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(Er,Yb):YAl3(BO3)4 single crystals have been obtained from K2Mo3O10 based fluxed melts. Also, 100 μm-thick Yb:YAl3(BO3)4 
crystal layers were grown by liquid phase epitaxy method. Their growth rates varied from 1.5 to 10 μm/h in the supercooling 
range of 3–12.5 °C. The room temperature polarized absorption spectra of the layers were recorded and compared with 
those for Yb:YAl3(BO3)4 single crystals. Strong and broad absorption bands were observed at 976 nm with a peak 
absorption coefficient of about 14 cm-1. The emission lifetime of Yb3+ ions in both layers and bulk crystals was found to be 
480 μs. 
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1. Introduction 
 
To date, various erbium and ytterbium codoped 

phosphate glasses are mostly used as gain media for solid–
state lasers emitting in the eye–safe 1.5–1.6 μm spectral 
range [1,2]. They are of great potential for range-finding, 
environmental sensing, aerial navigation, 
telecommunications, medicine, etc. In these systems short 

2/11
4I  level lifetime minimizes Er→Yb energy back-
transfer, excited state absorption and cross–relaxation 
losses, whereas high luminescence quantum yield from 

2/13
4I  level allows to keep low laser threshold. However, 
glasses exhibit low mechanical stability and thermal 
conductivity (typically less than 1 W/m*K), which limit 
the output power at the level of about 150 – 200 mW. 

CW room-temperature 1.5-1.6 μm lasing was 
demonstrated for several Er-doped and Er,Yb-codoped 
crystals including Y3Al5O12 and Y2SiO5 [3], Ca2Al2SiO7 
[4], YVO4 [5], LaSc3(BO3)4 [6], KY(WO4)2 [7] etc. In 
these cases, however, typical output power does not 
exceed 150 mW in combination with poor slope 
efficiency. The most efficient diode-pumped laser action 
among crystalline media has been obtained with Yb,Er-
activated oxoborates: 250 mW of CW output power with 
26,8 % efficiency for YCa4O(BO3)3 [8] and 158 mW with 
14% efficiency for GdCa4O(BO3)3 [9]. 

In the meantime, YAl3(BO3)4 (YAB) crystal is a well-
known laser host for Yb and Nd ions [10–11]. Recently 
Er,Yb:YAB material having high potential of 1.5 μm 
efficient multiwatt laser action with diode pumping at 980 
nm has been demonstrated. CW output power of 1 W with 
a slope efficiency of 35% was obtained and the output 
power was limited by available pump source [12-13]. 

Mode-locked regime has been realized with pulse duration 
of about 4 ps and average output power of 270 mW [14]. 

Crystalline thin layers doped with Yb3+ are very 
attractive for applications in high–power thin–disk lasers, 
as well as active waveguide devices, such as planar and 
channel waveguide lasers. Thus, efficient laser operation 
of Yb:KY(WO4)2 and Yb:KLu(WO4)2 layers with 
maximum output power of 290 mW and a slope efficiency 
of 80.4% under laser pumping at 980 nm was 
demonstrated [15-17]. However, both these tungstate 
matrices suffer from rather lower thermal conductivity (of 
about 3 W/m*K) in contrast to YAB (4,7 W/m*K [18]), 
which being doped with Yb3+ demonstrates favorable laser 
properties as well as efficient self-doubling due to high 
second-order nonlinearity [10]. 

Here, recent results on the growth of Er,Yb–codoped 
YAB bulk crystals and Yb:YAB crystalline layers are 
discussed. Also, data on spectroscopy of these laser 
materials are reported. 

 
 
2. Experiment 
 
Since YAB is an incongruently melting compound 

[19], ErxYbyY1-x-yAl3(BO3)4 with x = 0.005 to 0.015 and            
y = 0.07 to 0.15 in the starting crystalline substances were 
obtained by dipping seeded solution growth (DSSG) 
method using K2Mo3O10 based fluxes. Concentration of 
YAB, Yb:YAB and (Er,Yb):YAB in the initial load 
corresponded to 17 wt.%. Starting chemicals (at least 
99.9% and 99.99% purity for rare earths and other 
materials, respectively) were Y2O3, Yb2O3, Er2O3, Al2O3 
and B2O3, but K2Mo3O10 was previously sintered of 
K2MoO4 and H2MoO4 at 650 °C according to the scheme: 
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K2MoO4 + 2H2MoO3 = K2Mo3O10 + H2O↑. 
 

The starting mixture in Pt crucible of 70 cm3 volume 
was placed into a vertical electric furnace equipped with a 
PROTHERM microprocessor containing controller. The 
temperature at the crucible bottom was kept 2–3 °C higher 
than at the melt “mirror”. Before DSSG, the saturation 
temperatures of fluxed melts were precisely determined by 
a probe technique, and it was found to be 1060–1080 °C 
depending on the dopant concentration. A “point” YAB 
seed of 0.3x0.3x1.0 mm3 dimension was dipped into 
fluxed melt. During the crystal growth supersaturation was 
kept within the temperature interval of 1080–1000 °C by 
the cooling of fluxed melts in the range of 0.2–5 °C/day 
following the experimental data on the solubility and 
crystallization kinetics. At the end of growth process, the 
crystal was pulled out and cooled to the room temperature 
within several days. 

Yb:YAB epitaxial layers were grown by liquid phase 
epitaxy (LPE) method on substrates made of pure YAB. 
Since waveguides efficiency depends on the difference in 
refractive indices (Δn) between the substrate and the active 
layer, these characteristics in pure and Yb–doped YAB 
single crystals were precisely determined in visible 
wavelength range [20]. Replacement of Y3+ by Yb3+ up to 
7 at.% results in increasing of ordinary and extraordinary 
refraction indices by ~ 0.002 and 0.001 respectively. This 
is a reason why YAB substrate was chosen at this initial 
stage of Yb:YAB LPE growth, which can be considered as 
almost homoepitaxial crystallization in this system. The 
substrate wafers with sizes up to 0.7–10 mm2 and 
thickness of 0.5–2 mm were cut from YAB single crystals 
parallel to rhombohedron and prism faces and 
mechanically polished (Fig. 1). 

 

 
 
Fig. 1. Wafers cut from YAB single crystal parallel to 

rhombohedron face. 
 
 

The thin film growth was performed under similar 
conditions. At the beginning of epitaxial growth, the YAB 
substrate was slowly dipped into the solution at the 
temperature 1 °C higher than saturation point. 10–20 min 
later, the temperature was lowered by 3–10 °C, and 
substrate was kept for 9–36 h depending on supercooling 
of the fluxed melt as well as on expected thickness of the 

layer, as it follows from their growth kinetics. Then, the 
substrate and film grown were pulled out slowly, cooled to 
the room temperature and released from the crystallized 
melt by dissolution in hydrochloric acid, distilled water 
and ethanol. 

The composition, homogenity and morphology of 
bulk crystals and thin layers were studied by analytical 
scanning electron microscope JSM-5300+Link ISIS. A 
Cameca analyzer was used for investigation of layer 
composition with an accuracy up to 0.02-0.03 wt.%. The 
effective distribution coefficients (K) of Er3+ and Yb3+ in 
(Er,Yb):YAB were calculated using the equation: 

 
K=Ccryst/Cdiss REYAB 

 
where Ccryst is rare earth content in grown crystals and 
CdissREYAB is RE concentrations in the borate substances of 
fluxed melt. 

The absorption spectra of crystals and thin films were 
measured with Cary-5000 spectrophotometer with 0.4 nm 
spectral resolution. The luminescence kinetics of Er3+ and 
Yb3+ ions in Er(1.5at.%),Yb(11at.%):YAB crystal and 
Yb(10at.%):YAB thin film were detected using 0.3 m 
monochromator and InGaAs photodiode after the 
excitation by Nd-YAG-pulse-pumped optical parametric 
oscillator (20 ns pulse duration). The laser experiments 
were performed in a three-mirror cavity using 7W fiber-
coupled laser diode as a pump source and 1.5-mm thick 
Er(1.5at.%),Yb(11at.%):YAB crystal as an active element. 

 
 
3. Results and discussion 
 
3.1. Crystal growth 
 
The visually transparent YAB and (Er,Yb):YAB 

crystals were obtained with a typical size up to 10x10x15 
mm3 and 8×8×12 mm3 respectively. YAB crystals are 
colorless, but the (Er, Yb):YAB samples have the 
characteristic "erbium" light-pink color. All single crystals 
have well developed simple crystallographic forms of 
huntite–type borates [19], namely, two trigonal prisms and 
rhombohedron (Fig. 2). Sometimes, pinacoid faces can be 
found. The average Er and Yb effective distribution 
coefficient is 0.84 as a consequence of minor differences 
in the sizes of Y3+, Er3+ and Yb3+ cations. Yb and Er were 
uniformly distributed in the grown layers. 

 

 
 

Fig. 2. (Er,Yb):YAB crystal grown by DSSG method.  
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100 μm–thick Yb:YAB single crystal layers were obtained 
on ( )1110 -oriented YAB substrates. Average growth 
rates were estimated to be within the range of 1.5–10 
μm/mm under supercoolings up to 3–12.5 °C (Fig. 3). 
Excess of rare earth oxides in the system possessed to 
decrease growth rates of this surfaces. The surface 
morphology was quite good and flat over large areas. 
There were no visible solution inclusions in the layers, 
nevertheless some cracks could be identified. 

 

 
 

Fig. 3. Normal growth rate of Yb:YAB films vs. 
supercooling of solution. 

 
 
 

3.2. Spectroscopy and laser experiments 
 

From the spectroscopic point of view, (Er,Yb):YAB 
crystals are characterized by broad Yb absorption band, 
high nonradiative decay probability and efficient 
Yb3+→Er3+ energy transfer. Yb absorption band in 
Er,Yb:YAB crystal is centered at 976 nm and has the 
bandwidth of 17 nm FWHM (Fig. 4 a). Fig. 4 b shows 
absorption and stimulated emission spectra of Er3+ 
4I13/2→4I15/2 transition that covers the range of 1530-1610 
nm. Due to high phonon energies in YAB (>1400 cm-1 
[21]) the 1.5 μm erbium luminescence is quenched to 325 
μs in (Er,Yb):YAB resulting in luminescence quantum 
yield of about 7%. The lifetime of Er3+ 4I11/2 level is very 
short (∼80 ns) thus reducing upconversion and energy 
back-transfer losses. All this lead to efficient Yb3+→Er3+ 
energy transfer (88%) and excellent laser characteristics 
better than in the best Er,Yb-codoped glasses (up to 1W of 
cw output power with 35% slope efficiency). Detailed data 
on spectroscopy and cw lasing in Er,Yb:YAB is published 
in [13]. 

The room temperature polarized absorption spectra of 
100 μm-thick crystalline layer of Yb3+(10 at.%):YAB on 
YAB substrate were measured in order to compare with 
those of Yb:YAB single crystal (Fig. 5). Generally, the 
spectra are similar, in both samples a strong and broad 
absorption bands are observed at 976 nm with a peak 
absorption coefficient of about 14 cm-1. Nevertheless 

Yb:YAB epitaxial layers exhibit broader spectral 
bandwidth probably due to influence of the defects in the 
layer structure. The emission lifetime of Yb3+ ions in the 
layer was measured to be 480 μs, the same as in the bulk 
crystal [13]. 
 

 
 

a 
 

 
 

b 
 

Fig. 4. Absorption and stimulated emission spectra of 
Er,Yb:YAB crystal at 1 μm (a) and 1.5 μm (b) spectral 

region. 
 

 
 

Fig. 5. Ytterbium absorption band at 976 nm of  Yb:YAB 
bulk crystal (dashed line)  and crystalline thin film (solid 

line). 
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5. Conclusions 
 
The visually transparent YAB and (Er,Yb):YAB 

crystals with a typical size up to 10x10x15 mm3 were 
obtained by the DSSG technique. The average effective 
distribution coefficient for both Er3+ and Yb3+ cations is 
0.84. (Er,Yb):YAB single crystals are characterized by 
broad Yb absorption band centered at 976 nm and short 
Er3+ 4I11/2 and 4I13/2 level lifetimes. This material also 
exhibit efficient Yb3+→Er3+ energy transfer (88 %) and 
excellent laser characteristics exceeded those in the best 
(Er,Yb)-codoped glasses (up to 1W of cw output power 
with 35% slope efficiency). 100 μm–thick Yb:YAB single 
crystalline layers were obtained on ( )1110  – oriented 
YAB subtrates. Average growth rates were estimated to be 
within the range of 1.5–10 μm/mm for supercoolings 
varied from 3 to 12.5 °C. Layers obtained exhibit no 
visible melt inclusions, although some cracks can be 
observed. The room temperature polarized absorption 
spectra of a crystalline layer of Yb3+(10%):YAB on YAB 
substrate for σ-polarization were measured in order to 
compare with Yb:YAB single crystal (Fig. 4). The spectra 
obtained are similar, in both samples a strong and broad 
absorption bands are observed at 976 nm with a peak 
absorption coefficient of about 14 cm-1. The emission 
lifetime of Yb3+ ions in both layers and bulk crystals is 
about 480 μs. 
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