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Abstract 
Yttrium aluminium perovskite YAlO3 (YAP) crystal, doped with rare-earth ions, has been extensively 

studied as a diode-pumped laser host material. The wide interest to rare-earth ions doped YAP crystals is 
explained by its good thermal and mechanical properties, high natural birefringence, widely used Czochralski 
growth method. The aim of this work was to study the Yb3+:YAlO3 crystal as an active medium for high 
power mode-locked laser.

Yb3+-doped perovskite-like aluminate crystals have unique spectroscopic and thermooptical properties 
that allowed using these crystals as an active medium of high power continuous wave (CW) and mode-
locked (ML) bulk lasers with diode pumping.

In our work spectroscopic properties of Yb:YAP crystal and laser characteristics in CW and ML regimes 
are investigated. Maximum output power of 4 W with optical-to-optical efficiency of 16.3 % and 140 fs 
pulse duration have been obtained for Yb:YAP E //c-polarization with 10 % output coupler transmittance. 
Tunability range as wide as 67 nm confirms high promise of using Yb:YAP crystal for lasers working in wide 
spectral range.
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Высокомощный лазер на кристалле Yb3+:YAlO3, 
работающий в режиме синхронизации мод  
на основе полупроводниковых зеркал  
с насыщающимся поглотителем  
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Кристаллы иттрий-алюминиевого перовскита YAlO3 (YAP), легированные ионами редкоземель-
ных элементов интенсивно изучались в качестве активных сред лазеров с диодной накачкой. Интерес 
к данным кристаллам обусловлен их высокими теплофизическими и механическими свойствами, вы-
соким двулучепреломлением, возможностью роста по широко распространённому методу Чохраль-
ского. Целью данной работы было изучение кристалла Yb3+:YAlO3 в качестве активной среды лазера 
с высокой средней выходной мощностью, работающего в режиме синхронизации мод.   

Кристаллы YAlO3, легированные трёхвалентными ионами иттербия имеют уникальные спектро-
скопические и теплофизические свойства, что позволяет использовать данные кристаллы в качестве 
активных сред лазеров с высокой средней выходной мощностью и диодной накачкой, работающих  
в режимах непрерывной генерации и пассивной синхронизации мод.

В работе исследованы спектроскопические характеристики кристалла Yb:YAP, а также выход-
ные характеристики лазеров на основе данного кристалла, работающих в режимах непрерывной  
генерации и пассивной синхронизации мод. Средняя выходная мощность 4 Вт с оптической  
эффективностью 16.3 % и длительностью импульса 140 фс получена для E//c-поляризации при про-
пускании выходного зеркала 10 %. Диапазон перестройки 67 нм подтверждает высокие перспективы 
использования кристалла Yb:YAP в качестве активной среды лазеров, работающих в широком спек-
тральном диапазоне.

Ключевые слова: лазер с синхронизацией мод, ионы иттербия, диодная накачка, кристаллы 
иттриевого алюмината.  
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Introduction

Yttrium aluminium perovskite (YAP) crystal, 
YAlO3, doped with rare-earth ions, has been 
extensively studied as a diode-pumped laser host 
material. Numerous impressive results were reported 
for Nd3+-doped YAP crystal. Among them 100 W 
output power at 1079 nm and 18.3 W at 1341 nm 
were obtained in diode-side-pump module [1]. 
6.2 W laser output with a slope efficiency as high as 
27.2 % at 1341.4 nm were demonstrated in a compact 
plane-concave cavity [2]. Laser emitting at 1378 and 
1385 nm with power of 800 mW was reported in 
a folded cavity with prism inserted [3] and second 
harmonic generation at 536 nm was obtained with an 
LBO crystal inside the cavity [4]. Intensive studies 
were also made with Tm3+ and Ho3+-doping. 730 mW 
of laser output power with 40.3 % slope efficiency 
were obtained over the range 1965–2020 nm with 
singly Tm-doped aluminate [5] and as high as 8.36 W 
at 2120 nm [6] and 9.3 W at 2044 nm [7] with slope 
efficiencies 35.7 % and 42.5 %, correspondingly, 
were demonstrated in Tm and Ho co-doped YAP 
crystal. Furthermore efficient Pr-doped YAlO3 laser 
operation under diode pumping was recently reported 
emitting in the near-infrared spectral range [8].

The wide interest to rare-earth ions doped 
YAP crystals is explained by its good thermal and 
mechanical properties similar to those of YAG, but 
growing faster and anisotropic [9]. Previously thermal 
conductivity of undoped YAP crystal was reported 
to be close to 11 W/[m·K] [9, 10]. Lately more 
modest values of 7–8 W/[m·K] were published [11]. 
Nevertheless they remain two times higher then those 
of tungstate crystals [12]. YAlO3 is a biaxial crystal 
and belongs to orthorhombic space group [9]. Its high 
natural birefringence dominates thermally induced 
one in lasers and leads to overcoming depolarization 
losses at high average powers [13]. It results in a very 
high polarization degree of the laser emission under 
different levels of pump power which is advantageous 
for non-linear frequency conversion [14], efficient 
modulation loss in Q-switch lasers [6] and other 
applications where linearly polarized light is necessary.

In this work we present the experimental study 
results of high power passively mode-locked laser 
based on yttrium aluminium perovskite crystal doped 
with Yb3+ ions.

Crystal growth

Single crystals of Yb:YAP can be grown 
by several growth techniques [15–20] among 

which Czochralski is the most usable for practical 
applications.

For this study Yb:YAP crystals were grown by 
Czochralski method using Y2O3, Yb2O3 and crystal-
line sapphire as starting oxides of at least 99.99 % 
purity and seeds oriented along the b axis. The melts 
were corresponding to stoichiometric compositions  
Y1–xYbxAlO3 (x = 0–0.03). The growth melts (x = 0–0.03) 
were held in iridium crucibles (40 × 5 × 40 mm3) 
and inductively heated under a pure Ar atmosphere. 
The pulling and rotation rates were 2.5 mm/h and 
35 rpm. The grown boules are 15 mm in diameter and 
30–40 mm long, transparent but some of them of a 
yellow-brown shade.

Spectroscopy 

Polarized absorption spectra of Yb3+(2 at.%):YAP 
(corresponding ytterbium concentration was 
4.02 × 1020 cm−3) at room temperature were regis-
tered by a Varian CARY-5000 spectrophotometer. 
Absor-ption cross-section spectra for three light 
polarizations parallel to the a, b and c crystallo-
graphic axes are shown in Figure 1.

Figure 1 – Polarized absorption spectra of Yb3+:YAlO3 
crystal (the spectra were obtained for Yb3+(2 at.%):YAlO3)

Strong absorption is found for E//c light 
polarization with the peak absorption at 978.2 nm 
of about 25 cm−1 and spectral bandwidth FWHM of 
4 nm.

It is well known that radiation trapping strongly 
affects the measured lifetime of Yb-doped materials 
because of significant overlap of the absorption and 
emission bands [21, 22]. The comparatively high index 
of refraction of YAP (nc = 1.914 for λ = 1040 nm) 
also increases the probability of reabsorption even 
in optically thin samples because of the total internal 
reflection. Thus the special methods discussed in the 
literature [21, 22] should be used to determine the 
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luminescence lifetime accurately. In our experiments 
we used a fine powder of Yb:YAP crystal immersed 
in glycerin. The diameter of the powder particles was 
measured to be approximately 30–40 µm, several times 
lower than absorption length of the most heavily doped  
Yb3+(8 at.%):YAP crystal (97 µm at 978.2 nm). The 
Yb ions contents in the samples were 1.5, 2, 3 and 
8 at.%. The samples were excited by 20 ns pulses at 
wavelength of about 978 nm and luminescence kinetics 
were registered with the use of a 0.3-m monochroma-
tor, fast Ge-photodiode with a rise time of < 20 ns and a 
500 MHz digital storage oscilloscope. All the samples 
exhibited single exponential decays (see Figure 2).

Figure 2 – Kinetics of luminescence decay for  
Yb(1.5 at.%):YAP (a) and Yb(8 at.%):YAP (b) 

Starting from certain powder content, the lifetime 
remained constant despite further dilution (Figure 3), 
thus indicating that reabsorption effects became 
negligible. Emission lifetime for 8, 3, 2 and  
1.5 at.% Yb-doped crystals was measured to be about 
510 ± 20 µs that indicates a weak influence of the 
luminescence concentration quenching. Presented 
values are in good agreement with the previously 
obtained data [23].   

The stimulated-emission (SE) cross sections 
were calculated by use of the modified reciprocity 

method in which it is not necessary to know the 
Stark level structure of the Yb3+ manifolds (2F5/2 and 
2F7/2) [24]:

where τrad is the radiation lifetime of an active 
center; c is the light velocity; h and k are Planck and 
Boltzmann constants, respectively; T is the crystal 
temperature; n is the refractive index of a crystal;  
α and β denote the polarization state; and σABS is  
the ground-state absorption cross section.

Figure 3 – Measured lifetime for different weight content 
of Yb:YAP crystalline powder in glycerin suspension for 
YAP with different Yb3+ concentrations

The SE cross section spectra calculated with this 
method are presented in Figure 4.

Figure 4 – Polarized absorption and stimulated emission 
cross-section spectra of Yb3+:YAlO3 crystal 
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The most intensive SE cross-section band at 
999.2 nm has peak value of about 3.13 × 10−20 cm2 

for E//c-polarization. Such a high value is very 
suitable for mode-locked and actively Q-switched 
laser operation.

Moderate SE cross-section values (0.4–
1.1×10−20 cm2) are observed for E//b- and E//c-
polarizations in wavelength range 1005–1030 nm 
where the spectra are smooth.

Continuous wave laser experiment

For laser operation the most interesting 
polarization states in the crystal are E//c and 
E//b (с and b are crystallographic axes) due to high 
stimulated-emission cross sections values. 

For a continuous wave laser experiments a set up 
with X-folded cavity design was used (see Figure 5). 
It consisted of two curved mirrors M1 and M2 and 
two plane mirrors: OC and HR.

Figure 5 – Experimental setup of continuous wave diode-
pumped Yb:YAP laser: HR – highly reflective mirror; 
OC – output coupler; P – prism; M1, M2 – concave 
mirrors; AE – active element; LD – laser diode

The calculated TEM00 mode diameter in the 
crystal was about 100 μm. As a pump source, a 
multiple single emitter InGaAs fiber-coupled laser 
diode (Ø105 μm, NA = 0.15) with a maximum output 
power of about 25 W was used. An "off-axis" pump 
layout was used for longitudinal pumping of the active 
element (see Figure 5). This pump arrangement was 
successfully tested in our previous work [25–26] and 
the main advantage of such a pump scheme is that  
all the cavity mirrors have highly reflecting coating 
at 900–1100 nm. The pump light was formed by a 
set of lenses into the spot with a diameter of about  
100 μm (1∕e2). A 2 mm long Yb3+(2 at.%):YAlO3 
crystal was used as a gain medium. The crystal was 
a-cut to provide E//b and E//c polarized laser output. 
It was a slab with dimensions 2(a) × 5(b) × 1.5(c) mm3; 

both 5 × 2 mm2 lateral faces were maintained at 15 °C 
by means of copper plates (indium foil was used 
to improve thermal contact) and thermo-electrical 
cooling elements with water-cooled heat sink, while 
1.5 × 5 mm2 working faces were antireflection coated 
for pump and laser radiation.

The dependencies of the laser output power 
on the absorbed pump power for E//b– and E//c–
polarized outputs and different OCs are shown in 
Figure 6. Absorbed pump power was real-time 
measured during the laser action.

Figure 6 – CW laser performance of Yb:YAP crystal for 
different polarizations and output coupler transmittances

The maximum CW output power of 7.6 W 
at absorbed pump power of 13.6 W with slope 
efficiency of 64.2 % was demonstrated for E//c 
polarization with 5 % OC transmittance (Figure 6a). 
With output coupler transmission of 10 % and 20 % 
the laser output power slightly decreased to 7.3 W 
and 6.0 W, respectively, while the corresponding 
slope efficiencies increased to 76.7 % and 75.3 %. 
Similar output powers were demonstrated for E//b 
laser output (Figure 6b). With 10 % output coupler 
transmittance 5.9 W of output power was obtained 
at 11.7 W of absorbed pump power with 60.5 % 

а

b
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slope efficiency. Output powers of 5.7 W and 3.7 W 
with slope efficiencies of 51.8 % and 59.2 % were 
obtained for 5 % and 20 % OCs, respectively.  

Wavelength tunability of the Yb:YAP laser 
was investigated during CW laser experiments. For 
this purpose prism was inserted into the cavity. The 
dependency of average output power (in normalized 
units) from the central wavelength of the Yb:YAP 
laser is shown in the Figure 7.

Figure 7 – Tunability curve of Yb:YAP laser with output 
coupler transmittance 1.5 % for E//c-polarization

Tunability range as wide as 67 nm (985.6–
1052.7 nm) was demonstrated with output coupler 
transmittance of 1.5 %.

Mode-locked laser experiment

For the mode-locked laser experiment the same 
crystal was used as for CW one. Schematic of the 
experimental setup is shown in Figure 8.

Figure 8 – Schematic of the Yb:YAP mode-locked 
laser: SESAM – semiconductor saturable absorber 
mirror; TFP – thin film polarizer; OC – output coupler; 
GTI – chirped mirrors; M1, M2 – concave mirrors; 
AE – active element; LD – laser diode

InGaAs-based SESAM with modulation depth 
of about 4.0 % was used in the experiments. The 
SESAM based on quantum wells separated by nano-

structured barriers was grown by molecular beam 
epitaxy (MBE) technique over the semi-insulating 
GaAs substrate of (001) orientation. The crystallinity 
of each layer was controlled via reflection of high 
energy electrons diffraction (RHEED technique). 
The number of quantum wells, their thickness and 
the concentration of the ternary alloy were chosen 
to match the requirement on the saturable absorption 
modulation depth. The recovery time shortening was 
performed by the barriers separation into the thinner 
layers via the insertion narrow band gap material. The 
design of the SESAM described in [27]. The measured 
reflectivity spectrum of the SESAM is presented in 
Figure 9. Used SESAM enabled to support mode-
locking in the spectral range from 1000 nm to about 
1050 nm. The result of the pump-probe testing of 
the SESAM with modulation depth of 4 % is shown 
in Figure 10. The saturation energy fluence of the 
SESAM was measured to be about 70–120 µJ/cm2.

Figure 9 – SESAM reflectivity spectrum with modulation 
depth 4 %

Figure 10 – "Fast" (0.3 ps) and "slow" (3.2 ps) recovery 
times of the SESAM 

Stable mode-locked operation of Yb3+(2 at.%):YAP 
laser was obtained only for OCs with 5 % and 
10 % transmittance. The maximum output power 
of 4 W with optical-to-optical efficiency of 16.3 % 
was obtained with 10 % OC for E//c-polarization. 
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Pulses with 8 nm (see Figure 11) full width at half 
maximum (FWHM) obtained at 1009.7 nm central 
wavelength resulting in 140 fs pulse duration (see 
Figure 12) with time-bandwidth product of about 
0.32 assuming Sech2 pulse shape.

Figure 11 – Spectrum of the Yb:YAP (E//c) mode-locked 
laser for 10 % OC

Figure 12 – Autocorrelation trace of the Yb:YAP (E//c) 
mode-locked laser pulses for 10 % OC

Output power of 2.4 W with optical-to-
optical efficiency of 10.7 % obtained with 5 % OC 
transmittance. Spectral width of 7.6 nm at 1021.9 nm 
central wavelength (Figure 13) was demonstrated 
resulting in about 150 fs pulse duration (Figure 14) 
with time-bandwidth product of about 0.33 assuming 
Sech2 pulse shape. The pulse repetition frequency 
was around 70 MHz.

Figure 13 – Spectrum of the Yb:YAP (E//c) mode-locked 
laser for 5 % OC

Figure 14 – Autocorrelation trace of the Yb:YAP (E//c) 
mode-locked laser pulses for 5 % OC

Conclusion 

In conclusion, Yb:YAP bulk crystal as a gain 
medium for high power mode-locked lasers was 
investigated in our work. Maximum output power 
of 4 W with optical-to-optical efficiency of 16.3 % 
and 140 fs pulse duration have been obtained for 
Yb:YAP E//c-polarization with 10 % output coupler 
transmittance. Tunability range as wide as 67 nm 
confirms high promise of using Yb:YAP crystal for 
lasers working in wide spectral range.  
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