient and better thermal properties. Lu-based oxides show much weaker 
dependences of thermal conductivity κ on the Yb doping level and the 
temperature (as compared to Y-oxides) whilst the κ values of undoped 
materials are close. The thermal conductivity of Yb:Lu3Al5O12 (κ ~7.5 
Wm− 1K− 1 for few at.% Yb doping at room temperature) already be-
comes superior to that of Yb:Y3Al5O12 at relatively low doping levels 
[21]. This has a direct influence on the power scaling capabilities of 
lasers [10]. 

Transparent Yb:Lu3Al5O12 ceramics have been fabricated by 
different methods and their diode-pumped laser performance has been 
already studied [6,17,18,22,23]. It was shown that Yb:Lu3Al5O12 
ceramic lasers outperform those based on single-crystals [24]. Fu et al. 
reported on 2.5 at.% Yb:Lu3Al5O12 ceramics fabricated by solid-state 
sintering at 1850 ◦C for 50 h using commercial powders generating 
2.1 W at 1030 nm with a slope efficiency of 41.7% [22]. Pirri et al. 
demonstrated a highly-doped 10 at.% Yb:Lu3Al5O12 ceramic laser 
diode-pumped at 936 nm delivering 6.0 W at 1030 nm with a slightly 
higher slope efficiency of 52% [25]. Yb:Lu3Al5O12 ceramic thin-disk 
lasers are also known: Nakao et al. developed such a thin-disk laser 
with an output power of 166 W and a slope efficiency of 72.2% [10]. 

Recently, we proposed a novel approach to fabricate transparent Yb: 
Lu3Al5O12 ceramics by using laser-ablated Yb:Lu2O3 and Al2O3 nano-
powders and tetraethoxysilane (TEOS) as a sintering additive [26]. It 
allowed us to reduce the synthesis temperature down to 1800 ◦C while 
maintaining the good optical quality of the ceramics. 

In the present work, we report on efficient and power-scalable diode- 
pumped operation of transparent Yb:Lu3Al5O12 ceramics fabricated 
using laser-ablated nanoparticles by employing a compact (microchip- 
type) laser design. For comparison, we also studied Yb:Lu2O3 ceramics 
produced from the corresponding laser-ablated nanopowder. The 
structural, optical and spectroscopic properties of the two ceramics are 
compared. 

2. Synthesis of ceramics 

For the fabrication of the Yb3+-doped ceramics, we used Yb:Lu2O3 
and Al2O3 nanopowders (mean particle size: 34 nm and 29 nm, 
respectively) synthesized by laser ablation and subsequent sedimenta-
tion [26,27]. This approach allowed us to produce nanopowders with a 
narrow particle size distribution which has a positive effect on the 
transparency of ceramics. 

To fabricate Yb:Lu3Al5O12 garnet ceramics, both nanopowders were 
used. To achieve a stoichiometric Al/(Yb + Lu) ratio corresponding to 
(Yb0.036Lu0.964)3Al5O12 composition, the nanopowders were converted 
into the cubic phase by calcining at 900–1200 ◦C for 3 h (h) in air. The 
calcined powders were weighed and mixed by ball milling in ethyl 
alcohol for 48 h with an addition of 1 wt% of TEOS (Si(OC2H5)4) as a 
sintering aid. After drying, the mixture was compacted into a cylindrical 
pellet by uniaxial static pressing at 200 MPa. The obtained compact 
powder was sintered at 1800 ◦C for 5 h in a vacuum furnace with 
graphite heaters at a residual gas pressure of 10− 3 Pa. The as-sintered 
blue-colored ceramic disk (diameter: Ф = 14 mm, thickness: t = 2 
mm) was annealed in air at 1300 ◦C for 5 h to remove the coloration 
originating from oxygen vacancies and Yb2+ species appearing in 
oxygen-deficient atmosphere [26,28]. As a result, a transparent and 
colorless sample was obtained, Fig. 1. 

The formation of SiO2-rich liquid phase during sintering of Yb: 
Lu3Al5O12 ceramics with the addition of TEOS promotes mass transfer 
and densification enabling almost pore-free microstructure using 

conventional vacuum sintering. However, the complete elimination of 
pores in sesquioxides is difficult because the conventional sintering 
usually requires high temperatures for full densification, which often 
results in grain-entrapped pores due to a rapid grain growth at the final 
stage of sintering. One of the approaches to avoid the breakaway of 
pores from the grain boundaries is based on the reduction of the sin-
tering temperature by using pressure-assisted densification methods 
such as Hot Isostatic Pressing (HIP). Consequently, to fabricate the Yb: 
Lu2O3 ceramics, the laser-ablated Yb:Lu2O3 nanopowder was compacted 
by uniaxial dry-pressing at 200 MPa and then pre-sintered under vac-
uum at 1250 ◦C for 2 h. The pre-sintered sample was subjected to a 
capsule-free post-HIP step under an Ar gas pressure of 207 MPa at a 
temperature of 1400 ◦C for 2 h. 

The obtained Yb:Lu2O3 ceramic disk with dimensions similar to 
those for Yb:Lu3Al5O12 was transparent but had a deep-brown colora-
tion. The latter is assigned to oxygen vacancies forming during HIP in 
the oven with graphite heaters (forming reducer conditions). To remove 
the coloration, the ceramic was annealed in air. We studied the effect of 
annealing temperature and duration on the sample transmission, Fig. 2. 
For this, we used a similar Yb:Lu2O3 sample obtained by vacuum pre- 
sintering at 1400 ◦C for 1 h followed by HIP at 1500 ◦C for 2 h. For 
the annealing temperature of 1200 ◦C with increasing the treatment 
time from 1 to 10 h, the in-line transmission of the ceramic disk T0 
gradually increases from 75.5% to 77.7% (at the wavelength of 1.10 μm) 
which is well above the transmission for the as-HIPed ceramics (T0 =

71.1%). Further increase of this time above 10 h does not improve the 

Fig. 1. Photograph of Yb:Lu3Al5O12 (left) and Yb:Lu2O3 (right) ceramic disks 
after annealing. 

Fig. 2. Effect of the annealing temperature and duration on the transmission of 
an Yb:Lu2O3 ceramic disk (thickness: t = 1.0 mm). 
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sample transmission. However, the annealing at 1300 ◦C for 1 h results 
in a notable drop of T0. A similar effect was observed previously in 
Ref. [29] and was assigned to the intense growth of nm-sized pores at 
ambient pressure and temperature high enough to activate the 
solid-phase processes. Thus, the sample used for the laser studies was 
annealed at 1200 ◦C for 10 h in air, see Fig. 1. It maintained a weak 
grey-brown coloration. 

The drop in the transmission in the visible spectral range for 
annealed Yb:Lu2O3 ceramics (and, respectively, its residual coloration) 
may be explained as follows. First, it can originate from the presence of 
sub-μm and nm sized pores. According to the Rayleigh law, the scat-
tering intensity is proportional to the squared volume of the defect and 
inverse proportional to λ4. Considering that the content of scattering 
centers detected using optical microscopy is relatively low (see Section 
2.2), we conclude that the scattering centers with characteristic diam-
eter above 2 μm cannot be responsible for the considerable decrease in 
light transmission at short wavelengths. Second, the coloration can be 
caused by impurity ions. We analyzed the impurity composition of the 
Yb:Lu2O3 ceramic by Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) indicating the following uncontrolled impurities: transition- 
metal elements – Mn and Ti (both ~12 ppm) and rare-earth ones – Gd 
and Tb (both ~10 ppm) and Ho (7 ppm). Further discussion of the ev-
idence for the presence of Tb3+ species in the ceramics is presented in 
Section 3.2. 

The doping level for both ceramics is the same, 3.6 ± 0.4 at.%, 
determined by the composition of the Yb:Lu2O3 nanoparticles analyzed 
using ICP-MS, while the ion density NYb is different, namely 5.1 × 1020 

cm− 3 for Yb:Lu3Al5O12 (measured density: ρ = 6.70 g/cm3) and 10.2 ×
1020 cm− 3 for Yb:Lu2O3 (ρ = 9.41 g/cm3). 

For the spectroscopic studies, the disks were double-sided polished to 
laser-grade quality. 

3. Experimental 

The structure and the phase purity of the two ceramics were studied 
by X-ray powder diffraction (XRD) analysis using a Shimadzu XRD-6000 
diffractometer and Cu Kα radiation with a Ni filter. 

The distribution of scattering centers (μm-sized pores) through the 
depth of the ceramic disks was analyzed by direct counting using an 
optical microscope (Olympus BX51TRF). The selected disk volume (577 
× 433 × 50 μm3) was in-depth scanned starting from one sample surface 
and moving down reaching the opposite surface with a step of 50 μm by 
changing the position of the focus. The spatial resolution of the micro-
scope was ~2 μm, so that smaller pores than this size were not 
visualized. 

The microstructure of a fractured surface of both ceramics was 
studied by Scanning Electron Microscopy (SEM) using a MERLIN SEM 
microscope (Carl Zeiss), Fig. 5. The SEM images were analyzed with the 
ImageJ software counting >100 grains and a shape factor of 1.2 was 
applied. 

The room temperature (RT, 293 K) in-line transmission spectra of 
annealed and laser-grade polished ceramic disks were measured using a 
Shimadzu UV-3600 spectrophotometer. The luminescence spectra were 
measured with an optical spectrum analyzer (AQ6370B, Yokogawa) 
using a Ti:Sapphire laser tuned to 976 nm as an excitation source. For 
the low-temperature (LT, 6 K) absorption and luminescence studies, we 
used a cryostat (SU 12, Oxford Instruments Ltd.) with helium-gas close- 
cycle flow. 

The luminescence decay curves were measured at RT for powdered 
samples to avoid the effect of radiation trapping. We used a 1/4 m 
monochromator (Oriel 77200), an InGaAs detector and an 8 GHz digital 
oscilloscope (DSA70804B, Tektronix). The luminescence was excited by 
the output of a ns optical parametric oscillator (Horizon, Continuum) 
tuned to 970 nm. 

The RT Raman spectra were measured with a Renishaw inVia 
confocal Raman microscope using a × 50 Leica objective (N.A. = 0.75). 

The excitation was at 488 nm (Ar+ ion laser line) and the spectral res-
olution was ~1 cm− 1. 

4. Characterization of ceramics 

4.1. Structure and microstructure 

The X-ray powder diffraction patterns of ceramics are shown in 
Fig. 3. Both ceramics are of single-phase nature. The Yb:Lu3Al5O12 
ceramic exhibits a cubic structure identical to that of undoped Lu3Al5O12 
(International Center for Diffraction Data, ICDD card #73–1368, sp. gr. 
Ia3‾d – O10

h, No. 230). The lattice constant is a = 11.912 Å. The Yb3+

ions in Lu3Al5O12 replace the host-forming Lu3+ cations in a single type 
of sites (symmetry: D2, coordination number (C.N.) by oxygen: VIII) and 
their ionic radii are RYb = 0.985 Å and RLu = 0.977 Å [30]. This dif-
ference determines a slight increase of the lattice parameter a with 
respect to undoped Lu3Al5O12 (a = 11.90 Å). 

The Yb:Lu2O3 ceramic is also cubic (sp. gr. Ia3‾ - T7
h, No. 206) and 

possesses the so-called bixbyite ((Mn,Fe)2O3-type) or C-type structure 
[31] of undoped Lu2O3 (ICDD card #76–0162). In the bixbyite structure, 
there are two crystallographic sites for RE3+ ions replacing the Lu3+

cations (symmetry: C2 and C3i, C.N. by oxygen: VI). The optical prop-
erties are mainly determined by the majority of ions residing in the C2 
sites (for the C3i site, the electric-dipole transitions are forbidden due to 
inversion symmetry) [32]. The Yb3+ ions in Lu2O3 have lower 

Fig. 3. X-ray powder diffraction (XRD) patterns of (a) Yb:Lu3Al5O12 and (b) Yb: 
Lu2O3 ceramics, numbers denote the Miller’s indices (hkl). Blue bars – positions 
of the diffraction peaks for cubic Lu3Al5O12 and Lu2O3 phases. (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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coordination than in garnets (Lu3Al5O12) and shorter Yb|Lu – O inter-
atomic distances leading to a stronger crystal field. The lattice constant 
for the Yb:Lu2O3 ceramics is a = 10.401 Å, slightly larger compared to 
undoped Lu2O3 (a = 10.391 Å). 

The results on the distribution of scattering centers (μm-sized pores) 
through the depth of the ceramic disks are shown in Fig. 4. The very high 
content of scattering centers near one of the surfaces is explained by the 
polishing quality (pre-polish prior to the actual laser-grade-polish). The 
mean concentration of μm-sized pores Xpore is 9.8 ppm for Yb:Lu3Al5O12 
and 3.5 ppm for Yb:Lu2O3 ceramics. 

The SEM images of a fractured surface of both ceramics are shown in 
Fig. 5. The Yb:Lu3Al5O12 ceramics exhibited a close-packed micro-
structure with relatively large grains (mean size: Dgrain = 14 μm), clean 
grain boundaries and a very low content of sub-μm sized pores. The 
grain size distribution was similar over different parts of the ceramic 
disk. For the Yb:Lu2O3 ceramics, much smaller grains were observed 
with Dgrain = 0.4 μm. The ceramics also featured a close-packed struc-
ture. The difference in the mean grain size is related mainly to the 
different sintering temperature. 

4.2. Optical spectroscopy 

The in-line transmission spectra of annealed and laser-grade polished 
Yb:Lu3Al5O12 and Yb:Lu2O3 ceramic disks recalculated to the same 
thickness t of 1.0 mm are shown in Fig. 6. They are compared with the 
upper limit of transmission set by the Fresnel losses. 

For the Yb:Lu3Al5O12 ceramic disk at the wavelength of 1.10 μm (out 
of the Yb3+ absorption), the measured low-signal transmission was T0 =

83.0%, which is very close to the theoretical limit, TFr = 83.7% 
(calculated for a refractive index n = 1.824 [33]). The ceramics also 
exhibited excellent transparency in the visible with the UV absorption 
edge at ~230 nm. For the Yb:Lu2O3 ceramic disk, T0 = 81.3% at 1.10 
μm, cf. with TFr = 81.5% corresponding to a refractive index n = 1.909 
[34]. For this ceramic sample, the absorption in the visible gradually 
decreased reaching the UV absorption edge at ~270 nm. 

The room temperature (RT, 293 K) absorption cross-sections for Yb3+

were calculated from the absorption coefficient, σabs = αabs/NYb, where 
αabs = - ln (T0/TFr)/t. For Yb:Lu3Al5O12, at the zero-phonon line (ZPL, i. 
e., the transition between the lowest Stark sub-levels of Yb3+ multiplets), 
σabs is 0.63 × 10− 20 cm2 at 968.4 nm, see Fig. 7(a). The full width at half 
maximum (FWHM) of the absorption peak is 3.9 nm. A broad (FWHM >
20 nm) and structured absorption band is observed at shorter wave-
lengths with a maximum at 936.3 nm. For Yb:Lu2O3, σabs = 1.77 ×
10− 20 cm2 for the ZPL at 976.2 nm with a FWHM of 3.3 nm. 

The RT stimulated-emission (SE) cross-sections, σSE, were calculated 
using the reciprocity method (RM) [35]: 

Fig. 4. In-depth distribution of scattering centers in (a) Yb:Lu3Al5O12 (t = 1.75 mm) and (b) Yb:Lu2O3 (t = 1.4 mm) ceramics.  

Fig. 5. Scanning Electron Microscopy (SEM) images of the fracture surface of 
(a) Yb:Lu3Al5O12 and (b) Yb:Lu2O3 ceramics, insets: grain size distributions. 
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σSE(λ)= σabs(λ)
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hc/λ − EZPL

kT

)

, (1a)  

Zm =
∑

k
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k exp
(
− Em

k

/
kT

)
. (1b) 

Here, h is the Planck constant, c is the speed of light, λ is the light 
wavelength, k is the Boltzmann constant, T is the crystal temperature, 
EZPL is the ZPL energy, and Zm are the partition functions of the lower (m 
= 1) and the upper (m = 2) multiplets, gm

k (assumed to be 1) is the 
degeneracy of the sub-level with the number k and the energy Em

k 
measured from the lowest sub-level of each multiplet. The Stark splitting 
for Yb3+:Lu3Al5O12 was determined from low-temperature (LT) spec-
troscopy, and for Yb3+:Lu2O3 – was taken from Ref. [36]. The resulting 
SE cross-section spectra are shown in Fig. 7(a),(c). 

In the long-wavelength part of the SE cross-section spectrum, the 
application of the RM leads to high uncertainty, so the 

Füchtbauer–Ladenburg (F-L) equation [37] was additionally employed. 
We used the following values of the radiative lifetime of the 2F5/2 state 
giving a good agreement between the two methods: τrad = 1.01 ms (Yb: 
Lu3Al5O12) and 0.805 ms (Yb:Lu2O3) which agrees well with previous 
studies [24,38]. 

For Yb:Lu3Al5O12, the maximum σSE is 2.46 × 10− 20 cm2 at a 
wavelength of 1030.2 nm which is longer than the ZPL transition. For 
Yb:Lu2O3, the maximum σSE is 1.65 × 10− 20 cm2 at 976.2 nm (the ZPL). 
At longer wavelengths, where the laser operation is expected, the SE 
cross-sections are lower, namely 0.86 × 10− 20 cm2 at 1033.0 nm. 

The Yb3+ ion represents a quasi-three-level laser scheme with reab-
sorption. The gain cross-sections, σgain = βσSE – (1 – β)σabs, are thus 
calculated to conclude about the expected laser wavelengths. Here, β =
N2(2F5/2)/NYb is the inversion ratio (N2 is the fraction of Yb3+ ions in the 
upper laser level). The gain spectra are shown in Fig. 7(b),(d). For Yb: 
Lu3Al5O12, the spectra are only weakly dependent on the inversion level 
showing a maximum at ~1030 nm and a gain bandwidth (FWHM) of 
6.7 nm for β = 0.20. For Yb:Lu2O3, at small inversion ratios, β < 0.10, the 
local peak at ~1080 nm dominates in the spectra and for higher 
inversion ratios, another peak at 1033 nm appears. The gain bandwidth 
is 14.7 nm for β = 0.20. 

The crystal-field splitting for Yb3+:Lu3Al5O12 ceramics was deter-
mined using the LT (6 K) absorption and luminescence studies, as shown 
in Fig. 8(a) and (b). The spectra were interpreted using the Raman 
spectra (see Fig. 10) to assign the phonon sidebands (marked by “hν”). 
Each 2S+1LJ multiplet splits into J + 1/2 components numbered as i =
0.3 (2F7/2, ground-state) and j’ = 0’.2’ (2F5/2, excited-state). As a result, 
we determined the following set of energy levels: 0, 602, 643 and 764 
cm− 1 (2F7/2), 10333, 10643 and 10908 cm− 1 (2F5/2), Fig. 8(c). Thus, 
EZPL = 10333 cm− 1 and the partition functions Z1 = 1.122 and Z2 =

1.277, so that Z1/Z2 = 0.879. The determined Stark splitting is close to 
that reported previously for highly-doped (15 at.%) Yb:Lu3Al5O12 
single-crystal, i.e., 0, 600, 635 and 762 cm− 1 (2F7/2), 10330, 10645 and 
10900 cm− 1 (2F5/2) [24]. 

For both studied ceramics, the decay curves are clearly single- 
exponential, Fig. 9, corresponding to the luminescence lifetimes τlum 

Fig. 6. Low-signal transmission spectra of Yb:Lu3Al5O12 and Yb:Lu2O3 ceramic 
disks (t = 1.0 mm), dashed curves - calculated Fresnel losses. 

Fig. 7. Room temperature spectroscopy of Yb3+ in (a,b) Lu3Al5O12 and (c,d) Lu2O3 ceramics: (a,c) absorption, σabs, and stimulated-emission (SE), σSE, cross-section 
spectra for the 2F5/2 ↔ 2F7/2 transition; (b,d) gain cross-sections, σgain = βσSE – (1 – β)σabs, where β = N2(2F5/2)/NYb is the inversion ratio and N2 is the population of 
the upper laser level. 
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= 1.01 ms (for Yb:Lu3Al5O12) and 0.74 ms (for Yb:Lu2O3). 
The RT Raman spectra are shown in Fig. 10. The cubic garnet 

structure of Lu3Al5O12 gives rise to 25 Raman-active modes (irreducible 
representations: 3A1g + 8Eg + 14F2g) [39]. The most intense band at 
374 cm− 1 assigned as A1g (FWHM = 11 cm− 1) is due to the rotation of 
the [AlO4] tetrahedral unit. The second intense mode at 796 cm− 1 (also 
A1g, FWHM = 14 cm− 1) is due to the breathing mode of the [AlO4] 

tetrahedrons. The maximum phonon energy is 869 cm− 1. The cubic 
sesquioxide structure of Lu2O3 has 22 Raman-active modes (4Ag + 4Eg 
+ 14Fg) [40]. The most prominent band at 389 cm− 1 (FWHM = 11 
cm− 1) is ascribed to the Ag + Fg vibrations and the maximum phonon 
energy is ~610 cm− 1. 

5. Laser operation 

5.1. Laser set-up 

For the laser experiments, we fabricated two rectangular ceramic 
elements with the following dimensions: Yb:Lu3Al5O12 (t = 2.75(z) mm, 
aperture: 3.18(x) × 1.50 mm2) and Yb:Lu2O3 (t = 1.07(z) mm, aperture: 
2.5(x) × 2.5 mm2), where x denotes an arbitrary direction lies in the 
plane of the ceramic disk and z-axis is orthogonal to it, respectively, cf. 
Fig. 1. Their input and output facets were polished to laser-grade quality 
and remained uncoated. The elements were wrapped in an Indium foil 
and mounted in a Cu-holder for better heat removal from all four lateral 
sides. The holder was cooled by circulating water (12 ◦C). The elements 
were placed in a compact (microchip-type) laser cavity formed by a flat 
pump mirror (PM) providing high transmission (HT) at ~0.97 μm and 
high reflectance (HR) at 1.02–1.23 μm, and a set of flat output couplers 
(OCs) with a transmission TOC = 0.5%–10% at 1.02–1.10 μm, Fig. 11. 
The PM and the OC were placed close to the laser element so that the 
geometrical cavity length was close to the element thickness. The mode 
stabilization in a plano-plano cavity was provided by the positive ther-
mal lens in both materials. 

The pump source was a fiber-coupled (N.A. = 0.22, fiber core 
diameter: 105 μm) InGaAs laser diode (LD) emitting up to 54 W of un-
polarized output at 968 nm (emission linewidth: 1.5 nm, M2 ≈ 37). Thus, 
the pumping was at the ZPL of Yb3+ ions in Lu3Al5O12 ceramics. This 
approach (compared to pumping at 936 nm [25]) has the advantage of 
reduced heat load. The pump was reimaged into the ceramic by an 
antireflection (AR) coated 1:1 lens assembly (f = 30 mm) leading to a 
pump spot diameter 2wP ≈ 100 μm and a confocal parameter 2zR ≈ 1 
mm (in the gain element). The OCs provided high reflection at the pump 

Fig. 8. Low-temperature (6 K) spectroscopy of Yb3+ in Lu3Al5O12 ceramics: (a) absorption spectrum, (b) luminescence spectrum, λexc = 976 nm “hν” – phonon 
sidebands; (c) Stark splitting of Yb3+ multiplets: i = 0.3 and j’ = 0’.2′ number the Stark sub-levels, values indicate their energy in cm− 1, Z1(2) are the partition 
functions for the lower (upper) multiplets. 

Fig. 9. Room temperature luminescence decay curves of Yb3+ in (a) Lu3Al5O12 
and (b) Lu2O3 ceramics measured for powdered samples (plotted in a semi-log 
scale), symbols: experimental data, lines: their exponential fits, λexc = 970 nm, 
λlum = 1050 nm. 

Fig. 10. Room temperature Raman spectra of (a) Yb:Lu3Al5O12 and (b) Yb: 
Lu2O3 ceramics, numbers denote the Raman frequencies in cm− 1. λexc = 488 nm. 

Fig. 11. (a) Scheme of the compact diode-pumped ytterbium ceramic laser: LD 
– laser diode, PM – pump mirror, OC – output coupler; (b) Typical profile of the 
output laser mode for the Yb:Lu3Al5O12 ceramic laser. 
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wavelength (R > 90%), so that the pumping was in a double-pass 
increasing the total pump absorption. The latter was determined from 
pump-transmission measurements at the laser threshold, ηabs (2 passes) 
= 25.5 ± 1% (for Yb:Lu3Al5O12) and 19.9 ± 1% (Yb:Lu2O3). It was 
possible to operate the diode in quasi-CW regime by electronic modu-
lation of the driving current. 

The size of the laser mode in the ceramic laser element 2wL was 
calculated using the ABCD formalism accounting for the thermal lens to 
be 55 ± 7 μm (for Yb:Lu3Al5O12) and 47 ± 5 μm (for Yb:Lu2O3). 

The laser output was separated from the residual pump using a long- 
pass filter (FEL1000, Thorlabs). The spectra were measured using a 
spectrometer (APE, WaveScan; 800–1600 nm). 

5.2. Laser performance 

First, we studied the performance of the Yb:Lu3Al5O12 ceramics 
limiting the absorbed pump power to Pabs < 5 W, Fig. 12(a). Under such 
conditions, we did not observe any thermal effects (e.g., roll-over in the 
output dependence) when operating the laser in true CW regime. For the 
highest available output coupling (TOC = 10%), the laser generated 2.72 
W at 1031.1 nm with a slope efficiency η = 67.2%. The optical-to-optical 
efficiency ηopt vs. the pump power incident on the ceramic element was 
only 15.0%, mostly because of the limited pump absorption. The laser 
threshold slightly increased with the output coupling, from Pth = 0.30 W 
(for TOC = 0.5%) to 0.45 W (for TOC = 10%). 

The laser spectra were weakly dependent on the output coupling, 
Fig. 12(b). The laser oscillation occurred at ~1030 nm in agreement 
with the gain spectra, Fig. 7(b). The laser emission was unpolarized. The 
multi-line structure of the emission spectra is due to etalon (Fabry-Perot) 
effects at the interfaces of the laser element/cavity mirrors. 

The Yb:Lu3Al5O12 ceramic laser operated in the fundamental trans-
verse mode. An example of the laser mode profile (measured using TOC 
= 10%) in the far-field is shown in Fig. 11(b). It is nearly circular. For 
Pabs <5 W, the beam profile was weakly dependent on the pump level. 

The performance of the Yb:Lu3Al5O12 ceramic laser for TOC = 10% 
was analyzed using the model of a quasi-three-level gain medium [41] 
yielding a double-pass intracavity loss L of 4.1%. This value is lower 
than the Fresnel losses at the uncoated surfaces of the laser element as it 
was polished with a good parallelism thus acting as a Fabry-Perot etalon. 
Thus, the coefficient of passive losses δloss = 0.076 ± 0.05 cm− 1. 

For the Yb:Lu2O3 ceramics, we limited the absorbed pump power to 
Pabs < 2 W. The laser generated a maximum output power of 0.59 W at 
1080–1084 nm with η = 38.0% and the optical-to-optical efficiency ηopt 
of 5.8% (TOC = 5%). The laser threshold gradually increased with the 
output coupling, from Pth = 0.22 W (for TOC = 0.5%) to 0.48 W (for TOC 
= 10%). A reduction in the laser threshold for small output coupling, as 
compared to the Yb:Lu3Al5O12 laser is due to the smaller thickness of the 
Yb:Lu2O3 laser element. A thermal roll-over was observed in the output 
dependences for Pabs > 2 W. The emission occurred at ~1080 nm for low 
TOC ≤ 5% and the laser wavelength experienced a blue-shift to 1036 nm 
for higher TOC, in agreement with the gain spectra, Fig. 7(d). 

A notable reduction in the slope efficiency for the Yb:Lu2O3 laser as 
compared to its garnet counterpart is mainly attributed to non-optimum 
mode-matching owing to the shorter cavity and thermal lens. To confirm 
this, we designed a hemispherical laser cavity with a concave (radius of 
curvature: − 50 mm) output coupler. The calculated size of the laser 
mode in the ceramic element for this cavity geometry amounted to 55 ±
5 μm, i.e., much closer to the pump spot size. The CW output power 
reached 1.0 W at 1083 nm with η = 68.0% and a laser threshold of 0.28 
W, see Fig. 12(c). Still, we were unable to avoid the thermal roll-over at 
Pabs > 2 W. The analysis of the laser performance yielded a double-pass 
loss L of 1.6% corresponding to δloss = 0.077 ± 0.05 cm− 1 (i.e., almost 
the same as for the garnet ceramics). Thus, the difference in the power 
scaling capabilities for the two ceramics is mainly related to their 
different thermal behavior. One should also consider much longer 
emission wavelength for the Yb:Lu2O3 ceramics leading to higher frac-
tional heat loading, ηh ≈ 1 – λP/λL = 10.6% (cf. with 6.1% for Yb: 
Lu3Al5O12). 

Fig. 12. Low-power diode-pumped laser performance of (a,b) 3.6 at.% Yb:Lu3Al5O12 and (c,d) 3.6 at.% Yb:Lu2O3 ceramics (microchip laser geometry): (a,c) input- 
output dependences, η – slope efficiency; (b,d) typical laser emission spectra measured at Pabs = 4 W. In (c), the results for a hemispherical cavity are shown for 
comparison. The laser emission is unpolarized. 
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Subsequently the pump power for the Yb:Lu3Al5O12 ceramic micro- 
laser was increased to the maximum available from the laser diode, 
Fig. 13(a). It corresponded to Pabs = 13.7 W. In the CW regime, the laser 
generated 5.65 W. As a result of the thermal roll-over in the input-output 
dependence for Pabs > 5 W, ηopt dropped to 10.5%. To reduce the heat 
loading, the laser was operated in quasi-CW regime with different duty 
cycles (from 1:1.5 to 1:3). The duration of the rectangular pump pulses 
was 1 ms in all cases. With increasing the time interval between the 
pump pulses, the peak output power increased and the input-output 
dependence became linear reaching maximum values of Pout, peak =

8.83 W and η = 66.9%, respectively, almost reproducing the slope of the 
true CW performance in the low-power regime. 

To improve the thermal management of the ceramic laser, we also 
fabricated a slab-shaped Yb:Lu3Al5O12 element with a thickness of 3.18 
(x) mm and aperture of 1.0(z) × 2.75 mm2. Cooling was provided at the 
two large-area lateral faces. The pump absorption in the slab slightly 
increased to 28.8 ± 1% (2 passes). The input-output characteristics of 
the micro-slab ceramic laser are shown in Fig. 13(b) and compared with 
those for the microchip design. In the CW regime, the mini-slab laser 
generated 5.0 W at 1031.2 nm with improved η = 78.8% (fitting the 
linear part of the output dependence), a laser threshold of 0.58 W and 
ηopt = 15.0% (TOC = 10%). Still, a thermal roll-over was observed for 
Pabs above ~6 W. We assign the improved slope efficiency to better 
mode-matching and probably weaker thermal lens in the laser element 
owing to its better cooling. 

Note that the cut of the ceramic laser element (i.e., the propagation 

direction of the laser) of the micro-laser was orthogonal to the plane of 
the ceramic disk (|| z-axis) while the cut of the slab element was lying on 
the plane of the disk (|| x-axis, see Fig. 1). No deterioration of the laser 
performance is observed in the latter case, indicating good uniformity of 
the ceramic disk in the radial direction and highlighting its suitability for 
laser applications. Transparent ceramics fabricated on the basis of cubic 
materials exhibit no anisotropy of optical properties. However, one may 
observe anisotropy of pore distribution in the ceramic disk (and, 
consequently, the related anisotropy of scattering losses) under syn-
thesis conditions when the pores are predominantly removed along one 
direction, e.g., when using hot (uniaxial) pressing or spark plasma 
synthesis. The lack of such effects for the studied ceramics was 
confirmed by analyzing the distribution of scattering centers and the 
grain size distribution across the ceramic disks (the difference was 
within the measurement error). 

6. Discussion 

The present work reports the first CW laser operation of Yb: 
Lu3Al5O12 and Yb:Lu2O3 ceramics obtained from laser-ablated 
nanoparticles. 

Regarding previously reported Yb:Lu3Al5O12 lasers based on single- 
crystals and ceramics, cf. Table 1, we obtained one of the best results 
in terms of output power (CW and quasi-CW operation) and slope effi-
ciency, with highly compact (microchip-type) laser geometries. Micro-
chip Yb:Lu3Al5O12 lasers were reported by Dong et al. using 5 at.% Yb 
doped single-crystals delivering a maximum CW output power of 1.63 
W at 1030 nm with η = 72%. Much better output performance is ach-
ieved in the present work with the new ceramic material. 

Using Yb:Lu2O3 ceramics, multi-watt CW laser output has been 
previously reported by other researchers, e.g., Sanghera et al. demon-
strated a diode-pumped 10 at.% Yb:Lu2O3 laser delivering ~16 W at 
1080 nm with η = 74% [44]. However, a much larger pump spot size (as 
compared to the present work) was used thus reducing the localized heat 
release. 

Let us discuss the reasons for the thermal roll-over observed for the 
Yb:Lu2O3 ceramic laser. The thermal conductivity of Yb:Lu2O3 ceramics 
is high (κ = 13.9 Wm− 1K− 1 for 3 at.% Yb doping [10]) and is weakly 
dependent on the Yb doping level [45]; moreover, it is higher than that 
for Yb:Lu3Al5O12 [10]. This difference would compensate for the higher 
fractional heat load in Yb:Lu2O3 originating from the longer emission 
wavelength. As determined in the present work, the passive losses in 
both materials at the laser wavelength are very close. Thus, another 
mechanism should be the reason. 

It was suggested that the interaction of Yb3+ laser-active ions with 
uncontrolled rare-earth impurities such as Tb3+, Ho3+ or Dy3+ may 
affect the output performance of Yb ceramic lasers [25,45]. Such ions 
are always present in the Yb2O3 and Lu2O3 raw materials. In addition, 

Fig. 13. Thermal effects in the diode-pumped 3.6 at.% Yb:Lu3Al5O12 ceramic 
lasers: (a) CW and quasi-CW performance of the microchip laser; (b) Compar-
ison of the CW performance of the microchip laser and the mini-slab laser, η – 
slope efficiency, TOC = 10%. 

Table 1 
Output characteristicsa of Yb:Lu3Al5O12 crystalline and ceramic lasers.  

Material Doping, 
at.% 

λP, 
nm 

Pth, 
W 

Pout, W η, % λL, nm Ref. 

Crystal 12 970 0.75 0.17CW ~15 1078 [24] 
Crystal 5 940 0.15 1.63CW 72 1030 [42] 
Crystal 10 968 0.5 3.0CW 35 1048 [43]   

936 0.5 11.8qCW 82 1046 [43] 
Ceramics 3.6 968 0.45 5.65CW 67.2 1031 b   

968 0.45 8.83qCW 66.9 1031 b 

Ceramics 5.0 ~980 ~0.9 7.2CW 65 1030 [23] 
Ceramics 10 940 0.47 2.14CW 72 1032, 

1047 
[18] 

Ceramics 10 936 ~0.5 6.0CW 52 1030 [25]   
936 – 8.83qCW 60.2 1030 [25]  

a Pth – laser threshold, Pout – output power, η – slope efficiency (vs. absorbed 
pump power), λP – pump wavelength, λL – laser wavelength. 

b This work. 
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Yb2+ ions may play a similar role and act as quenching centers for Yb3+. 
Typically, Yb2+ ions formed during the synthesis in oxygen-deficient 
conditions are completely removed after annealing in air unless a 
charge compensation is present by a tetravalent impurity center such as 
Tb4+. Terbium is polyvalent and Tb4+ species can be formed during the 
oxidizing annealing preventing complete removal of Yb2+. Indeed, an 
unwanted energy transfer from Yb3+ ions to such impurity centers will 
lead to additional heat generation. 

To clarify this issue, we measured the luminescence spectra of Yb3+- 
doped ceramics under excitation in the blue, Fig. 14(a), using the 
Renishaw inVia confocal Raman microscope. For the Yb:Lu2O3 ceramics, 
we observed intense characteristic emissions of Tb3+ ions owing to the 
5D4 → 5FJ (J = 5 … 0) transitions in addition to Yb3+emission at ~1 μm 
which was at least one order or magnitude more intense. The spectral 
shape of the Yb3+ luminescence well matched the one observed under 
near-IR excitation. Although Tb3+ does not exhibit energy-levels being 
resonant in energy with the excited-state of Yb3+ (the energy of the 
metastable Tb3+ state 5D4 is ~20500 cm− 1 whereas the energy of the 
Yb3+ excited-state 2F5/2 is ~10000 cm− 1), the bidirectional energy- 
transfer (ET) between these ions is known. It involves Yb3+-Yb3+ ion 
pairs exhibiting an excited-state with an energy 2E (2F5/2) ~20000 cm− 1 

leading either to cooperative sensitization (2 Yb3+ → Tb3+ ET) [46] or 
cooperative down-conversion (Tb3+ → 2 Yb3+ ET) [47]. The latter 
process is observed in our case. 

Furthermore, we analyzed the effect of the form of the sesquioxide 
material on the Tb3+ → 2 Yb3+ ET by comparing the luminescence 
spectra of three materials: a commercial Lu2O3 powder, an Yb:Lu2O3 
nanopowder produced by laser ablation, sedimentation and calcination, 
and an Yb:Lu2O3 ceramic, Fig. 14(b). Almost no Yb3+ emission is 
observed in the commercial (undoped) powder. In the visible, apart from 
the rare-earth ion impurity emissions, broad bands originating from 
defect states appear. For the nanopowder, both kinds of visible emis-
sions are suppressed while the ~1 μm emission appears suggesting weak 
ET. Finally, for the ceramic, the Yb3+ emission is enhanced by an order 
of magnitude and the visible emissions are further diminished indicating 
much stronger ET. 

For the Yb:Lu3A5O12 ceramics, Fig. 14(a), similar Tb3+ emissions are 
observed but the ~1 μm Yb3+ luminescence is much weaker due to 
cooperative down-conversion. The latter suggests weaker effect of 
terbium impurity on Yb3+ laser performance. The rare-earth ion density 
in sesquioxides is higher than in garnets (for the same at.%) which ex-
plains the higher content of Tb in Yb:Lu2O3. It is known that cooperative 
energy-transfer processes are particularly strong in sesquioxides [47]. 
Thus, Tb3+ species directly act as quenching centers. Tb4+ species are 
formed during annealing serving as charge compensators for Yb2+ ions 
but also acting as strong quenching centers. As a consequence the 
presence of Tb3+ and Tb4+ may be responsible for the observed thermal 
roll-over and explains the coloration of the fabricated Yb:Lu2O3 
ceramics. 

7. Conclusions 

We presented a detailed comparative study of the microstructure, 
optical, vibronic and spectroscopic properties, and diode-pumped laser 
performance of two Yb-doped Lu-based oxide transparent ceramics, 
namely Yb:Lu3Al5O12 (garnet) and Yb:Lu2O3 (sesquioxide). These ce-
ramics were synthesized using the same nanopowders (Yb:Lu2O3 and 
Al2O3) produced by laser ablation by two different methods: solid-state 
reaction synthesis at 1800 ◦C for 5 h with a presence of a sintering aid (1 
wt% TEOS) and vacuum pre-sintering followed by HIP at 207 MPa/ 
1400 ◦C for 2 h, respectively. The use of different methods was dictated 
by the different microstructure evolution of these materials during sin-
tering (concerning the pore formation) and it led to a notable difference 
in the mean grain size: 14 and 0.4 μm for Yb:Lu3Al5O12 and Yb:Lu2O3, 
respectively. Both ceramics exhibited low content of μm-sized pores, a 
close-packed structure, high transmission at ~1.1 μm approaching the 

theoretical one, and relatively low passive losses at the Yb3+ laser 
wavelength. 

Efficient continuous-wave laser operation under diode-pumping at 
968 nm is achieved with both ceramics. The Yb:Lu3Al5O12 ceramic 
outperformed its sesquioxide counterpart: a compact (microchip-type) 
laser generated 5.65 W at 1031.1 nm with a slope efficiency of 67.2% 
(fitting the linear part of the output dependence) and a laser threshold of 
0.45 W and in the quasi-CW regime, the peak power was scaled up to 
8.83 W (limited only by the available pump power). For the Yb:Lu2O3 
ceramic laser, the power scaling was limited (the CW output power 
reached 1.0 W at 1083 nm with η = 68.0%) by the thermo-optic effects 
which are assigned to stronger heat dissipation due in part to the longer 
laser wavelength and in part to the impurity Tb3+ ions and possibly Yb2+

ions charge-compensation by Tb4+ species. These optical centers also 
determined a weak brown coloration of the Yb:Lu2O3 ceramics. 

Further power scaling of compact lasers based on both Lu-based 
oxide ceramics seems to be possible via several routes: (i) improve-
ment of the ceramic quality by eliminating the effect of terbium impurity 
responsible for the formation of Tb3+ and Yb2+ centers, e.g., by purifi-
cation of the nanopowders; (b) alleviating thermal effects using larger 
pump spot size or employing other geometries of the laser element 
providing more efficient cooling (e.g., slab-shaped, as already demon-
strated in the present work for Yb:Lu3Al5O12 ceramics); (iii) using higher 
Yb doping levels up to 10 at.% for better pump absorption efficiency. 
The developed Yb:Lu3Al5O12 ceramics are promising for thin-disk lasers 
and amplifiers at ~1 μm. 

Fig. 14. (a) Luminescence spectra of Yb:Lu3Al5O12 and Yb:Lu2O3 ceramics 
under excitation in the blue. The spectra are normalized with respect to the 
visible emission. For the Yb:Lu2O3 ceramic, the ~1 μm luminescence is divided 
by a factor of 10; (b) Luminescence spectra of a commercial Lu2O3 powder, 
laser-ablated and calcined Yb:Lu2O3 nanopowder, and Yb:Lu2O3 ceramic. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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