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An Overview on Yb-Doped Transparent
Polycrystalline Sesquioxide Laser Ceramics

Angela Pirri —, Guido Toci

Abstract—This paper is devoted to summarizing and discussing
the scientific progress achieved during the past decade in diode-
pumped ytterbium-doped solid-state lasers. The output radiation
centered on the 1-pm region is of particular interest for the well-
known applications of previously developed Nd** lasers. Several
hosts have been studied and tested in recent years. Due to the
enormous number of papers dealing with ytterbium, Yb**, doped
hosts, we will limit our report here to materials based on trans-
parent polycrystalline sesquioxide laser ceramics, such as Lu, O3,
Sc2 03, and Y O3. The reason is basically due to the wider emis-
sion band of ytterbium-doped sesquioxides as compared with more
commonly used hosts such as YAG. The higher thermal conductiv-
ity with respect to hosts such as CaF, makes them very interesting
for applications requiring both good thermal conductivity and a
wide fluorescence emission band, as well as for short pulse gener-
ation at high average power levels. Furthermore, the replacement
of trivalent Yb in sesquioxides does not require any charge com-
pensation (as is the for instance case of the replacement of divalent
Ca in CaF5), which makes their fabrication easier, in particular at
high doping levels.

Index Terms—Solid-state ceramic laser,
sesquioxide laser ceramics.

laser ceramics,

1. INTRODUCTION

HE growing interest in the fabrication of cubic sesquiox-
T ide laser ceramics derives mainly from the requisite for
innovative and efficient diode-pumped solid-state laser systems
characterized by emission in the 1-um region. Basically, a laser
system consists of a resonator, a pumping system, and a gain
material. Although each of these plays an important role, the
heart of a laser system is its gain material. High average output
power, short pulses, and selected emission wavelengths can be
achieved only if the host and the dopant are carefully chosen.
Indeed, the most important laser characteristics arise from the
interplay between the spectroscopic and optical characteristics
of hosts, as well as from the physical and chemical properties
of dopants.
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An ideal gain material should have excellent thermo-
mechanical and optical properties, i.e., high thermal conduc-
tivity (which should be independent from the doping levels) to
improve the heat removal, a low expansion coefficient, high
hardness, and a low dependence of the linear refractive in-
dex on the temperature. Moreover, a low quantum defect and a
low phonon energy are both desirable, because they contribute
to reducing, respectively, the thermal load in the sample and
the probability that non-radiative processes take place. Last but
not least, materials should be free of excited absorption states,
up-conversion, and quenching effects [1], [2]. In the infrared
emission region, Yb**-doped sesquioxide laser ceramics such
as Luy O3, ScoO3 and Y503 are currently under investigation,
because they comply with some of the most important require-
ments and can in fact pave the way to a new generation of
diode-pumped solid-state laser systems.

At the present state of the art, the maximum output power in
CW regime, 174 W with an efficiency of 54%, has been mea-
sured by Kitajama et al. in Yb:Luy O3 ceramic thin-disk lasers
[3]. As far as the generation of short pulses is concerned, Toku-
rakawa et al. have obtained laser pulses with a duration of 53 fs
and an average power of 1 W by using a diode-pumped mode-
locked laser based on Yb3*:Sc,O3 and Yb?*:Y, 03 multi-gain
ceramic [4].

1. YB* IoN

Yb** is the ion of the penultimate of the rare earths with
absorption and emission peaks in the infrared region. It has a
relatively simple energy level scheme. The two manifolds, i.e.,
’F; /2 and ’F; /2, are split respectively into three and four sub-
levels, with energies that depend on the strength of the Stark’s
effect, which in turn is determined by the host properties, the
typology of the activators and the doping level. Due to this rela-
tively simple energy level scheme, ytterbium-doped media give
origin to a quasi three-level laser system that has a broad absorp-
tion band suitable for laser-diode pumping and broad emission
bands. A closeness between the two cited bands enables the
Yb ion to show a relatively small quantum defect (~10%) that
contributes to reducing the thermal load. Furthermore, the small
diameter of Yb**, which is comparable to those of Lu’*, Sc3*+
and Y**, makes possible a heavy doping of the sesquioxides
(and of other hosts) without a significant distortion of the host
lattice. It is worth noting that the long lifetime of the *F; /2 sub-
levels is another advantage, in that it permits efficient energy
storage and lowers the pump power required to reach the lasing
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threshold. Nowadays its main drawback, namely the reabsorp-
tion of laser emission by thermally-populated lower laser levels
(which increases the lasing threshold), is easily overcome by
using high-efficiency pumping systems and a moderate cooling
of the gain media.

III. FABRICATION TECHNIQUES AND RESULTS

The first attempts at developing sesquioxide materials in-
volved single crystals, and several growth techniques were con-
trived such as the Czochralski [5] and the Bridgman methods
[6], the Micro-Pulling Down (u-PD), the Verneuil method [7],
[8], the laser-heated pedestal growth (LHPG) [9], [10], the cold-
container method or skull-melting [2], and the flux method [4].
Due to its required equipment, each of the methods cited above
allows for growing crystals up to a specific dimension (for in-
stance, the Czochralski crystals are usually smaller than the
Bridgman ones [11]); however, the first two methods are the
ones most employed worldwide in laboratories.

In the case of sesquioxides, which are characterized by high
melting points (2490 °C in Lus O3, 2485 °C in Sc, 03, 2425 °C
in Y203) and by phase transition points lower [12] than the
melting points, the Czochralski and the Bridgman methods were
applied, albeit with some adjustments [11], [13]. There were
two mandatory issues: the use of crucibles made of rhenium,
(which has a melting point as high as 3180 °C) and equipment
capable of avoiding any interaction between the melting and
the crucible itself. At the same time, it was necessary to isolate
the growth system from the growth process. Despite this, only
small-size laser crystals have been produced. Fornasiero et al.
obtained crystals with a maximum diameter of 10 mm and a
thickness ranging from 3 mm to 6 mm by using a rhenium
crucible surrounded by inert gases or a reducing mixture with
10-15 vol% of Hy [11]. Peters et al. have grown Sc, O3 crystals
by using the heat exchanger method (HEM) [13]. Recently, by
applying the p-PD method [14] it was possible to grow Luy O3
and Sc, O3 crystal rods that had diameters ranging from 1 mm to
5Smm [15], [16]. It is worth noting that the -PD method permits
growing single crystals by employing a small amount of raw
material, which represents a great advantage since lutetium is
very expensive. Moreover, it is possible to grow a crystal rapidly
and then check its spectroscopic properties.

An alternative pathway is currently represented by transpar-
ent polycrystalline ceramics. Their fabrication process makes it
possible to obtain samples with a uniform dopant distribution,
high levels of doping and excellent thermo-mechanical and op-
tical properties. For instance, the fracture toughness of ceramics
is found to be higher than that of a single-crystal [17]-[21].
In Y503 and YAG crystals, a comparable value was measured,
i.e., 2MPa e m'/2 and 2.2 MPa e m'/2 [22], respectively. It is
interesting to note that grain size, d, affects the ceramic strength,
o, in accordance with the Hall-Petch equation (o oc 1/d'/?).
Smaller grain size thus implies higher values in ceramic strength.
In the case of sesquioxides, the sintering temperature is around
1700 °C and, indeed, their fabrication is easier than that of
the single crystal. Nowadays, samples having large sizes (e.g.,
centimeters) and good optical quality are available.
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1% Yb:Sc,0; 1% Yb:Lu,0;

Fig. 1. 1at.% Yb>* doped Scy O3 and Luy O3 ceramic samples produced by
Konoshima Chemical Ltd., Japan. Size of the samples is 5 x 5 X 3mm?.

Many efforts have been made to improve the fabrication pro-
cess, starting from the quality of the powders (this is closely
connected with the raw materials), as well as the preparation
of the powders themselves and the sintering process, which are
crucial aspects in reaching the goal of improvement. Nanocrys-
talline powders can be fabricated by means of combustion syn-
thesis [23], [24], the sol gel processing [25], the hydrothermal
method [26], the emulsion synthesis, and the co-precipitation in
aqueous medium [27]-[29] as well as by laser ablation [30].
The influence of the powder processing on the sintering of
1 at% Yb:ScyO3 ceramics has been demonstrated by
Bravo et al., who prepared the powders using the solid state
reaction process and co-precipitation method, and then, com-
pared their performances [31].

As far as the sintering process is concerned, several tech-
niques are currently being applied, e.g., vacuum sintering [32],
[33], vacuum sintering followed by hot isostatic pressing [34],
hot pressing (HP) [35], hot pressing and hot isostatic pressing
(HP-HIP) [36], spark plasma sintering (SPS) [37], [38], and
pressure-less sintering under flowing Hy atmosphere [39]. As
for the growth techniques of single crystals, the various sintering
processes impose severe limitations on the dimension, unifor-
mity, shape of the sample, and production time. For instance,
the SPS method permits the fabrication of ceramic samples in
a relatively short time (about one sample per day), but at the
same time their sizes are very limited. It is interesting to note
that the vacuum sintering temperatures of each material, which
have been reported in the literature by various authors, usually
show a fairly narrow interval of variation, one that ranges from
1700 °C to 1850 °C [40], while the HIP temperatures show a
much broader range, i.e., from 1300 °C [41] to 1850 °C [34].

Lastly, many authors have demonstrated that the appropriate
mixing between powder fabrication methods and sintering pro-
cesses is crucial to achieving the greatest optical transparency
in ceramics. To date, the best results have been obtained by us-
ing powders fabricated in laboratories [34], [42], [43] and then
subjected to vacuum sintering and hot isostatic pressing or hot
pressing [44]. Photos of 1 at.% Yb3t doped Sc,03 and LuyO4
ceramic samples produced by Konoshima Chemical Ltd., Japan
can be viewed in Fig. 1.

IV. THERMAL CONDUCTIVITY

Dealing with the thermal effects that may occur inside the
gain material of a high-power laser is extremely important, be-
cause these can seriously affect laser performance, leading, for
instance, to lesser efficiency, lower power extraction, and spatial
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distortion of the laser beam. Hosts with high thermal conduc-
tivity are preferred because they minimize the thermal gradients
that lead to spatial beam distortion and to thermal birefringence.
Among these, sesquioxides play a key role as undoped matri-
ces, because they are characterized by high thermal conductivity
values. In undoped crystals, values of thermal conductivity as
high as 12.2 W/mK for Luy O3 [6], 15.5 W/mK for Sc,O3 [6]
and 13.6 W/mK for Y503 [6], [12] have been measured. These
values are considerably higher than those for other hosts (e.g.,
a value of 9.71 W/mK has been reported for CaF, [11]).

A theoretical model developed in order to describe thermal
conductivity in undoped and doped crystals, and which still
remains valid for transparent ceramic, can be found in [45].
Thermal conductivity depends on many parameters, the most
important of which are the temperature experienced by the sam-
ple (which increases during the pumping process) and the doping
levels. Furthermore, in the case of ceramics, it also depends on
the grain size of the microcrystals. Larger doping concentrations
of activators act as defects that modify the host lattice, especially
when the atomic weight and the radius of the dopant ions are dif-
ferent as compared to ones that have been replaced [46]. Similar
atomic weights reduce the probability that a phonon scattering
will take place [45], while similar radii make possible higher
levels of doping, thus preserving the initial values of the ther-
mal conductivity. In 3 at.% Yb:ScyO3 and Yb:Y,Oj3 crystals, a
substantial decrease has been found in the thermal conductivity:
ie., 7.7 W/mK and 6.6 W/mK, respectively [12]. In any case,
these values remain high when compared with other hosts.

As far as Yo O3 ceramics are concerned, Fan et al. have mea-
sured a value of 13 W/mK in an undoped sample, and have
clearly demonstrated that temperature variation influences its
thermal behavior: in fact, in the range from 90 K to 290 K, the
thermal conductivity decreased by a factor of four [47]. The
experimental data were confirmed by Tokurakawa et al., who
tested both the undoped Y,03 and the doped 2 at.% Yb**,
which were fabricated by means of vacuum sintering [48]. They
found 12.6 W/mK and 7.9 W/mK, respectively, thus confirming
the role played by doping levels on thermal properties. An accu-
rate study reporting the optimum doping level, which preserves
a reasonable level of thermal conductivity, can be found in [5].
In this paper, the best performing samples have a concentration
of Yb** that ranges between 5.0 a.% and 7.0 at.%. Further-
more, the experiment showed that, especially in highly-doped
ceramics, an increase in the temperature generates an increase
in the absorption coefficient and in the fluorescence lifetime.
Similar results were achieved by comparing the data obtained
at cryogenic and room temperatures with 10 at.% Yb:Y2Os3,
1 at.% Yb:Luy O3 and 1 at.% Yb:Scy O3 ceramics [6]. Samples
activated with low dopant concentrations become strategic for
amplification purposes. In high-power laser systems, the prin-
cipal goal is the amplification of high-energy pulses at high
repetition rates by keeping the heat generated during the pump-
ing process at the lowest possible level. This is of particular
importance for large-scale laser systems such as the ones stud-
ied in the HIPER project [49] in Europe, in the MERCURY
(Nd:Glass) in the USA, and in the LUCIA (Yb:YAG) in France.
The Gaumé model for thermal conductivity [45] has been
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confirmed in lutetia ceramics by Rand et al., who measured
with 10 at.% Yb:Lus O3 a value of 11.1 W/mK [7], which is
comparable with the data reported in [6]. This result was also
found to be almost independent in the Yb** concentration. The
influence of grain size on the results could be observed by com-
paring the previous results with the values obtained in 1 at.%
Yb:Luy O3, i.e., 8.0 W/mK, which is lower than expected.

It is important to emphasize that, in the literature, the thermal
conductivity values measured in ceramics are sometimes con-
tradictory. This observation is addressed to the complexity of
the measurement itself, as well as to the difficulty in comparing
data obtained by using different methods, i.e., the laser flash
or temperature wave method, moreover, the grain size plays an
important role [8], [10]. For instance, in 3 at.% Yb:LusO3 ce-
ramic Nakao et al. found 13.9 W/mK by using the laser flash
method [9], while Tokurakawa measured a value of 10.9 W/mK
in the undoped matrix by means of the temperature wave method
[50]. In any case, a comparison between ceramics, even ones
having the same composition, is useful only if the grain sizes
are comparable [8]-[10], [50].

V. LASER OSCILLATIONS

As reported above, Yb3* -doped LuyOs3, Sc2O3 and Y503
transparent ceramics were obtained by employing several fab-
rication techniques. High optical quality rods, slabs and thin-
disks with different concentration of activators, from 1 at.%
to 10 at.% of Yb**, have been used as laser gain materials in
high-performance laser systems. Depending on the host, laser
oscillations at around 1030 nm, 1040 nm, 1078 nm and 1094 nm
have been demonstrated in both CW and guasi-CW operational
modes. Moreover, their broad emission bands have been found
to be suitable for the generation of fast pulses. In most cases, the
mode-locking condition was achieved by means of a semicon-
ductor saturable absorber mirror (SESAM). However, although
sesquioxides demonstrate emission spectra that correspond to
pulses of up to 200 fs, assuming a transform-limited sech? pulse,
this limit has been overcome thanks to their high non-linear re-
fractive index, which may trigger non-linear effects, e.g., self-
phase modulation and Kerr lensing. Indeed, sub-100 fs pulses
have been generated. The non-linear refractive index in undoped
matrices of Luy O3, Scu03, Y203 was 3.96 x 10713 esu [52],
5.32 x 10713 esu [51] and 5.79 x 10712 esu [51], respectively.

An excursus to the main results is presented here as follows.

A. Yb3+ .'LMQ 03

The first laser emission with 3 at.% Yb3* ceramic pre-
pared with vacuum sintering and nanotechnology fabricated
by Konoshima Chemical Co. [53], [54] was obtained by
Takaichi et al. [55]. In CW operation mode, it delivered 0.95 W
at 1079 nm with a slope efficiency of 53%, while at 1035 nm
the output power was 0.7 W with a slope efficiency of 36%. One
year later, the continuous tunability of lutetia in two bands, from
1033.8 nm to 1038.5 nm and from 1067.3 nm to 1081.3 nm, was
demonstrated. The maximum output power obtained was around
270 mW. The tunable cavity was built by inserting a SF10 glass
prism while the ceramic was pumped by a fiber coupled laser
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diode at 976 nm (zero-phonon line). The measurements were
performed at room temperature [56].

Improvements in the fabrication techniques enabled
Sanghera et al. to synthesize 10 at.% Yb**:Lu,O3 by using
the HP sintering process [36], [57]. They measured at 1080 nm
an output power above 16 W with a slope efficiency of 74%.
The ceramic was pumped in quasi-CW with a duty factor of
50% and a repetition rate of 127 Hz.

The ceramic with the lowest doping level, i.e., 1 at.%, fab-
ricated by Konoshima Chemical Co., was tested by Pirri et al.
[58]. At 1032.5 nm the laser delivered 1.8 W with a slope effi-
ciency of 45%. The ceramic was placed in a V-shaped resonator
and pumped at 968 nm by a laser diode coupled with a 100-pm
diameter fiber in quasi-CW regime (duty factor 20%, 10 Hz),
while the cavity was tuned by substituting the output coupler
mirror with a gold grating set in Littrow’s configuration. This
made it possible to explore, for the first time, the continuous
tuning range from 1000 nm to 1045 nm.

As explained previously, the replacing of Lu** ion with Yb3+
only slightly affects the thermal conductivity of activated lutetia.
In fact, it is an interesting material for thin disk laser systems in
which a high concentration of doping is required in thin samples
(200+300 pm thickness). In 2014, a CW laser operation of thin-
disk lasers based on Yb:LusO3 ceramics was demonstrated.
A 300-um thickness disk doped with 3 at.% Yb>" was used,
pumped at 976 nm by a Volume Bragg Grating (VBG) locked
fiber coupled laser diode. The laser delivered 45.1 W at 1032 nm
with a slope efficiency of 60.1% [9]. A significant power and
efficiency scaling was achieved with a thinner disk of 150 pm,
doped with 3 at.% Yb** [3]. In the CW operation, the laser
delivered 174 W of output power with a slope efficiency of
54%. The maximum pump density was 5.5 kW/cm?.

As regards the possibility of generating short pulses, the
fluorescence spectrum showed two main peaks placed around
1032 nm and 1079 nm [60], [61] with a FWHM of 13 + 15 nm
that made it possible to generate a pulse duration of about 100 fs
at the Fourier limit. The first demonstration of a diode-pumped
passively mode-locked 3 ar.% Yb:LusO3 ceramic laser was
obtained by Tokurakawa et al. [59]. They measured a pulse du-
ration of 357 fs at 1033.5 nm with a maximum average power
of 352 mW and a repetition rate of 97 MHz.

This first result was improved by exploiting the high non-
linear refractive index of the host matrix. Tokurakawa et al.
used a combination of Yb:LuyO3 and an undoped Y,Oj3 to
build up a laser system based on Kerr-lens mode-locking that
generated 65 fs pulses at 1032 nm with an average power of 320
mW [61]. To the best of our knowledge, this is still the shortest
pulse generated by a laser system based on lutetia ceramic.
However, to be even more precise we should note that Paradis
et al. recently measured 35 fs of pulse duration in Yb:LuyOgy
thin-disk crystal, and until now this represents the shortest pulse
obtained with lutetia [62].

B. Yb37L .'SCQ 03

The first laser emission of 2.5 at.% Yb:Sc, O3 at room tem-
perature was observed in 2003 [63]. The sample was fabricated
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by Konoshima Chemical Co. using the nanocrystalline technol-
ogy and the non-press vacuum sintering technique [53], [54].
The sample was pumped at 940 nm using a laser diode coupled
with a 100-um core diameter fiber. A CW laser emission at
1041 nm and 1094 nm was demonstrated. At the shorter wave-
length, the laser delivered 420 mW of output power with an
efficiency of 9%. The sample was further characterized by mea-
suring the refractive index, i.e., 1.96 at 1064 nm, and the fluores-
cence lifetime of the upper state of the laser transition revealed
a value of 0.80 ms.

Heavily doped ceramic, 10 at.% Yb**, was tested by
Casagrande et al. [64]. A 1-mm thickness sample was end-
pumped by a diode stack delivering quasi-CW pump pulses of a
600 ps duration at 1 Hz. The maximum peak power was 2 KW.
The experiment was performed at room temperature as well as
at a cryogenic temperature (80 K), in order to study the reab-
sorption effects on both the efficiency and the wavelength of
the laser. The authors demonstrated that the absorption and the
emission cross sections increased by decreasing the tempera-
ture, while the wavelength of the laser oscillation did not shift
from shorter to longer values. This behavior was justified by
the fact that in scandia the third sublevel of the *F, /2 manifold
of Yb** is scarcely populated and more greatly separated from
ground level than occurs in lutetia and yttria. Lastly, they found
that the laser efficiency increased from 7% (at 280 K) to 26%
(at 80 K) while the laser threshold decreased from 506 mJ to
141 mJ.

High efficiency and high-power laser emissions were ob-
tained with 5 at.% Yb’* ceramic fabricated by Konoshima
Chemical Co. [65]. From the data it appears that the cryogenic
temperature contributed to enhancing Yb-doped sesquioxides
laser performance, as was theoretically expected. The sample
was pumped in quasi-CW, while the measurements were per-
formed at room and cryogenic temperatures. In the former case,
the laser delivered 18 W of output power with a laser efficiency
of 43%. At a cryogenic temperature (77 K), both the efficiency
and the output power increased up to 70% and 40 W, respec-
tively.

The doped scandia tunability range was verified in different
experiments [58], [66], [67]. In the first experiment, the sam-
ple, which was obtained by means of vacuum sintering and the
nanotechnology method doped with 2.5 at.% Yb3*, was tested
under CW pumping at 976 nm. The tunable cavity was obtained
by placing a SF10 glass prism between the folding and the out-
put coupler mirrors. Two continuous bands, from 1040.5 nm to
1042.6 nm and from 1090.5 nm to 1096.5 nm, were observed.
A different approach was used in the latter experiment, during
which the output coupler mirror of a V-shaped cavity was re-
placed by a gold-coated grating (1800 grooves/mm) used at the
Littrow’s configuration [58]. The measurements performed by
this approach, which were carried out by pumping the sample at
968 nm in quasi CW mode at a repetition frequency of 10 Hz and
with a pulse length of 20 ms, gave rise to a continuous tunability
curve that ranged from 1010 to 1051.6 nm. With the non-tunable
cavity, the laser delivered a maximum output power of 2.2 W at
1040.5 nm with a slope efficiency of 59%. Power and efficiency
scaling were achieved by pumping at a wavelength of 933 nm.
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In this case, the output power and the slope efficiency increased
to 4.3 W and 70%, respectively, and a broader tunability ranging
from 1005 nm to 1050.5 nm, was measured [59]. A tunability
of up to 55 nm was achieved instead with 5 az.% Yb:ScyO3
fabricated by means of co-precipitation and vacuum sintering
[68].

In Kerr-lens mode-locking regime, Tokurakawa et al. tested
a ceramic with 2.5 at.% Yb** doping which generated 92 fs
pulses at 1042 nm with an average power of 850 mW [69]. The
optical-to-optical efficiency was 21.9%. Shorter pulses, with a
duration of 90 fs and with an average power of 160 mW, were
also obtained at a laser oscillation of 1092 nm. To date, this
remains the best result achieved with Yb** doped scandium
oxide.

C. Yb3+ .'Y203

The period between 2002 and 2003 was very productive for
the development of laser systems based on transparent ceramics.
Thanks to the use of a 3-mm-thick ceramic sample fabricated
by Konoshima Chemical. Co., Kong et al. achieved the first
laser oscillation in Yb** doped yttrium oxide [70], [71]. The
sample, doped with an 8 at. % Yb3*+ and water cooled (10 °C),
was pumped at 937 nm in CW mode. At 1078 nm it delivered
0.75 W with a pump power of 11 W, thus achieving an efficiency
of 12.6%. The pump laser threshold was found to be 4.7 W.

The progress in the optical quality of yttria ceramics enabled
the same group to reach, in CW emission, an output power of
up to 4.2 W with an efficiency of 29% at 1078 nm [72].

Shorter emission wavelengths, i.e., 1030 nm, for a TEM
mode, were demonstrated with a 2 at.% Yb** sample obtained
by means of a pressure-less fabrication method. The uncoated
ceramic plate had a thickness of 500 ;m and was pumped by
a laser diode at 940 nm. The maximum output power and the
efficiency were 0.6 W and 45%, respectively [2]. Emission at
1075 nm was demonstrated with the use of a 4 ar.% Yb>*
sample, the thickness of which was 0.8 mm. It delivered 1.4 W
of output power in the TEM(y mode with 1.9 W of absorbed
pump. The efficiency was as high as 72%.

An output power of 9 W with 41% efficiency at 1078 nm and
a pump threshold of 3.1 W were instead demonstrated by means
of an 8 at. % Yb*>" sample pumped at 937 nm with a fiber-
coupled laser diode [73]. The 3-mm-long, antireflection coated
ceramic was water-cooled at 0 °C. The authors reported on an
interesting comparison between 8 at.% Yb-doped YAG crystal
and Yb:Y, O3 in which they found that a ceramic laser performs
better, since it shows higher efficiency and greater output power
thanks to its lower reabsorption losses at the same level of pump
power.

Two years later in a new experiment, a 2 mm long, an 8 at. %
Yb** doped, antireflection coated ceramic was pumped on the
zero phonon-line, at 976 nm, thus demonstrating an enhance-
ment in the laser performance. In CW emission, a maximum
output power of 1.74 W was achieved at 1078 nm, and 0.73 W
at 1040 nm. The efficiency was 82.4% for the 1078 nm laser
emission and 57.1% at 1040 nm [74]. The ceramic was water
cooled at 5 °C.
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A 10 at.% Yb>* ceramic that was developed by Merkle et al.
was used for a spectroscopic and laser investigation at room and
cryogenic temperature (77 K) [65]. The 1.67-mm-long sample
was pumped at 939 nm in quasi-CW mode operation (2 Hz, 1 ms
pump pulse duration) by means of a 400-m core fiber-coupled
laser-diode. The authors demonstrated that, at liquid nitrogen
temperatures, the laser performance was strongly enhanced due
to a reduction in the reabsorption at the laser wavelength; thus,
the stronger 1030 nm emission peak reached the threshold prior
to the peak at 1077 nm. The slope efficiency was 70%, while the
laser energy threshold was 7 mJ. At room temperature, instead,
the laser oscillated at 1077 nm, and the efficiency decreased
to 64% while the threshold increased to 52 mJ. From 77 K to
300 K, the maximum output power was halved, i.e., it was re-
duced from 80 W to 40 W with alaunched pump power of 120 W.

Recently, highly transparent 5 at.% Yb** ceramic was fabri-
cated by using a combination method of vacuum sintering and
hot isostatic pressing. The ceramic slab was pumped at 940 nm
by means of a fiber-coupled laser diode. Wang et al. demon-
strated a laser oscillation at 1076 nm with 0.77 W of output
power and an efficiency of 10.6% [33].

The first CW mode-locked emission of a 4 at.% Yb>*t:Y, 04
ceramic was demonstrated in 2003 [75]. The mode-locking was
obtained by means of a SESAM. At a laser wavelength of
1076.5 nm, pulses as short as 615 fs were generated with a
repetition rate of 98 MHz. The average power was 420 mW,
while the pulse energy was 4.3 nJ, with 2.6 W of absorbed
pump power. Several years later, Tokurakawa et al. demon-
strated a diode-pumped passively mode-locked operation of 1.8
at.% Yb3*:Y505 ceramic laser [69]. A SESAM was used also
in this case. The aforesaid team measured pulses as short as
188 fs at 1038 nm, with an average output power of 220 mW
and with an absorbed pump power of 2.4 W at 97 MHz. The
thickness of the sample was 1.5 mm.

The wide emission spectral bandwidth, which shows two
well-defined peaks around 1030 nm and 1076 nm, together with
the large nonlinear refractive index as explained above, are two
important features in the generation of fast pulses. The first self-
mode-locked Yb-doped yttria ceramic laser was demonstrated in
2007 [76]. The 3-mm-long gain material was doped with 8 at. %
Yb** and pumped at 937 nm by means of a fiber-coupled laser
diode. The water-cooled (7 °C) ceramic sample generated pulses
having a duration of 1.1 ps at 1078 nm, with an average output
power of 2.7 W at a repetition rate of 126 MHz. In this laser
system, no saturable absorber was used, but the mode locking
was achieved by the interplay of two effects, i.e., the Kerr self-
focusing and the diffraction losses generated by the thermal
lens aberration due to the non-uniform heat deposition which
occurred during the pumping. In fact, because the magnitude
of the diffraction loss was proportional to the laser-mode size,
the diffraction loss in combination with the Kerr-lens focusing
acted as a saturable absorber.

Shorter pulses and high average power, 547 fs and 7.4 W
respectively, were achieved in a mode-locking laser operation at
1031 nm. The ceramic sample was fabricated using nanocrys-
talline and vacuum sintering technologies. The Yb** doping
level was 2 at.%, while the thickness of the disk was 400 pm
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[48]. It was pumped at 975 nm by a fiber-coupled laser diode,
while the laser mode-locking was achieved by using a SESAM.

VI. CONCLUSIONS AND OUTLOOK

The production of high-optical-quality sesquioxide transpar-
ent ceramics can be considered to be one of the most important
results achieved for the development of high average-power
laser systems in recent years. This is due, first of all, to the spe-
cific properties of the sesquioxides themselves and, secondly, to
the characteristics of ceramics: for instance, their lower fabrica-
tion temperature, which makes it possible to fabricate large size
samples that are suitable for complex laser systems, including
amplification chain systems. Among Yb-doped sesquioxides,
lutetia is very interesting because of its good thermal conduc-
tivity value, which is almost independent of the doping level.
Indeed, lutetia is ideal both for lasers based on thin-disk ge-
ometry, which require a high doping level of the thin disk gain
material, and/or for microchip lasers. A thermal shock figure of
merit for lutetia was calculated by Soules and reported in [77].
This host has a high non-linear refractive index that can favor the
occurrence of non-linear effects, and in consequence it produces
short pulses. The lutetia refractive index is in any case higher
than those of scandia and yttria. The possibility of exploring a
new class of host materials, resulting from the mixing of two or
more sesquioxides together is very interesting. Each Yb-doped
sesquioxide host shows a characteristic fluorescence spectrum,
the position of the peaks, broadness, and so on. The combination
of two or more of their florescence spectra may act to enlarge
the gain bandwidth, thus leading to the generation of faster
pulses. In this regard, the shortest pulse was obtained by Toku-
rakawa and co-workers [4], using a combination of 2.5 at.%
Yb**:Scy,03 and 1.8 at.% Yb3*:Y,05 ceramic as multi-gain
material. The thicknesses of the two materials were 1 mm and
1.5 mm, respectively. The stable and self-starting mode-locked
operation was achieved by means of a SESAM. Two different
pulse durations of 66 fs (with a 1.5 W average power) and 53 fs
(with a 1 W average power) were measured. The repetition rate
in both cases was about 99 MHz.
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