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Epitaxial monoclinic double tungstate laser crystals were grown with high crystalline quality. Based
on these Yb-doped composites, laser operation was demonstrated. Continuous-wave laser emission
of a Yb:KYW/KYW crystal was achieved at 1030 nm. The 25- um-thin Yb:KYW layer was pumped
at wavelengths near 980 nm by a Ti:sapphire laser. A maximum output power of 40 mW was
obtained at room temperature. © 2004 American Institute of Physics. [DOIL: 10.1063/1.1814426]

Yb-doped materials are well suited for building simple
and robust diode-pumped lasers in the 1 gwm spectral range1
which have proved their potential in high power operation.2
The attraction of Yb-doped materials are their small quantum
defect and the absence of excited state absorption, upconver-
sion processes, cross relaxation, and concentration quench-
ing. Moreover, the broad absorption bands of these laser ma-
terials are covered by high-power InGaAs laser diodes that
permit efficient pumping. The small Stokes shift
(~600 cm™) between absorption and emission reduces the
thermal load and increases the laser efficiency.

The magnitudes of the Yb*" absorption and emission
cross-section peaks strongly depend on the chosen laser host
material. The Yb-doped monoclinic low temperature phases
of the double tungstates KY(WO,), (KYW) and
KGd(WO,), (KGW) stand out because of their large absorp-
tion and emission cross sections.’ Comparative studies based
on the spectroscopic characteristics predicted that they are
one of the most promising representatives of this class of
materials.* KYW can incorporate higher concentrations of
Yb?>" ions than KGW approaching the stoichiometric compo-
sition KYb(WO,), (KYbW)® while maintaining the same
structure. Yb:KYW, Yb:KGW, and KYbW are strongly an-
isotropic and all show an absorption maximum near 981 nm
which, for light polarization parallel to the N, -crystallo-optic
axis, is about 15 times higher than that of Yb:YAG. In all
three of them, efficient laser operation near 1 um has already
been demonstrated.>>S

The extremely high absorption and emission cross sec-
tions of Yb:KYW permit the use of very thin crystals. For
such laser crystals even low beam quality pump sources (like
most of the laser diodes) can be used, still achieving a good
overlap of pump beam and resonator mode. As Yb*' is a
quasi-three-level system, poor overlap would not only mean
wasted pump power but also cause additional reabsorption of
the stimulated emission. Thin disk Yb lasers have already
proved their potential for high output powers,>® but have
required complicated pump optics to realize several pump
passes through the active medium for efficient absorption.
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This problem can be overcome by using highly doped tung-
state materials, but the handling of free-standing crystals is a
great technological challenge, in particular for a thickness
between 10 and 50 um. Therefore thin epitaxial structures of
highly Yb-doped KYW on KYW substrates seem to be ideal
for face-cooled laser concepts including microchip lasers and
thin disk laser designs. Our approach is to achieve cw lasing
by the use of such epitaxial samples to minimize the reab-
sorption loss and to pump near the absorption maximum at
981 nm.

Liquid phase epitaxy (LPE) is a well-known technique to
obtain homogeneous single crystal layers.” It is based on
epitaxial growth from solution over a crystalline substrate
and allows doping the layers during growth with optically
active ions like ytterbium. Moreover it is possible to control
the layer thickness by adjusting the temperature and the
growth time. Some preliminary results on LPE of KYbW
films on KYW substrates were reported only very recently.8
In the present letter we describe the growth and the proper-
ties of an epitaxial Yb:KYW/KYW structure with improved
crystal quality at the interface which permitted laser genera-
tion to be achieved with a strongly anisotropic (monoclinic)
composite structure used as an active medium.

Single crystals of KYW to be used as substrates have
been grown by the top seeded solution growth (TSSG)
method. The experiments were performed in a vertical cylin-
drical furnace and the solvent chosen was K2W207.9 The
solution composition was, in molar ratio, K,W,0,/KYW
=88/12. We inserted the reagents, K,CO;, Y,05, and WO;,
mixed in the appropriate ratios, weighting about 200 g, in a
platinum crucible of an inner diameter of 50 mm. The solu-
tion was homogenized by maintaining the temperature at
50 K above the expected temperature of saturation, 7. The
axial thermal gradient in the solution was about 1 K/cm,
keeping the bottom hotter than the surface. After homogeni-
zation of the solution the 7 has been accurately determined
in each run and it is, on average, 920 °C.

Then, the crystal growth process was initiated on seeds
in contact with the surface of the solution, which was cooled
at a rate of 0.05 K/h by 6 K. Finally, the crystals were re-
moved from the solution and cooled down slowly to room
temperature.

© 2004 American Institute of Physics
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FIG. 1. KYW crystal grown and its morphological scheme.

The KYW substrates obtained were transparent and free
from macroscopic defects. The typical dimensions ranged
between 3 X3 X6 and 5X 5X 8 mm? in @, b, and ¢ crystal-
lographic directions, respectively. The unit cell parameters of
KYW in the C2/c¢ space group determined at room tempera-
ture  are,’  a=10.6313(4) A,  5=103452(6) A, ¢
=7.5547(3) A, and 8=130.752(2)° and the unit cell param-
eters of KYbW amount to a=10.590(4) A, 5=10.290(6) A,
c=7.478(2) A, and B=130.70(2)°." It can be seen in Fig. 1
that the KYW morphology is mainly formed by {010},
{110}, {310} and {-111} faces.

The LPE experiments were performed in a vertical fur-
nace with practically no axial gradient to obtain a homoge-
neous epitaxial layer thickness on every crystal face. The
solution was prepared by mixing about 70 g of the reagents
in a cylindrical platinum crucible with a 30 mm diameter.
The ratio between the solvent, K,W,0,, and the solute,
KY5Ybg ,(WO,),, was decreased by 7% as compared to the
value in the substrate growth, to perform the epitaxial growth
at lower temperatures. This permits a better control of the
growth rate according to the solubility curve of KYW in
K,W,0,."°

Once the solution was homogeneous, we accurately de-
termined T, in each run being, on average, 820 °C, which
means 100 °C less than T obtained in the substrate growth.
Next we studied the kinetics of the growth and dissolution of
a seed at different temperatures close to T, before the epi-
taxial growth. This information was very useful for the
choice of the temperature and time to perform the epitaxial
growth. The substrate was introduced slowly into the furnace
and maintained near the surface of the solution for about
30 min to reach a thermal equilibrium with the solution. At
the beginning of the epitaxial growth, the temperature of the
solution was kept 1 °C higher than 7, with the objective to
dissolve the outer layer of the crystal. Thus, the substrate was
dipped into the solution at this temperature for 5 min and
then the temperature was decreased to 2 °C below T for
4 h to grow the epitaxial layer. The crystal rotation velocity
during all these procedures (also for TSSG) was kept con-
stant at 40 rpm. Finally we removed the crystal from the

TABLE I. Epitaxial film thickness and rate of growth, R, for different crys-
tallographic faces measured by SEM.

Face Thickness (gm) R (pem/h)
(010) 48.1 12
(110) 29.9 75
(310) 8.0 2

solution and took it out slowly from the furnace to avoid
cracks due to thermal shocks and the differences of the ther-
mal expansion coefficients between the layer and the sub-
strate. It is important to note that the epitaxial growth takes
place on all natural faces of the crystals used as substrates.

The thickness of the epitaxial layers was measured by a
scanning electron microscope (SEM) using backscattered
electrons with the sample cut and polished perpendicular to
the ¢ crystallographic direction. The results obtained are
listed in Table I. The rate of layer growth was faster on the
{010} faces followed by the {110} and {310} faces. From
the images obtained by SEM a sharp interface between the
substrate and the 48 um thin doped layer, corresponding to a
(010) face, can be detected visually (inset Fig. 2).

The substrate and layer composition was determined by
electron probe microanalyses with a CAMECA SX-50 equip-
ment. The results obtained show that the Yb content in the
layer (11.96 X 10%° Yb*" ions/cm?) is more or less the same
as in the solution, while the Yb content in the substrate is
zero, even close to the interface. Thus, the distribution coef-
ficient of Yb*! in these layers is close to unity, which is very
favorable for obtaining a homogeneous distribution of ytter-
bium in the epitaxy. Figure 2 represents the evolution of
yttrium and ytterbium concentration at the substrate/layer in-
terface. We observe that there is practically no diffusion of
Yb** into the substrate.

Using an optical microscope we could detect that the
surface morphology of these layers was quite good and flat
over large areas. There was no essential difference in surface
morphology between the different natural faces of the crys-
tal, although the face (010) seems to be the best. The typical
defects that appeared were steps of growth in all faces. Fur-
thermore, in {110} and {310} faces some cracks could be
identified.

For the laser experiments the (010) faces of the epitaxial
crystal were additionally polished with high optical quality.
From the measured absorbed pump power we deduced a
thickness of the 20% Yb/Y-site KYW layer of 25 um. The
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FIG. 2. Evolution of the yttrium (Y) and ytterbium (Yb) concentration at the
substrate/layer interface. Inset: SEM micrograph of the epitaxial crystal with
the Yb:KYW/KYW interface.

Downloaded 10 Nov 2004 to 62.141.170.28. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



UNIVERSITAT ROVIRA I VIRGILI

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X 4BX
PARA APLICACIONES LASER

Ana Isabel Aznar Ecija

Appl. Phys. Lett., Vol. 85, No. 19, 8 November 2004
ISBN:978-84-691-1552-7 /DL:T.151-2008

(WO4)2 / KRE (WO4)2 (RE=Y, LU)

Aznar et al. 4315

Ji{ U
Yo KYWKYW
M, M,
output i
“ Ti:Sapphi
U pump laser
M M, L

FIG. 3. Laser setup: M,, M—folding mirrors (RC=100 mm); M;—output
coupler; Yb:KYW/KYW—1.6-mm-thick epitaxial crystal, L,—focusing
lens.

uncoated 1.6-mm-thick Yb:KYW/KYW epitaxial crystal
with an aperture of 3 X 5 mm? was positioned in the laser
resonator under Brewster angle to minimize the Fresnel
losses. Pump light absorption was maximized by orienting
the crystal for the N, -crystallo-optic axis parallel to the
pump light polarization. The experiments were performed
with a cw Ti:sapphire laser as the pump source. It was opti-
mized for emission in the range from 960 to 1025 nm with
a linewidth <1 nm, delivering more than 2 W output power.
We studied a Z-shaped resonator with two folding mirrors in
the middle (Fig. 3) to form a 30 um intracavity beam waist
at the position of the epitaxial crystal. No special provision
was made for cooling the sample. The Ti:sapphire beam was
focused by an f=62.8 mm lens through the folding mirror
M, giving an estimated 30 wm pump waist.

Laser operation could be obtained for pump wavelengths
between 963 and 997 nm determined by the absorption char-
acteristics of the Yb:KYW layer. Independent of the pump
wavelength, the laser emission was centered at 1030 nm (in-
set Fig. 4). Because of the reduced reabsorption in the thin
active layer, the spectral emission corresponds to the maxi-
mum of the gain curve. Continuous-wave laser operation was
achieved for all pump wavelengths. Approaching the absorp-
tion peak near 981 nm, thermal problems occurred and re-
sulted in decreasing the slope efficiency.

The cw laser performance of the Yb:KYW/KYW epitax-
ial crystal was studied at pump wavelengths N, below and
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FIG. 4. Output power vs absorbed pump power of the continuous-wave

Yb:KYW/KYW laser. Inset: Spectral record of the Yb:KYW/KYW and
pump laser emission.

above the main absorption peak. Using the setup of Fig. 3,
stable laser operation was observed for output coupler trans-
missions up to 3.5%. Best performance was achieved at A,
=984 nm with a 2% transmission output coupler. The laser
threshold of the 25-pm-thin Yb:KYW layer was reached at
an absorbed pump power of about 275 mW. The maximum
output power amounted to 40 mW resulting in a slope effi-
ciency of 33% with respect to the absorbed pump power
(Fig. 4). Applying a chopper with a duty cycle of 4% and
comparing the output power for A,=984nm and X\,
=981 nm, an increase of nearly a factor 4 could be obtained
for pumping in the main absorption peak.

In conclusion, epitaxial monoclinic double tungstate
crystals have been grown with high optical quality by the
LPE method. A 48 um thin KYW (010) layer doped with
20% Yb>' as the active ion was grown on a KYW substrate.
Laser operation of a Yb:KYW/KYW epitaxial crystal was
achieved. Continuous-wave lasing at 1030 nm with an output
power of 40 mW was obtained at room temperature. There is
great potential for applying such Yb-doped epitaxial KYW
crystals in waveguide structures and microchip lasers which
profit from the short absorption length.
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Laser Operation of Epitaxially Grown
Yb: KLu(WOy4)9-KLu(WOQOy4)9 Composites
With Monoclinic Crystalline Structure
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Francesc Diaz, and Valentin Petrov
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Abstract—Epitaxial monoclinic double tungstate composites
based on the strongly anisotropic KLu(W0O,)2 (KLuW) were
grown with high crystalline quality and laser operation of ytter-
bium was demonstrated for the first time. Highly efficient CW
laser emission of an Yb:KLuW-KLuW crystal was achieved near
1030 nm. The 100-pm-thick Yb:KLuW layer was pumped at
wavelengths near 980 nm by a tapered diode laser as well as by a
Ti:sapphire laser. More than 500 mW of CW output power and
slope efficiencies up to 66% were obtained at room temperature
without cooling.

Index Terms—Diode pumping, epitaxial layers, monoclinic
double tungstates, Yb lasers.

1. INTRODUCTION

HE growing interest in Yb-doped lasers has been under-

lined by creating new active materials with Yb*F as a
dopant [1]-[3]. Some of these materials have already proved
their potential in high-power lasers in the wavelength region
near 1 pym. The attractive features of Yb-doped laser crystals
include their small quantum defect, the absence of excited state
absorption, up-conversion, cross-relaxation and concentration
quenching processes, and the broad absorption bands which
are covered by high-power InGaAs laser diodes. The relatively
small Stokes shift between absorption and emission in the
quasi-three-level Yb ion reduces the thermal load and sets an
increased quantum limit for the laser efficiency in comparison
to the Nd-ion operating in the same wavelength region.

The magnitudes of the Yb*' absorption and emission
cross-section peaks strongly depend on the chosen laser host
material. Comparative studies based on the spectroscopic char-
acteristics predicted that the Yb-doped monoclinic low-tem-
perature phases of the double tungstates KY(WO,)2 (KYW)
and KGd(WO4), (KGdW) belong to the most promising
representatives of this class of materials [4]. They stand out
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because of their large absorption and emission cross sections
and their capability to adopt higher dopant concentrations [5].
KLu(WOy4)s (KLuW) is isostructural to KYW and KGdW
and many relevant properties like refractive index, optical
transparency, and thermal conductivity are very similar [6].
The spectral characteristics of Yb:KLuW are also similar to
those of Yb:KYW and Yb:KGdW, and the measured fluores-
cence lifetime of 375 us for low doped Yb:KLuW is slightly
longer than the 300-us lifetime of Yb:KYW and Yb:KGdW
[7]. In fact, we could already demonstrate excellent laser per-
formance of Yb:KLuW in the 1-pm spectral range [7] which
was comparable to that reported for Yb:KGdW and Yb:KYW
[5]. The highly efficient CW laser operation with this novel
Yb-doped monoclinic double tungstate was achieved with
2.2-2.8-mm-thick, 5 at% and 10 at% Yb-doped KL.uW samples
oriented for polarization £//N,,. Output powers of the order
of 1 W with pump efficiencies as high as 50% were obtained
at room temperature [7].

Due to the closer ionic radii, KYW and KLuW can in-
corporate higher concentrations of Yb**-ions than KGdW
approaching the stoichiometric composition KYb(WO,),
(KYbW) [8] while maintaining the same structure. Yb:KYW,
Yb:KGdW, Yb:KLuW, and KYbW are all strongly anisotropic
and exhibit an absorption maximum centered near 981 nm. The
maximum absorption cross section ¢, for light polarization
parallel to the N,,-principal optical axis is about 15 times
larger than that of Yb:YAG. For KYbW, the absorption length
(1/e level) calculated from oy (981 nm) = 11.7 x 107%° cm?
is only 13.3 pm. Such exceptionally short absorption lengths
permit the use of very thin crystals which considerably reduces
the beam quality requirements for the laser diodes used for
pumping. To achieve a good overlap of pump beam and res-
onator mode is especially important in quasithree-level systems
like the Yb*T ion because poor overlap would not only mean
wasted pump power but will also cause additional reabsorption
of the stimulated emission. Thin-disk Yb lasers have already
shown their potential for high output powers [2], [9], but up
to now require complex pump optics to realize several pump
passes through the active medium for efficient absorption. It is
this problem that can be overcome by using very thin and highly
doped monoclinic double tungstate crystals. Thermo-mechan-
ical limitations, however, set a great technological challenge,
in particular for the manufacturing of free standing active ele-
ments with a thickness less than 100 pzm corresponding to the
absorption length. Using epitaxially grown Yb-doped/undoped

0018-9197/$20.00 © 2005 IEEE
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TABLE 1
UNIT CELL PARAMETERS (C'2 / ¢ SPACE GROUP, ROOM TEMPERATURE) OF KLUW AND KYW IN COMPARISON TO THE STOICHIOMETRIC KYBW AS AN IDEAL
EPITAXIAL LAYER. FOR COMPARISON THE VALUES FOR YAG AND THE OTHER KNOWN STOICHIOMETRIC YB-CRYSTAL YBAG ARE ALSO INCLUDED

lattice parameters | a [A] b [A] c[A] B average
KLuW (cek [17]) | 10.576(7) 10214(7) 7.4872) 130.68(4)°

KYbW (ef. [18]) | 10.590(4) 10.290(6) 747302) 130.702)°

Difference 0.13% 0.74% 0.12% 0.02% 0.33%
YAG (f.[19) | 12.0116(3)

YbAG (ref. [19) | 11.9380(5)

difference 0.61% 0.61%
RKYW (et 20) | 10.6313(4) 10.3452(6) 7.5547(3) 130.7522)°

KYbW (ref. [8]) | 10.590(4) 10.290(6) 747302) 130.7002)°

difference 0.39% 0.53% 1.01% 0.04% 0.64%

composites instead of bulk crystals as gain media for thin disk
lasers might be prospective, because this technology allows the
fabrication of homogeneous epitaxial crystalline layers with
perfect structure and suitable composition having a thickness
down to the 10-m range.

Very recently, the first demonstration of a CW thin-disk Yb
laser based on an epitaxial crystal as an active material was
reported [10]. The authors used a 200-pm-thick Yb:YAG film
on YAG as the thin disk. With the 20 at% Yb-doped film and
24 passes for sufficient absorption of the pump light at 940
nm, they achieved 60 W of output power with 30% pump ef-
ficiency. Successful fabrication of some thin double tungstate
layers with different dopants has also been realized very re-
cently, e.g., by ion implantation (Tm:NaYW) [11] and by laser
ablation (Nd:KGdW) [12], but without demonstration of laser
operation.

The liquid phase epitaxy (LPE) used in [10] is a well-known
technique to obtain homogeneous single crystal layers [13]. The
first reports on successful growth of LPE layers were in 1972
[14]. LPE is based on epitaxial growth from solution over a crys-
talline substrate and allows doping the layers with optically ac-
tive ions like Y during the growth. Moreover, it is possible
to control the layer thickness by adjusting the temperature and
the growth time. Some preliminary results on LPE of KYbW
films on KYW substrates were reported only very recently [15].
We demonstrated for the first time, to the best of our knowledge,
laser operation based on epitaxial double tungstate structures by
using a 25-um 20 at% Yb-doped KYW layer on a KYW sub-
strate crystal [16]. CW lasing at 1030 nm with 40 mW of output
power could be achieved.

Essential for laser applications of composite structures is the
high optical quality of the epitaxial interface. One important
issue is the minimization of the crystal lattice mismatch between
the substrate crystal and the epitaxial layer, otherwise stress in-
duced defects can occur. We established that further increase
of the Yb-doping concentration in the KYW layer produces a
nontolerable stress in the epitaxial structure resulting in cracks
at the interface. Consequently we were looking for alternative
double tungstate host materials where areduced stress at the epi-
taxial interface can be expected. Therefore, KLuW became the
focus of our investigations on highly Yb-doped epitaxial double
tungstate crystals because of the lower crystal lattice mismatch

relative to KYbW in comparison to KYW. The present paper
is devoted to characterization and laser investigations of epi-
taxially grown Yb:KLuW-KLuW composites with optimized
crystal quality at the interface. We report highly efficient CW
laser operation at room temperature without cooling.

II. EPITAXIAL GROWTH

The top-seeded solution growth (TSSG) slow-cooling
method was applied to synthesize KLuW single crystals to be
used as substrates [17]. The KLuW substrates obtained were
transparent and free from macroscopic defects. The typical
dimensions ranged between 3 x 3 x 6 and 5 x5 x 8 mm®
in a, b and ¢ crystallographic directions, respectively. The
unit cell parameters of KLuW and KYW in the C2/c¢ space
group determined at room temperature are listed in Table I
in comparison to KYbW. Note that for KYbW and KLuW
single crystal diffraction measurements are available whereas
for YAG, YbAG, and KYW we used powder diffraction data.
The closer unit cell parameters of KYbW and KLuW with
differences of 0.12...0.74% against 0.39...1.01% between
KYbW and KYW can be seen as a prerequisite for the growth
of high-quality epitaxial structures. From Table I, we can also
expect a lower induced stress due to the lower lattice mismatch
of an epitaxial structure of KLuW and KYbW compared to a
composite of YAG and YbAG, the other known Yb-containing
stoichiometric crystal with demonstrated laser operation [21].

The LPE experiments were performed in a vertical furnace
with practically no axial gradient to obtain ahomogeneous epi-
taxial layer thickness on every crystal face. It is important to
note that the epitaxial growth takes place on all natural faces of
the crystals used as substrates. From Fig. 1 it can be seen that the
KLuW morphology is mainly formed by {010}, {110}, {310}
and {—111} faces. The thickness of the Yb:KLuW layer, grown
on the (010) face, amounted to 130 pm. For the laser experi-
ments, the (010) faces of the epitaxial crystal were additionally
polished with high optical quality, resulting in a layer thickness
of 100 pm measured by translating the sample in a ZYGO™
interferometer. Using the ZYGO™ | we could detect that the
surface morphology of the layer of interest was quite good and
flat over large areas. Fig. 2(a) shows the surface profile plot of
the (010) epitaxial surface. The radius of curvature of the surface
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Fig. 1. (a) Photograph and (b) morphological scheme of the KLuW crystal.
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Fig.2. Characterization of the epitaxial Yb: KLuW-KLuW crystal. (a) Surface
profile plot of the (010) epitaxial layer. (b) Roughness of the (010) epitaxial
surface. (c) Evolution of the lutetium (Lu) and ytterbium (Yb) concentration at
the interface.

is 0.71 m. The surface roughness with an rms value of <0.8 nm
presented in Fig. 2(b) emphasizes the excellent optical quality
of the (010) epitaxial surface. No cracks at the epitaxial inter-
face could be identified with the ZYGOT™ interferometer.

The substrate and layer composition was determined by
electron probe microanalysis with a CAMECA SX-50 equip-
ment. The results obtained show that the Yb content in the
layer (7.888 x102° Y2 ions/cm?) is more or less the same
as in the solution, while the Yb content in the substrate is zero,
even close to the interface. Thus, the distribution coefficient of
Yb*T in these layers is close to unity, which is very favorable

—100mm, Ads: mirror with ROC = —100mm; AM;: plane outcoupling
mirror; L: f = 6.28 cm focusing lens; Yb: KLuW-KLuW—epitaxial crystal.

for obtaining a homogeneous distribution of ytterbium in the
epitaxy. From Fig. 2(c), it can be seen that there is practically
no diffusion of Yb** into the substrate.

III. LASER SETUP

The laser experiments with Yb:KILuW-KIuW were per-
formed in a V-type astigmatically compensated resonator as
shown in Fig. 3. The 1.2-mm-thick epitaxial sample was po-
sitioned in the focal region between the two focusing mirrors
which formed a 30-pm intracavity beam waist. It was uncoated
and inclined under Brewster angle to minimize the Fresnel
losses. The Yb:KLuW-KLuW crystal was oriented for propa-
gation along the b(/V,,) axis with faces parallel to the N,,,—N,,
plane and polarization along the N,,, principal optical axis. De-
viations from this orientation occurred only as a consequence
of the Brewster geometry used but did not essentially modify
the absorption and gain spectral profiles. The polarization
choice plays a very important role for the optimization of the
net amplification. The folding mirror My (radius of curvature
ROC = —100 mm) transmitted ~ 99% of the pump radiation
near 980 nm and was highly reflective for the laser radiation.
The end mirror M; with a ROC = —50mm was highly
reflective only for the laser wavelength, alternatively a mirror
with ROC = —100 mm which was highly reflecting also for
the pump radiation was applied in order to study double-pass
pumping. The cavity length was about 67 and 72 c¢m, respec-
tively. In both cases, the calculated mode size in the center of
the stability range was about 40 pm for the Gaussian waist. The
plane output coupler M3 had a transmission between 1% and
10% near 1030 nm. No special care was taken for good thermal
contact or cooling of the sample.

We used a diode laser or a Ti:sapphire laser as pumping
sources but only in the latter case was it possible to realize a
double pass pumping utilizing the residual radiation which was
not absorbed in the first pass. The tunable Ti:sapphire laser
was optimized for emission in the range from 960 to 1025 nm
with a linewidth < 1 nm, delivering more than 2.5 W of output
power. For the diode-pumped operation, a tapered diode laser
(TDL) was used [22], delivering up to 2 W at an M? < 3 for
the slow axis emission. Temperature tuning of this laser was
possible between 975-982 nm. The emission of the TDL with
a spectral bandwidth of only 1 nm was stabilized near 980 nm
by feedback of a small amount of the radiation (< 0.02%)
using a reflection grating. Due to the excellent beam quality of
the TDL, relatively simple beam shaping optics were required,
and a good overlap of pump and cavity modes could be real-
ized. The astigmatic emission of the TDL was formed by an
aspherical (f = 4.5 mm) and a cylindrical (f = 40 mm) lens
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pumping and slightly larger for the TDL pump source.

The measured single pass low-signal absorption of the 10%
Yb-Lu-site KLuW layer at 981.5 nm amounted to 64% in good
agreement with the calculated value of 64.7% for a 100 pm
thickness under Brewster angle (o, = 11.8 x 10720 cm? at
981.5 nm [7]).

IV. RESULTS AND DISCUSSION

In the laser experiments with TDL pumping, the end mirror
M, (Fig. 3, ROC = -50 mm) was highly transmittive for
the pump radiation and the absorbed power in the single pass
could be precisely measured. CW laser operation could be ob-
tained for output coupler transmissions (Toc) between 1.1%
and 10%. The output power (P,,) versus the absorbed pump
power (P,ps) for three different T is shown in Fig. 4. The
laser threshold achieved with the 100-em-thin Yb:KLuW layer
was as low as P, =~ 120 mW for the 1.1% output coupler.
Note that the thresholds we measured with different outcouplers
were three to five times lower than with the bulk Yb:KLuW sam-
ples [7] where reabsorption forced the laser to oscillate at longer
wavelength Ay . At the maximum applied pump power (1.25 W
incident on the sample), the maximum output power amounted
to 105 mW and the pump efficiency with respect to the absorbed
power reached 20% (Toc = 3%). The highest slope efficiency
with respect to the absorbed power, n = 37.1%, was achieved
with the Toc = 5% output coupler.

The actual absorption depends on the depletion effect and can
be substantially lower than the small-signal value. It depends,
however, also on the output coupler transmission since the
different intracavity power produces a different recycling effect
which counteracts the depletion [23]. Fig. 5(a) shows the
absorption dependence on the incident pump power %, for
three output couplers and also without lasing. The incident
pump intensity is comparable to or exceeding the saturation
intensity and since the active layer thickness is smaller than
the absorption length the absorption depletion effect can be
clearly observed [Fig. 5(a)]. Note that this was not the case
when pumping thick bulk samples of Yb:KLuW with the same
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Fig. 5. Estimated single-pass absorption in the case of TDL pumping versus
(a) the incident pump power F.,,. on the epitaxial crystal and (b) the intracavity
laser power Piys:.

TDL [7]. It can be seen from Fig. 5(a) that the depletion effect
is strongest when lasing is interrupted (in the My— My arm in
Fig. 3). Lower Tih¢» corresponds to increased intracavity power
Pyt and consequently the absorption increases [Fig. 5(b)].
But for a given T the dependence on [7,. is not strong
because I’y also increases with %, [Fig. 5(a) and (b)].

With the Ti:sapphire laser used as a pump source in the
same single-pump-pass cavity configuration, a much better
performance was achieved which was due to its nearly diffrac-
tion-limited beam quality and the improved mode matching
between the pump and laser modes as compared to the TDL
pumping. The CW output characteristics are presented in Fig. 6.
We limited the incident pump power applied to 1.85 W. The
maximum measured output power of 415 mW corresponds to
a maximum efficiency of 55% with respect to the absorbed
pump power (T = 3%). The slope efficiency with respect
to the absorbed power increases with 15 reaching a max-
imum value of = 66% (Toc = 10%, Fig. 6). Both the pump
and slope efficiencies exceed those we recently reported for
a 2.2-mm-thick 10 at% Yb-doped bulk KLuW in a similar
pump and laser configuration [7]. This is attributed to the
strongly reduced reabsorption which leads to about 4 times
lower thresholds in the case of the epitaxial sample (about
70 mW in Fig. 6) and to shorter laser wavelengths Az. Note
that the dependence of Az, on T in Fig. 6 can be explained by
stronger absorption depletion and more homogeneous pumping
along the beam path when increasing Toc.

The dependence of the actual absorption on the intracavity
intensity is more pronounced in the case of Ti:sapphire laser
pumping because of the stronger pump induced absorption de-
pletion (Fig. 7). The stronger saturation due to the smaller pump
spot size can be seen by comparison of the absorption with
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Fig.6. Outputpower P, versus absorbed pump power Py, (symbols) of the
Ti:sapphire laser pumped CW Yb:KLuW-KLuW laser obtained at the optimum
Ap = 981.5 nm, and linear fits (lines) for calculation of the slope efficiency
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Fig. 7. Estimated single-pass absorption in the case of Ti:sapphire laser
pumping versus the incident pump power P, on the epitaxial crystal.

lasing interrupted in the cases of diode and Ti:sapphire laser
pumping. In the case of Ti:sapphire laser pumping, the absorp-
tion is depleted at relatively low incident powers and the further
dependence on Py, is saturated.

We examined the influence of thermal effects by employing
a chopper with a 1:10 duty cycle. We observed only a weak
effect of about 10% at the maximum applied pump powers (see
Fig. 6), i.e., the maximum average output power achieved with
the chopper was 45 mW.

The Ti:sapphire laser beam quality and the close pump
and laser wavelengths allow in principle simple double pass
pumping by using a retroreflector for the pump radiation. In
general the second pass can help to suppress the reabsorption
effect. In the present case, we were motivated to try this on
one hand by the reduced single-pass absorption in comparison
to the small-signal case (Fig. 7) and on the other hand by the
observation that feedback effects caused by mirror M; (Fig. 3)
could increase the pump power leading to coupled cavities or
equivalently the Yb:KLuW—-KILuW laser could be considered
as being partially intracavity pumped. To investigate this possi-
bility we employed another mirror M, with ROC = —100 mm
which was highly reflective both for the pump and laser radia-
tion. The feedback effect on the Ti:sapphire pump laser strongly
depended on its output power and decreased at higher powers.

In the CW regime, we applied a maximum pump power of
950 mW measured at the output of the Ti:sapphire laser. The
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Fig. 8. Estimated single-pass (SP) and double-pass (DP) absorption with

lasing and without lasing in the case of Ti:sapphire laser pumping with feedback
versus the calculated incident pump power P, on the epitaxial crystal.
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Fig. 9. Output power P,,, in the case of Tiisapphire laser pumping with
feedback versus the calculated absorbed pump power in double pass Pap..

actual incident pump power was calculated by monitoring a
weak retroreflection from the lens (Fig. 3). As can be seen from
Fig. 8, the absorption without lasing was strongly saturated but
increased with the second pass. Lasing not only increased the
actual absorption but as a consequence of this decreased the
feedback and the maximum incident pump power was lower
(Pine = 2.85 W without lasing and P, = 2.58 W with lasing,
respectively).

The maximum output power I, obtained from the
Yb:KLuW-KLuW laser with pump feedback reached 515 mW
with Toc = 3%(Ar = 1030 nm) (see Fig. 9). This corresponds
to a maximum pump efficiency of 25.5%. The maximum Pyt
slightly dropped with T = 5% to 480 mW and amounted to
400 mW with the 1.1% output coupler.

Using the same chopper with 1:10 duty cycle, we increased
then the Ti:sapphire laser pump power measured directly at its
output to 2 W. The feedback increased this value to 7, = 3 W.
With the 3% output coupler, the average output power of the
epitaxial laser was 100 mW and the wavelength remained un-
changed, Az, = 1030 nm. The estimated double-pass absorption
leads in this case to a pump efficiency of 40% which means a
substantial increase in comparison with Fig. 9. Notwithstanding
the fact that the results in terms of efficiency are worse in com-
parison to the case of pumping without feedback (presumably
because of poor mode matching and overestimation of the
absorption in the second pass), the feedback provides higher
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output powers. While this type of quasi-intracavity pumping
is of practical interest because it increases the overall (relative
to the Ar laser) pump efficiency about two times, the feedback
mechanism is expected to play a minor role at increased dopant
concentrations. From the maximum output power obtained
with the chopper, it can be concluded that CW output powers
in excess of 1 W can be expected from this epitaxial laser once
a proper cooling is provided.

It is interesting to note that, even without cooling, no damage
of the epitaxial crystal occurred regardless of the high power
levels (intracavity intensity exceeding 1 MW/cm? with the
Toc = 1.1% outcoupler).

In conclusion, we studied for the first time, to the best of
our knowledge, CW lasing in the 1-ym range of Yb3+—d0ped
epitaxial layers using the monoclinic host KLuW as a substrate.
Pump efficiencies as high as 55% and CW output powers
exceeding 500 mW were achieved without active cooling
the crystal. This is an improvement of about one order of
magnitude in comparison to our initial results obtained with
Yb:KYW-KYW epitaxies [16]. In the present work we also
demonstrated diode pumping of the epitaxial laser near 980 nm.
Work is in progress to increase the doping level of the epitaxial
layer toward the stoichiometric composition KYbW.
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Mode locking based on an epitaxial composite of the monoclinic double tungstate crystal Yb: KLu(WOy), is
realized. A 100 xm thin Yb: KLu(WOy); layer grown on a KLu(WOy,)s substrate is used as an active medium
in a laser passively mode locked by a semiconductor saturable absorber. Pulse durations of 114 fs have been
achieved for an average power of 31 mW at 1030 nm. Results in the femtosecond and picosecond regimes of
the Yb: KLu(WO,)o/KLu(WO,), laser are presented. The great potential of Yb-doped tungstate composite
structures as active elements for mode-locked laser systems is demonstrated. © 2005 Optical Society of

America
OCIS codes: 140.5680, 140.4050, 160.5690.

There is a strong trend toward simplification and
miniaturization of Yb-based ultrashort-pulse solid-
state lasers operating in the 1 pum spectral region.
Yb-doped monoclinic KRE3*(WO,); (RE=Y,Gd,Lu)
single crystals are host-dopant combinations that
are interesting for highly efficient laser operation.

The doping level can reach the stoichiometric
structure? KYb(WO,), (KYbW), but thermomechani-
cal limitations do not allow the fabrication and use of
active elements with a thickness less than 100 pm.
The absorption length, for operation in the absorp-
tion maximum at 981 nm and with polarization par-
allel to the N,, dielectric axis, reaches 13.3 pm for
KYbW. Epitaxial growth of highly Yb-doped layers on
passive substrates is especially interesting for such
strongly anisotropic hosts, where the extremely large
cross sections would permit the utilization of the thin
disk laser concept.” Furthermore, for operation at
higher power levels, the undoped part of the epitaxial
structure can act as a heat sink to reduce the tem-
perature in the crystal. Recently, we demonstrated
for the first time laser operation based on epitaxial
double tungstate structures by using a 25 pum thin,
20 at. % Yb-doped KY(WO,), (KYW) layer on a KYW
substrate crystal.* However, the crystal lattice mis-
match seems to be the inherent limitation on the
achievable interface quality in the case of KYW and
KYbW, and the mismatch relative to KGd(WO,),
(KGdW) is even larger. The closer ionic radii of Lu
and Yb make potassium lutetium tungstate,
KLu(WOy,), (KLuW), potentially interesting as a pas-
sive host because of the possibility not only of doping
with very high concentrations of Yb®* but also of the

0146-9592/05/182484-3/$15.00

growth of KYbW/KLuW epitaxial structures. The
maximum absorption o, and emission cross sections
o, of Yb:KLLuW and many other relevant laser prop-
erties are very close to those reported for Yb-doped
KGAW and KYW.! The better match of the unit cell
parameters of KYbW and KLuW with an average
mismatch of 0.33% compared with 0.64% between
KYbW and KYW can be seen as a prerequisite for the
growth of high-quality epitaxial structures. Highly
efficient cw” and mode-locked laser operation” with
this novel Yb-doped monoclinic double tungstate was
achieved by using a 2.8 mm thick, 5 at. % Yb-doped
KLuW bulk sample. Output powers of the order of
1 W with pump efficiencies as high as 50% and pulse
durations down to 81 fs with a saturable absorber
mirror (SAM) used for mode locking were obtained at
room temperature. The pulse durations achieved
with bulk Yb:KLuW are slightly longer than the 71 fs
once obtained with a Kerr-lens mode-locked Yb:KYW
laser” but consistently shorter than the =100 fs limit
reported for SAM mode-locked Yb:KGdW and
Yh:KYW lasers.®®

In this Letter we report for the first time to our
knowledge mode-locked operation of Yb:KLuW/
KLuW epitaxially grown composite crystal, and we
compare its performance to the bulk Yb:KLuW laser.

Yb-doped KLuW layers have been grown with high
crystalline quality by the liquid-phase epitaxy
method. The thickness of the Yb:KLuW layer with an
Yb-doping concentration of 10%, grown on the (010)
face of a 1.1 mm thick KLuW substrate, amounted to
100 pm. The maximum o, and o, of Yb:KLuW for
E|N,, amount to 0,=1.18x10""® cm? and o,=1.47

© 2005 Optical Society of America
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Fig. 1. Calculated gain cross section oyu,= S0, —(1- )0,

for polarization along the N,, principal optical axis of
Yb:KLuW and various population inversions 5.

x 107 ¢m? at 981 nm.® In order to estimate the po-
tential gain bandwidth for mode-locked operation,
the gain cross section for various population inver-
sions B is calculated and presented in Fig. 1. 8 is the
ratio of the excited ion density to the total Yb-ion
density.

We studied a Z-shaped astigmatically compensated
resonator similar to that used in Ref. 6. The polished
(010) faces of the epitaxial crystal were normal to the
N, principal optical axis, and the sample was ori-
ented for polarization parallel to N,. The
Yb: KLuW/KLuW crystal was positioned between
two folding mirrors at the Brewster angle. The laser
was pumped by a cw Ti:sapphire laser, delivering
more than 3 W at the pump wavelength of 981 nm,
focused to a beam waist of about 30 um. The used
semiconductor SAM was grown by metal organic
vapor-phase epitaxy and consisted of a bottom Bragg
mirror. The absorber was a 10 nm thick InGaAs
surface quantum well structure™™ with a saturable
absorption of ~1%. Its relaxation time was measured
by the pump-probe technique to be less than
5 ps.

The measured single-pass low-signal absorption of
the 10% Yb:KLLuW layer at 981 nm was 64%. Initially
the cw laser performance without SAM and prisms in
a three-mirror cavity was investigated. The maxi-
mum output power of 415 mW corresponds to a maxi-
mum optical conversion efficiency of 55% with re-
spect to the absorbed pump power. Note that even
without cooling the Yb:KLuW/KLuW composite, no
thermal problems and no damage occurred. The
pump and slope (up to 66%) efficiencies achieved both
exceed those obtained with a 2.2 mm thick bulk
KLuW doped with 10 at. % Yb in a similar pump and
laser conﬁguration.5 This is attributed to the strongly
reduced reabsorption.

Without intracavity prisms the SAM mode-locked
laser operated in the picosecond regime at a pulse
repetition frequency f,,,=100 MHz. In Fig. 2(a) the
autocorrelation function is shown together with the
emission spectrum centered at 1030 nm. Assuming a
sech? pulse shape, the deconvolved FWHM of the
pulse is 1.8 ps. The output power versus the absorbed

low and above the mode-locking threshold, is shown
in Fig. 2(b). Mode-locked operation was obtained with
a maximum output power of 119 mW, applying an
output coupler transmission To-=3%. From these ex-
perimental data the measured slope efficiency
amounted to 27%, and the optical conversion effi-
ciency reached 17%. We attribute the overall reduc-
tion of the efficiency caused by the presence of the
SAM to the cavity realignment connected with the
additional focusing mirror. The femtosecond regime
was realized by inserting two SF10 Brewster prisms
with a separation of 31 ¢cm into the arm containing
Toc=1.1%, which resulted in an f,,,=101 MHz. The
measured autocorrelation traces are well fitted, as-
suming a sech? pulse shape. Pulses as short as 114 fs
[Fig. 3(a)] at a central wavelength of 1030 nm were
generated with an average output power of 31 mW
for P.;,:=632 mW. The time-bandwidth product Av
=0.43 is slightly above the Fourier limit [spectrum,
inset Fig. 3(a)]. We believe that the lower limit for the
pulse duration and the observed deviation from the
transform-limited pulse performance are related to
the reflection characteristics of the folding mirrors,
which are restricted by the close separation between
the pump and the lasing wavelengths. This entails a
high transmission <980 nm and a high reflection
>1020 nm. The output power could be increased by
using Toc=3%, and 94 mW were obtained, again at
1030 nm, for P.,.=671 mW. The generated pulses
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i 4
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Fig. 2. Mode-locked laser performance of the

Yb: KLuW/KLuW epitaxial composite in the picosecond re-
gime; Tog, output coupler transmission. (a) Autocorrelation
trace and (inset) spectrum; 7, pulse duration; 7Av, time—
bandwidth product. (b) Output power versus absorbed
pump power above and below the mode-locking threshold
(ew); 7, slope efficiency.
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had a FWHM of 200 fs in this case and were almost
bandwidth limited (7Av=0.32).

To illustrate that the 114 fs pulse duration is not
the limit, we compare the femtosecond laser perfor-
mance of the epitaxial Yb:KLuW with that of the
bulk Yb(5%):KLuW (2.8 mm thick) single crystal
[Fig. 3(b)] under the same experimental conditions.
We expect a larger gain bandwidth for the epitaxial
structure due to the reduced reabsorption, leading to
a higher average population inversion 8. Such behav-
ior can be clearly observed in Fig. 1, visualizing the
estimated gain bandwidth for various g8. From the
central wavelength of 1045 nm for spectrum of the
bulk Yb:KLLuW laser [inset Fig. 3(b)], 8~0.08 can be
deduced. The pulse spectrum of the epitaxial compos-
ite is centered at 1030 nm with a broadened shape of
the short-wavelength wing extending beyond
1000 nm. Both the central wavelength and the spec-
tral shape can be associated with larger population
inversion in Fig. 1 (8>0.2), corresponding to broader
gain bandwidths. Thus the strongly reduced reab-
sorption of the epitaxial Yb:KLuW, resulting in po-

tentially broader gain bandwidths, is expected in the
future to allow pulse lengths below 80 fs to be pro-
duced, by use of specially designed dichroic coatings
for the folding mirrors.

For the development of composite-based femtosec-
ond oscillators the use of epitaxial structures, where
the layer and the substrate consist of the same crys-
tal host, have essential advantages compared with
heterocomposite structures like bonded crystals of
Yb:YAG on sapphire.11 They can reduce the problem
of parasitic reflections and birefringence effects,
which could strongly affect the femtosecond regime
and have to be taken into consideration. Neither in
the emitted spectrum nor in the field distribution of
the Yb: KLuW/KLuW laser could we detect any indi-
cations of modulations.
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The crystal structure of monoclinic KLu(WOy), (KLuW) crystals was
determined at room temperature by using single-crystal X-ray diffraction
data. The unit-cell parameters were a = 10.576 (7), b = 10214 (7), ¢ =
7.487 (2) A, B = 13068 (4)°, with Z = 4, in space group C2/c. The unit-cell
parameters of KLu;_,Yb(WO,), were determined in relation to Yb
concentration. Vickers micro-indentations were used to study the microhard-
ness of KLuW. The linear thermal expansion tensor was determined and the
principal axis with maximum thermal expansion (a}; = 16.72 x 107 K™), X},
was located 13.51° from the ¢ axis. The room-temperature optical tensor was
studied in the near-infrared (NIR) and visible range. The principal optical axis
with maximum refractive index (n, = 2.113), Ny, was located 18.5° from the c axis
at 632.8 nm. Undoped and ytterbium-doped KLuW crystals were grown by the
TSSG (top-seeded-solution growth) slow-cooling method. The crystals show
{110}, {111}, {010} and {310} faces that basically constitue the habit of the

KLuW crystals.

Printed in Great Britain — all rights reserved

1. Introduction

The monoclinic phases of potassium and rare earth double
tungstates KRE(WO,), (RE = Gd, Y and Yb) are an inter-
esting family of materials that can be used as laser host media
for lanthanide doping (Ln** = Pr, Nd, Ho, Er, Tm and Yb)
(Kaminskii, 1996). Ytterbium-doped potassium rare earth
double tungstates (KREWSs) provide broad bandwidths which
can make some degree of tunability possible. They can also be
efficiently and directly pumped with a diode laser at 940 or
980 nm. All this makes it possible to generate simplified
femtosecond lasers and high-power amplifiers based on
ytterbium KREW crystals (Brenier, 2001; Boulon, 2003;
Krueger & Féru, 2004). These materials are also SRS (simu-
lated Raman scattering) active hosts, so the number of
possible laser emissions increases (Grabtchikov, 2000;
Narkhova & Ustimenko, 1998; Ustimenko & Gulin, 1998,
2002). KLu(WOy), is isostructural with these materials and is
expected to have similar promising optical/physical properties,
characterized by a high anisotropy.

The KLuW structure has been studied in the past. Klevtsov
& Kozeva (1969) measured the unit-cell parameters of KLuW
with X-ray powder patterns: the parameters were a = 7.99, b=
1021, ¢ = 7.49 A. However, they did not mention the space
group. Later, the same authors published the unit-cell para-

meters of one of the high-temperature phases of this
compound, a trigonal phase, with a = 591, b =8.04, c=7.31 A
(Klevtsov et al., 1974). In another paper, Klevtsov et al. (1975)
again used X-ray diffraction powder patterns to obtain the
unit-cell parameters of the monoclinic phase: a = 10.51, b =
1021, ¢ = 7.45 A, B = 130.5°, in space group C2/c. Later,
Yudanova et al (1986) used X-ray diffraction patterns to
determine the unit-cell parameters a = 10592 (3), b =
10.236 (6), ¢ =7.498 (1) A, B=13075 (2)°, in the space group
D2/c. As we have reported in a previous article (Pujol, Solé et
al., 2001), and in agreement with Kaminskii ef al. (2002), unit-
cell parameters of KREW can be expressed in three equiva-
lent correct crystallographic settings: C2/c, I2/c and I2/a, with
the appropriate cell dimensions in each case. Kaminskii ef al.
(1998) reported the crystallographic data as a =7.99, b=10.21,
c =745 A, B = 94°, expressed in I2/c for KLuW material.
According to the recommendations of the International
Union of Crystallography regarding the standard setting, we
have redetermined the structure of KLuW and expressed it in
the C2/c crystallographic setting. In the present paper, unit-
cell parameters and fractional atomic coordinates are
presented and interatomic distances are described in detail.
Because of the monoclinic structure of this material, its
physical properties are thought to be considerably anisotropic.
Further applications of this material as a host laser single

230 doi:10.1107/50021889806004328

J. Appl. Cryst. (2006). 39, 230-236



UNIVERSITAT ROVIRA I VIRGILI

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X
PARA APLICACIONES LASER

Ana Isabel Aznar Ecija

4BX (WO4)2 / KRE (WO4)2 (RE=Y, LU)

ISBN:978-84-691-1552-7 /DL:T.151-2008

research papers

crystal make it necessary to determine this anisotropy in the
thermal and mechanical properties in detail, such as the linear
thermal expansion and microhardness.

The Yb* ion is recognized as a potentially interesting
dopant for InGaAs diode-pumped solid-state lasers in the
1 um region (Deloach et al, 1993; Zou & Toratani, 1995;
Krupke, 2000). The similar ionic radii (coordination number 8)
of Yb** (0.985 A) and Lu®* (0.977 A) ions and, consequently,
the foreseen similarity between the cell parameters of KLuW
and KYbW, make it possible to obtain highly Yb-doped
KLuW layers on KLuW substrates with high quality
(Griebner, Liu et al., 2005). Highly doped materials with active
ions are potentially interesting for thin-disc laser design; these
materials have demonstrated their potential for high-output
powers (Stewen et al., 2005). KLuW can also incorporate high
doping ytterbium concentrations with no important changes in
the structure, as is reported in the present paper. Continuous
wave (CW) highly efficient and mode-locked laser emission
has been achieved very recently in ytterbium KLuW material
both in bulk and epitaxic configuration (Mateos et al., 2004;
Griebner, Rivier et al., 2005; Rivier et al., 2005).

‘We present our structural studies of KLuW as a competitive
host for ytterbium laser ions. The change in the unit-cell
parameters due to the partial substitution of Lu by Yb is also
reported. These results complement the laser performance in
the system Yb:KLuW.

2. Structure of KLu(WO,),

The single crystals used for the structural studies were
obtained from high-temperature solutions, with K, W,0; as a
solvent, and a solution composition of 12 mol% solute and
88 mol% solvent. The crystals nucleated on a platinum disc,
12 mm in diameter, rotating at 40 r.p.m. in the homogeneous
solution. The crystals grew because of the supersaturation
created by decreasing the temperature to about 10 K from the
saturation temperature with a cooling rate of around 0.5-
1Kh™

Single-crystal X-ray diffraction data of KLuW were
collected and then the structure was solved by Patterson
synthesis using the SHELXS97 computer program (Sheldrick,
1997), followed by refinement by the full-matrix least-squares
method using SHELXL97 (Sheldrick, 1997). The space group
was C2/c of the monoclinic system and the unit-cell para-
meters were a = 10.576 (7), b= 10214 (7), c = 7487 (2) A, B=
130.68 (4)°. Table 1 shows this information as well as the
crystal data, data collection and refinement details. The atomic
positions and interatomic distances are summarized in Tables 2
and 3, respectively.*

The structure is close to that of other KREW structures
(Pujol, Solé et al., 2001; Pujol et al., 2002; Klevtsov et al., 1968;
Borowiec et al., 2003; Kaminskii ef al., 1998). As in the other
potassium double tungstates, the coordination figure of the

L Full crystallographic data (CIF and structure factors) are available from the
IUCr electronic archives (Reference: KS5080). Services for accessing these
data are described at the back of the journal.

Table 1

Crystal data, data collection and refinement parameters of monoclinic

KLu(WO,),.

Crystal data
KLu(WO.),

M, =709.77
Monoclinic, C2/c
a=10576 (7) A
b =10214 (7) A
c=7487 () A
B =130.68 (4)°
V=6133 (6) A°
Z=4

D, =7.686 Mgm™

Data collection

Enraf-Nonius CAD-4 diffractometer
@-26 scans

Absorption correction: spherical
1875 measured reflections

899 independent reflections

664 reflections with I > 20(I)

Refinement

Refinement on F*

R[F? > 20(F?)] = 0.0356
wR(F?) = 0.0824
§=1209

899 reflections

56 parameters

Mo Ko radiation

2= 071069 A

Cell parameters from 25 reflections
6 =12-21°

i = 54,071 mm™*

T=293(2)K

Sphere

0.2 mm diameter

Colourless

Ry = 0.0343

Brmax = 29.97°

h=—-14—11

k=0->14

1=0-10

3 standard reflections every 120 min
Intensity decay: none

(A/0)max = 0.002

APy = 0766 ¢ A2

Apmin = —0.673 ¢ A7

Extinction correction: none

Scattering factors from International
Tables for Crystallography (Vol. C)

w = 1/[6*(F2) + (0.0275P)]
where P = (FZ +2 — F2)/3

Table 2
Fractional atomic coordinates and equivalent isotropic displacement
parameters (A%) of KLu(WO,),.

Wyckoff

position  x y z Ueq
Lu  4e 0 0.72841 (3) /4 0.01989 (19)
W 8f 0.19691 (3) 0.00005 (2) 073532 (5)  0.01801 (16)
K 4e 12 0.2027 (3) 3/4 0.0249 (6)
o1 8 0.3768 (7) —0.0828 (7) 0.8121 (13)  0.0462 (16)
02 8 0.0239 (7) —0.1070 (6) 04722 (11)  0.0334 (12)
03 §f 02835 (7) 0.1522 (6) 0.8784 (13)  0.0418 (16)
04  8f 0.2003 (6) —0.0749 (8) 0.9536 (12)  0.0402 (14)

tungstate anion is a distorted octahedron, WOs [W—0O
distances range from 1.767 (7) to 2.265 (8) A]. The units,
which are formed by two distorted octahedra that share the
edges 02—02' [2.341 (9) A, symmetry code: (i) —x, —y,
1 — z], make up the characteristic double chain in the crys-
tallographic ¢ direction by sharing vertex O4. Observing the
distances W—O along the series KREW (RE = Gd, Yb and
Lu), in KLuW there is an increase of the regularity of the
coordination figure. We calculated the degree of distortion,
A, of the coordination polyhedra with

B "\ [[d(M—0), — (d(M O]
A, =(1/n) ;{ d(T=0)) }

(Carvajal et al., 2003). The results are summarized in Table 4.
The average W—O distance decreases along KREW (RE =
Gd, Yb and Lu) so we can expect the WOy groups in the
KLuW host to be more compact and more covalent.

J. Appl. Cryst. (2006). 39, 230-236
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Table 3 . The lutetium is eightfold coordinated
Selected interatomic distances (A) of monoclinic KLu(WOQ,),. by oxygen atoms to form a distorted

wW—03 1767 (7)  Lu—02%  2260(7) K-—O04™ 2786(8) W-W 3261 (2) square antiprism. These polyhedra form
W—04 1.784 (8) Lu—O1" 2217 (9) K—-04" 2739 (6y W-—W" 3743 (3) a single chain in the [101] direction
wW—01 1.801 (6) Lu—03"  2299(7) K—0O1* 2.894 (8) W—W™ 3744 (3) . vii

W_02  1930(6 Lu—03" 2765(6) K—02% 2976 (7) by sharing the O3—03™ edges
wW—02  2.081 (6) K—03 3.050 (8) W—Lu* 3513 (2) [3.081 (11) A; symmetry code: (xviii)
W04 2265 (8) K—01 3348 (7)  W-—Lu® 383(3)  1_x1_y 2z This shared edge,

i 2 o
x iﬁm ;ggf g; 03—03""™ [3.081 (11) A], increases in

WK™ 3.648 (3) length along the KREW series RE =

W-K¥  3803(3)  (3d, Yb and Lu (Pujol, Solé ef al, 2001;
W—K 3757 (3) . - o
Lu—K* 3753 (3) Pujol et al., 2002) (see Fig. la). This is

Lu—K¥ 3753 (3) because the positive charge in the
Lu—Lu™  4045(3)  pycleus of the lanthanide element

Lu—Lu®  5982(3) . here i di
Lu_ Lu™ 6.693 (3) increases, so there 1s a corresponding

increase in the strength of one of the
Symmetry codes: (i) —x, —y,1—z; (i) x,—y,z—% (i) x,14+y.z (V) 3-%3-y1—z ) x—33+y.z2-1; Lu—O bonds, Lu—03" [2.299 (7) A;

Ghx, -y, z =L Gii+x 4y Gl —xi+y.3— )% -y i+ @51 -y i+ @) i+xy—L1+z

. 11
xi)i+xi—yi+z (ki) x,y—1z &v) x—by—4z &) x—Lit+y.z (o) F-xi-y 11—z (xvi) symmetry code: (V) x_§7§+)’7z _1]7
1

n2-yr-3 which means that one oxygen from this
edge is getting closer to a lutetium
Table 4 . anion. As a consequence of this elongation in the shared edge
Structural and optical parameters for KREW (RE = Gd, Yb and Lu). O3_03xvﬁi’ the distortion of the coordination figure in the
KGdw KYbW KLuw KREW increases. Table 4 summarizes these values.
IR (RE) (A) 1053 0,985 0977 Thf: values of the Lui—ALu dlstanceis should also Abe
a(A) 10652 (4) 10590 (4) 10576 (7) mentioned, because of their importance in further substitu-
b (A) 10.374 (6) 10.290 (6) 10.214 (7) tions by active lanthanide ions and energy-transfer
;((é)) 1‘3508 éo(zé) Z;07 30(2&) Z;BS 28(2) phenomena between lanthanide ions (Kushida, 1973; Inokuti
V(A% 6342 (5) 617.8 (5) 613.3 (6) & Hirayama, 1965; Huber ef al., 1977). Each LuOg chain is
Aw-o (1= 6) 124 (7) 10.7 (4) 838 (4) parallel to the [101] direction and forms a zigzag, where the
iRE’O(r(Lnflg }‘g 8 ;‘g 8 3; 8 Lu—Lu*" distances within a chain are 4.045 (3) A [symmetry
K—O = B g g . .
Hy (100) - - 440 code: (xvi) 1 —x,2—y,1—z]. Furthermore, each lutetium
ZV (gé?) - - ‘5%8 polyhedra chain is surrounded by four other equivalent chains
H;[Emes)s (Molr’s scale) 155 B 155 (Flg 1b) at Lu—Llu“ distances of X5v11982 (3) A [symmetry code:
o), 10.64 872 8.98 (vi) x,1 —y,z—3] and Lu—Lu™" distances of 6.693 (3) A
o 283 257 335 [symmetry code: (xvii) x,2 — y, z —3].
2?3 /e %32‘1‘4 }69‘?8 }68‘22 This environment is similar to the other KREW compounds,
o 215 (5) 19 (5) 185 (5) with corresponding distances of 4.070 (2), 6.057 (2) and
2V, (0= 1064 nm, RT) 9457 88.14 82.03 6.804 (2) A in KGAW, and 4.049 (2), 6.009 (2) and 6.721 (2) A
ooa (em?) for E||N,, 12 x 107°% 117> 107%  118%107° . vy
at 981.1 nm y
2} for E||Ny, 1.46 x 107 147 x 107 147 x 107 . . .
”Oit(;é?,f n?:l ! * ! x x 2.1. Effects of doping: unit-cell parameter changes with

ytterbium doping
¥ Brenier & Boulon {2001), Bourdet {2001). % Pujol, Bursukova et al. {2001). . .
The change in the unit-cell parameters can be measured to

predict the structural changes related to doping. The unit-cell
parameters of Yb:KLuW were obtained by X-ray powder
diffraction analysis, using a Siemens D-5000 diffractometer
(Bragg-Brentano parafocusing geometry and vertical 6-6
goniometer). The X-ray powder diffraction patterns were
recorded at 26 = 10-70°, step size = 0.02°, step time = 16 s. The
samples were obtained with [Yb*] concentrations of 10, 20
and 50 (% solute in moles). The real composition in the crystal
was calculated taking into account the distribution coefficient
of ytterbium in KLuW from our growth experiences, which
was obtained by electron microprobe analysis, as we shall
Projections of the crystalline structure of KLu(WO,),. (a) Parallel to the  describe below. As expected, the structure remains monoclinic

b direction; the chain formed by lutetium polyhedra is along the [101] . B . : o,
direction. Inset: the coordination figure of the lutetium ion. (») Parallel to in all cases [the isostructural material KYbW with 100 mol%

the [101] direction; the lutetium zigzag chain polyhedra are perpendicular ytterbium is also monoclinic (Pujol et al., 2002)]. In order to
to the observer. obtain the cell parameters, the X-ray patterns were fitted using

232 M. C Pujoletal - KLuWO,), J. Appl. Cryst. (2006). 39, 230-236
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the FullProf program (Rodriguez-Carvajal, 2000) and the
structural model obtained for KLuW was fitted by single-

Table 5

Summary of the EPMA results of the analysis of Yb**:KLuW.

crystal diffraction. Fig. 2 shows how the unit-cell parameters of Kyt [Yb*] (em ™) Stoichiometric formula
KLuW increase with thc% ytterbium doping. The un1F—cell 05% 139 452 5 10° KLty 307¥b0 007 (WO,
parameters g, b and c¢ increase and S remains basically 3% 145 2.83 % 10° KLU 95cY boous(WO,)
constant when ytterbium concentrations increase. This 5% 1.37 430 x 1022 KLg 031 Y bgosa(WO4),
. . o . . o

increase is expected because the ionic radius of ytterbium ;2 Df‘ };2 %g i }821 Eiﬁwgﬁom’%g“gz

< . . . . < o B . X .

(0.985 A) increases in relation to that of lutetium (0.977 A) 509% 12 3.99 % 102 KLugzznggzg(WOj)j

(Shannon, 1976).

the series KREW (RE = Gd, Yb and Lu). This means that the
rate of growth of this face increases along the series.
Electron probe microanalysis (EPMA) was used to deter-
mine the concentration of Yb®* in the crystals. The line M,
the detector crystal TAP and a homemade KYbW standard
were used to minimize the error caused by the different
compositions of the sample and standard. The distribution
coefficient of the doping element, Kv,s+, was calculated by

[moles Yb** /(moles Yb* + moles Lu**)],
Kypr =

" [moles Yb** /(moles Yb* + moles Lu* )] urion

3. Crystal growth of KLuW and Yb:KLuW

We synthesized undoped KLuW and Yb-doped KLuW bulk
single crystals at several dopant concentrations by means of
the top-seeded solution growth (TSSG) slow-cooling method
as described by Solé et al. (1996), with a composition of
12/88 mol% solute/solvent (K, W,0,). The dopant concen-
tration ranged from 0.5 mol% to 25 mol% in solution. The
temperature gradient in the solution was 0.1 K mm ™" and the
saturation temperature was between 1146 and 1162 K. The
crystals grew by a seed parallel to the b crystallographic
direction, with no inclusions or macroscopic defects. A cooling
interval of 20K with a cooling rate of 0.1-0.3 Kh™' was
used. Inclusion-free crystals of around 4 g and dimensions of
11 x 7 x 13 mm along the a* x b x ¢ crystallographic
directions were obtained in these conditions.

By way of example, Fig. 3 shows a photograph and a
morphological scheme of a KLuW single crystal. The
morphology obtained is basically similar to that of the other
KREW tungstates, which we obtained with a similar metho-
dology (Solé et al., 1996; Pujol, Solé et al., 2001; Pujol et al.,
2002). The present faces are: {110}, {111}, {010} and {310}. It is
worth pointing out how important the external appearance of
face (010) is in these KREW materials for their laser appli-
cations, and also as a structural reference so that samples can
be prepared for further optical applications.

It has been observed that when similar growth methodol-

for the composition 12 mol% Yb:KLuW/88 mol% K, W,0,.
The results, presented in Table 5, show a very high distribution
coefficient of Yb®* inside the host, which suggests the feasi-
bility of doping this compound with ytterbium. However,
values larger than 1 may create a gradient of ytterbium
distribution inside the crystal during the growth process. For
further industrial crystal growth of large single crystals of
Yb:KLuW, this handicap can be overcome by using an ytter-
bium feeder in the solution during the crystal growth.

4. Microhardness measurements

For solid-state laser (SSL) and optical applications in general,
samples must be previously cut and polished if results are to be
good. The quality of the polishing of a given sample is directly
related to the mechanical properties of the material, and
significantly high hardness values can assure a better polish

ogies are used, the area of face (010) tends to decreases along
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Figure 2
Change in cell parameters (%) of KLuW when the level of substitution of
lutetium by ytterbium is increased in the crystal.

and quality of the laser surfaces.

Figure 3

Monoclinic KLuW crystal grown in the b direction. Inset: morphological

scheme.
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5. Thermal expansion tensor

The pumping process in the laser cavity generates heat in the
laser system. In spite of the cooling or refrigeration system,
there will be energy losses, which transform into heat. The
thermal stability of the geometry of the sample in the laser
device can be improved or predicted, if the anisotropic linear
thermal expansion of the laser material KREW is known.
KREW materials also present anisotropy in thermal proper-
ties. A good laser cavity design must take into account this
anisotropy at temperatures higher than room temperature.
For these reasons, and also because linear thermal expansion
is related to the thermo-optical coefficients (Biswal et al.,
2004), which need to be known for laser materials, the deter-
mination of the linear thermal expansion tensor is important.

As before, the unit-cell parameters of KLuW were
measured as a function of temperature by X-ray powder
diffraction analysis, and using a Siemens D-5000 diffract-
ometer (Bragg-Brentano parafocusing geometry and vertical
6-6 goniometer) equipped with a high-temperature chamber
(Anton-Paar HTK10). The X-ray powder diffraction patterns
were recorded at 26 = 10-70°, step size = 0.03°, step time =55,
at temperatures of 298, 323, 373, 473, 573, 673 and 773 K. The
samples were placed on a platinum support. The range of
temperatures chosen was large enough for the behaviour of
the unit-cell parameters to be described under the conditions
to which the crystal is submitted during the pumping process.

In order to obtain the cell parameters, the X-ray patterns
were fitted using the FullProf program and the structural
model was obtained for KLuW by single-crystal diffraction.
Table 6 summarizes the evolution of the KLuW unit-cell
parameters at different temperatures. The unit-cell para-

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X 4BX (WO4)2 / KRE (Wo4) 2 (RE=Y, LU)
PARA APLICACIONES LASER
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Vickers microhardness Table 6
ments were made on three different Evolution of the unit-cell parameters of KLuW at different temperatures.
faces of the KLuW single crystals. The Temperature (K) a (A) b (A) c(A) B() V(A%
measured faces were cut perpendicular g0 105898 (5)  102362(5) 74962 (3)  1307445(2) 61564 (5)
to the three crystallographic directions 33 10,5045 (4) 102375 (3) 7.5004 (2) 130.7487 2) 61629 (4)
a*, b and ¢, respectively. The indenter 373 10.6000 (4) 10.2406 (4) 7.5059 (3) 130.7508 (2) 617.23 (5)
8 : R 473 10.6114 (4) 102425 (4) 7.5176 (3) 130.7587 (3) 618.91 (4)
used was a Vickers diamond square- o, 106214 (5) 102470 (5) 75208 (3) 1307624 (3) 62073 (5)
based pyramid (Vander Voort, 1989). 473 106332 (5) 102502 (4) 75424 (3) 130.7760 (3) 62252 (5)
The strengths used were 0.03 N, 0.05 N 773 10.6441 (6) 102525 (5) 7.5556 (4) 130.7835 (4) 624.32 (6)
and 0.1 N. For each load, different
indentations were made and the
average diagonal imprints were used for the calculation. 25
Scanning electron microscope (Jeol JSM 6400 equipment) " a
images were used to quantify the diagonal imprint of the 2.0- e b v
residual indentation impression. o Loe P
: <) v ccos(p-90) >
The measured microhardness values, Hy, were 440, 410 and < -, . v o 2
560 (see Table 4) on the planes perpendicular to a*, b and ¢, g .
respectively. It is important to point out the expected aniso- % //
tropyA in the different cryste}llographlc directions of our p 105 - e
materials. Furthermore, the Vickers value (Hy) of the (010) & e =
face is 410, which is around 4 on Moh’s scale. This means that 054 /‘/ ///’f//’/
the polishing procedure on face (010) would not be any better % -
than on any other faces of our crystal. o =
300 400 500 600 700 800
Temperature (K)
Figure 4

Relative thermal evolution of the cell parameters and the unit-cell
volume for monoclinic KLuW.

meters a, b and ¢ increase and B remains basically constant
when the temperature rises.

The values of the linear thermal expansion coefficients are
the slopes of the linear relationship between (AL/L) and
temperature in the different crystallographic directions
(Chung et al., 1993). The values for the monoclinic KLuW are
g0 = 106 (2) X 107%, oty = 3.35 (2) x 107, arggy = 16.3 (2)
1078, @ = 151 (1) x 1075 oy = 292 (3) x 107° K™% see
Fig. 4. From these results and the expression «, = n;n;q;,
where n = (14, 1y, B3), we obtain ¢, and, in this way, the linear
thermal expansion tensor at 298 K in the crystallophysical
system X;ja, X5|[b, X;|lc* is

10.6 0 =315
oy = 0 335 0
—315 0 15.1

x 107 K.

The linear thermal expansion tensor in the principal system
X!, X5||b, X} can be obtained by diagonalizing the above
tensor. In monoclinic crystals with 8> 90°, the b principal axis
always coincides with the 2 symmetry axis. In the present
study, this axis corresponds to the minimum thermal expan-
sion coefficient, X,. Therefore, the diagonalized linear thermal
expansion tensor has the following values:

898 0 0
af = 0 335 0
0 0 1672

x 107 K1,

234 M. C Pujoletal - KLuWO,),
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The principal axis with medium thermal expansion, Xi, was Table 7
found at p = 27.24° rotating clockwise from the a axis with the Room-temperature Sellmeier coefficients of KLuW.
b positive axis pointing towards us. Finally, the principal axis Principal

with the maximum thermal expansion coefficient, X3, was refractive L
found at § = 13.51°, with § = (8 — 90°) — p rotating anti- index A B € () D ()
clockwise from the c¢ axis. The thermal expansion ellipsoid 7y 3.52334 0.73512 0.22700 0.02953
with the values of these angles can be seen in Fig. 5. Tim 3.36089 0.74309 0.26193 0.04331
The angle between X} and ¢ of KLuW is similar to that of -2 32079 073382 023066 005076

KREW tungstates (RE = Gd, Y, Er and Yb) (Pujol, Solé et al.,
2001). On the other hand, if we observe the linear thermal 299
expansion anisotropy on face (010) (using the ratio o, /erf; to &
determine this anisotropy), we observe that it decreases along 2191 \.
the KREW series. Thus, KLuW is the host in the KREW series 2.16 \'\..
that has the lowest thermal anisotropy in the (010) plane. This % o] . .{"
means that it has the least probability of cracking for thermal B \
reasons during the lasing process. E 2104 a \\“‘ "\'ﬁ\'“ n

= e

(‘:f 207 \{‘ s L)

2 204 % e n
6. Refractive index tensor \N\‘ Te—a "
The monoclinic phase of KLuW belongs to the 2/m crystal- 2017 \‘\L\LA\AAH;’
lographic point group and is therefore a biaxial crystal with 1.98 ‘ i ; . : . | i ;
inversion centre. The N, orthogonal principal crystallo-optic 0.4 06 08 1.0 1.2
axis is parallel to the 2(C,) symmetry axes. The other two Wavelength (um)

principal axes are in the ac plane. The orientation of the Figure 7
Dispersion of the principal refractive indices of KLuW at room
temperature.

principal axes Np, N, to the c axis was determined at A =
632.8 nm by using two crossed Glan—Taylor polarizers. The
principal axis N, is located at ¥ = 18.5° clockwise to the ¢
crystallographic axis when the positive b axis is pointing
towards the observer. Ny, is rotated at 59.7° with respect to the
a crystallographic axis in the clockwise direction. Fig. 6 shows
the optical ellipsoid of KLuW. We used the minimum-devia-
tion method with a semiprism (see Solé et al., 2001) to deter-
mine the dispersion of the three refractive indices labelled n,,
ny and ny in relation to the wavelength in the range 410-
1200 nm at room temperature. Two prisms cut in different
principal planes were used. One of the prisms provided n, and
Figure 5 A, and the other n, and ng with an accuracy of 5 x 107% Fig.7
Thermal expansion ellipsoid of KLuW. shows the experimental values of refractive indices and the
fitted curve using the Sellmeier equation

2 B 2
n=A+_—-—5—Di.
1—=(C/W)

Table 7 summarizes the Sellmeier coefficients, which char-
acterize KLuW in the visible and near-IR spectral regions.
Using these measurements, it is possible to localize the two
optic axes. The optic axes are located in the NN, plane, at an
angle of V, to the N, axis:

1/2
. Ry nlzn—nlz)
snVe= \e_rz) -
R n; — R

m g P

For KLuW, at 1064 nm, the V, angle is 41.016°, which means
Figure 6 that the angle between the two optic axes is 82.03°. Therefore,
Optical ellipsoid of KLuW at room temperature. KLuW is an optically positive biaxial crystal (V, < 45°).
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ABSTRACT: Epitaxial layers of KLu;_,Yb(WO,)/KLu(WO,), with different Yb concentrations were grown by liquid-phase
epitaxy. The quality of the epitaxial layers principally depends on the Yb concentration and the crystal face. In solutions with up to
50 mol % of substitution of Lu,O3 by Yb,03, defect-free layers can be grown and the highest quality face is (010). The layers grown
on the (—111) face tend to have a higher density of morphologies. The optical spectroscopy of Yb** in thin layers coincides with

that obtained in doped bulk crystals.

Introduction

In recent years, the concept of thin-disk lasers has aroused
considerable interest, mainly in microchip technology. The
advantages of thin-disk lasers are their high optical efficiency,
high beam quality, and the possibility of high power with weak
thermal lensing.!2

Thin-disk lasers have mainly been based on Nd** or Yb3*
ions. Among all the lanthanides, Yb’* has attracted most of
the attention because it has several advantages. Its electronic
structure is very simple: the ground level is 2F7p, the unique
excited level is ?Fsy,, and the difference in energy is about 10 000
cm ™13 The recent development of diode lasers emitting at
around 1 u#m makes it possible to efficiently pump Yb** with
low cost. These ions also have the advantage that their quantum
defect for laser emission is small, heat generation in the lasing
process is very weak, and there are no upconversion processes,
cross-relaxations, or excited-state absorptions, which are very
common in other lanthanides with several excited levels.*

A promising material for Yb3' thin-disk lasers can be
obtained from liquid-phase epitaxial (LPE) growth of monoclinic
KLu;Yby(WOy)2 on KLu(WOy), substrates, because even at
high doping levels the mismatch between layer and substrate is
very small. This is very favorable for reducing stress at the layer/
substrate interface.

In the present paper, we discuss the conditions that are
suitable for the single-crystal growth of KLu(WO,), (hereafter
KLuW) substrates and the LPE growth of KLu;—,Yby(WOj),
(hereafter KLu;—,Yb,W) on these substrates. We analyze the
growth velocity and layer quality as a function of the various
growth parameters.

Experimental Section

Substrate Crystal Growth. KLuW has a polymorphic phase
transition at a temperature of 1298 K.3 The interesting phase for laser
systems 1s the low-temperature phase, which crystallizes in the
monoclinic system with the C2/c spatial group and the following cell
parameters: a = 10.576(7) A, b = 102141 A, c = 74872 A, g =
130.68(4)° and Z = 4. Because of this phase transition, KLuW and
other crystals from this family have traditionally been grown from high-
temperature solutions. The solvent K;W,05 has several advantages over
other solvents, as we discussed previously:” mainly the absence of
foreign ions and a sufficiently low melting temperature.

The crystal growth experiments were carried out in a cylindrical
vertical furnace with a Kanthal heater. The furnace temperature was
regulated with a Eurotherm 903P controller/programmer connected to
a thyristor.

* To whom correspondence should be addressed. E-mail: f.diaz@urv.net.

10.1021/cg060032j CCC: $33.50

Before the substrate crystals were grown, the solubility curve of
KLuW in K;W,0; was investigated to obtain information about the
concentration and temperature regions of the stability of the monoclinic
phase and the dependence of the saturation temperature on the solution
concentration. For this purpose, solutions weighing 1525 g were
prepared in conical 25 ¢cm® platinum crucibles and the reagents were
K2COs3, WOs3, and Lu,Os. The experimental procedure to determine
the solubility curve was as follows: the solution was homogenized
and then slow-cooled to obtain crystals on a platinum rod, and finally
the saturation temperature of each solution was determined. The details
of this procedure have been explained in a previous study.”

The substrates were grown in 125 cm? cylindrical platinum crucibles.
The reagents were the same as for the determination of the solubility
curve. The solution composition was 12 mol % KLuW—88 mol %
K;W,07 and weighed about 200 g. The axial temperature gradient in
the solution was about 1.0 K/cm, with the bottom being hotter than
the surface. Two kinds of crystal growth runs were applied. In the first
case, we grew three single crystals on b-oriented seeds perpendicular
to the surface of the solution and located at about 1 cm from the center
of the surface of the solution with equal distances between the seeds.
These crystals were used as substrates with no additional treatment,
only cleaning, so that the differences in the epitaxial crystal growth on
the various crystal faces could be studied. In the second case we grew
a crystal also on a b-oriented seed, located at the center of the surface.
This crystal was grown to be cut into plates for substrates. In both
cases, after the saturation temperature had been determined by repeated
seeding, the temperature of the solution was slowly decreased by 5—15
K at a rate of 0.1-0.2 K/h, depending on the crystal size required.
The crystals were rotated at a constant speed of 40 rpm in all the
experiments. The crystals were then removed slowly from the solution
and located slightly above the solution surface, and the furnace was
cooled at a rate of 25 K/h.

Liquid-Phase Epitaxial Growth. The LPE experiments were carried
out in a special vertical furnace built with a wide zone of uniform
temperature so that the temperature gradient in the solution was
practically zero. The crucibles used were cylindrical, 30 mm in diameter
and 40 mm in height, filled with about 70 g of solution. The reagents
were the same as in the above experiments, and Yb,O3 was used for
substitution. The solution composition used for epitaxial growth was 5
mol % KLu;—,Yb,W—95 mol % K;W,057 and different levels of Lu
substitution by Yb. After the solution had been homogenized, its
saturation temperature was accurately determined with a (010)-oriented
KLuW seed rotating at 40 rpm. The kinetics of the growth/dissolution
processes was also studied, because it is important in deciding the
experimental conditions for growing the LPE single-crystal layers.®

As we have mentioned above, we used two types of substrates:
tabular single crystals with dimensions of about 5 mm in every direction
and plates cut perpendicular to the b direction. The first type was used
to study how the quality and thickness of the epitaxial layer depend on
the crystalline face, solution composition, and experimental conditions.
The second type was used to study how the time of growth, solution

© xxxx American Chemical Society
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Table 1. Experiments Carried out and Growth Conditions

composition
of Ybin
experi- solution type of crystalline AT o growth
ment (mol %) substrate face Ky time (h)
1 5 plate 010) -2 25
2 10 plate 010) -2 3
3 10 plate 010) —2 45
4 10 plate 010) -2 05/1/1.572
5 10 as grown 010y -2 2
(110)
(310)
(-111)
6 10 plate 010) —1 45
7 20 plate 010) -2 3
8 20 plate 010) —2 45
9 20 plate 010) -6 35
10 20 plate 010) —6 204120
11 20 plate 010) -6 12351017/
20/26
12 20 as grown 010y -2 3
(110)
(310)
(-111)
13 50 plate 010) -2 35
14 50 plate 010) —2 45
15 50 As-grown 010y -2 2
(110)
(310)
(-111)
16 50 plate 010) -3 35
17 50 plate 010) -3 45
18 50 plate 010) -6 35
19 50 plate 010) -6 1/2/3/6120

@ AT growth is the difference between the layer growth temperature and
the saturation temperature.

composition, and supersaturation affect the quality and thickness of
the layers growing on the (010) face.

The plate substrates were prepared by cutting slices of 1.5 mm
thickness from a single crystal with a diamond saw. These slices were
cut with the b direction perpendicular to the plate, and they were dipped
in the solution with the ¢ direction perpendicular to the surface of the
solution. Some plates with natural and polished (010) faces were used
to evaluate how cutting and polishing processes affect the growth of
the layer.

Before being placed in the furnace, the substrates were carefully
cleaned, in rotation, in 1/1 HNO3/H,O (5 min), distilled water (5 min),
acetone (5 min), and ethanol (5 min). Then they were slowly placed in
the furnace to prevent thermal stress and heated for about 1 h above
the surface of the solution. The substrate was then placed for 5 min in
the solution at a temperature 1 K above the saturation temperature so
that the outer part of the crystal was dissolved. The epitaxial growth
was then carried out for several hours at a temperature of 1—6 K below
the saturation temperature. All the experiments were made with the
crystal rotating at 40 rpm. After the epitaxial growth, the crystal was
removed from the flux and cooled slowly to room temperature to
prevent any thermal stress, which could produce cracks.

The experiments were carried out with different solution composi-
tions (5, 10, 20, and 50 mol % of Yb,O3 substituting Lu,O3 in the
solution) and experimental growth conditions (see Table 1). In the
experiments designed to study how the velocity of growth changes as
a function of the distance from the interface (thickness of the layer)
(experiments 4, 10, 11, and 19), the crystals were initially dipped 5—7
mm into the solution and then pulled out in steps of 1 mm for known
intervals of time. In the final step, the crystals were removed totally
from the solution. Experiments 5, 12, and 15 were designed to study
how the crystal face affected the layer growth. The influence of
supersaturation on quality and layer thickness was studied in experi-
ments 13, 16, and 18 for 50 mol % of Lw,O; substituted by Yb,O5 in
the solution and in experiments 8 and 10 for 20 mol % of Lu,Os
substituted by Yb,O; in the solution.

Aznar et al.
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Figure 1. Solubility curve of KLuW in the K;W,05 solvent.

The composition of the crystals was measured by electron probe
microanalysis with wavelength dispersive spectroscopy (EPMA-WDS)
using Cameca SX 50 equipment. These measurements were also used
to determine the thickness of the epitaxial layers. We detected the
substrate/layer interface because the composition changes at this point.

The thicknesses of the epitaxial layers were also measured by
observation with an Olympus optical microscope at magnifications of
x5, x 10, x20, and x 50 using transmission light. In these observations
the layer/substrate interface is clearly distinguishable and the layer
thickness can be measured if the magnification of the microscope is
known.

The epitaxial layers that were grown were observed not only by an
optical microscope but also by an atomic force microscope (AFM),
using a Molecular Imaging Pico Plus 2500 apparatus and a Sensofar
PLyu 2300 interferometric microscope. By analyzing the AFM and
interferometric images, we obtained information about the layer
morphologies, spiral growths, density, and height of the growth steps
in the epitaxial layers. The quality of the layers on the various
crystallographic faces was also studied.

Spectroscopic Study. The optical N,,-polarized absorption at room
temperature of a KLugssYbo.2(WO4)/KLuW epitaxial layer was
measured in the 900—1050 nm range, using a Cary Variant 500
spectrophotometer, with a Glan Taylor polarizer. The fluorescence
spectra were measured in 90° geometry with a laser diode, emitting at
940 nm, as an excitation source. Fluorescence was dispersed through
a HR 460 Jovin Yvon-Spex monochromator and detected by a cooled
Hamamatsu R5509-72 NIR equipment. We analyzed the luminiscence
signal using an EG&G 7265DPS lock-in amplifier. The sample was
pumped along the ¢ crystallographic axis, and the emitted light was
collected parallel to the b direction.

Results and Discussion

Substrate Crystal Growth. Figure 1 shows the solubility
curve of KLuW in the K, W,07 solvent, which is of particular
interest for the next growth experiments. In the low-concentra-
tion region, the saturation temperature increases considerably
as the solute concentration increases and then increases more
slightly. At approximately 55 mol % of solute, the high-
temperature phase of KLu(WOy), begins to appear. The average
degree of supersaturation for solute concentrations between 5
and 20 mol % is 0.16 x 1072 g/(K (g of solution)), while for
concentrations above 20 mol % it is 0.80 x 1072 g/(K (g of
solution)). To avoid problems in the crystal growth process,
solutions with solute concentrations between 5 and 20 mol %
are the most suitable.

The single crystals of KLuW grown by top-seeded solution
growth were transparent, colorless, and free from inclusions and
cracks. Figure 2 shows as an example an as-grown KLuW single
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solution. The growth of the KLuW substrates already showed

Figure 2. As-grown KLuW single crystal before it is cut into plates
for substrates and crystal scheme carried out by the program Shape.

crystal before it is cut into plates for substrates and a crystal
scheme.

Liquid-Phase Epitaxial Growth. Table 1 summarizes the
experiments carried out with plates and as-grown crystals to
study how such parameters as the crystal face, solution
composition, and growth conditions influence the velocity and
quality of growth.

Experiments made at different times and dissolution temper-
atures indicate that a time of 5 min at a temperature 1 K above
saturation is enough to slightly dissolve the surface part of the
substrate without introducing defects into the subsequent crystal
growth.

To study the influence of the crystalline face on the velocity
of growth and quality of the epitaxial layer, several experiments
were made using as-grown single crystals (with different faces)
as substrates. The data for these growth experiments are given
in Table 1 (experiments number 5, 12, and 15). These experi-
ments reveal that, of all the faces studied, the face with the
highest velocity of epitaxial layer growth is the (010) face,
independent of the level of substitution of Lu by Yb in the

that the (010) face tended to be poorly developed, which
indicates that this face also tends to grow faster than the
neighboring faces. Figure 3 shows several Yb concentration

08
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Figure 3. Ytterbium concentration profile for the KLug4sYbo.2W layer
on KLuW substrates on three different faces: (310), (110), and (010).

profiles for KLug4gYbo s2(WO4)/KLuW (experiment 15) on
three different faces of the crystal, from the outer edge of the
layer to the substrate. It also shows the interface concentration
gap. As can be seen in this figure, there is no appreciable
diffusion of Yb from the layer to the substrate. For a fixed
growth time (2 h), the layers on the (010), (110), and (310)
faces have thicknesses of 59, 23, and 15 um, respectively. This

Figure 4. General view of the epitaxial layer grown on the (—111) crystal face and details of the micromorphologies observed by interferometry.
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Figure 5. (a) Photograph of the growth of two dislocation screw spirals of opposite sign observed in a KLugssYbo12(WO4), epitaxial layer grown
on a (010) face of a KLuW substrate. (b) Scheme of the origin of the screw spiral growth. (c) Interferometric microscope observation of the growth

pattern.

confirms that, of all the faces studied, the (010) face is the one
with the fastest growth, under the growth conditions reported.

To study the crystal quality and the micromorphologies, the
grown layers were observed by optical microscopy, by atomic
force microscopy (AFM), and by interferometric microscopy.
The observations make it clear that the layers grown on the
(—111) faces have a higher density of micromorphologies, such
as growth steps, than the layers grown on the (010), (110), and
(310) faces. Figure 4 shows a general view of the epitaxial layer
grown on the (—111) face and details of the different surface
morphologies, observed with an interferometric microscope.
This epitaxial layer has a flat area on the right side of the figure.
After this zone the growth fronts of the layer become unstable,
and their perimeter has a scalloped shape, as can be seen in the
figure. On the left, the fronts of the growth layers are grouped
and have a wavy appearance. The highest quality layers are on
the (010) faces, as they were for the epitaxial growth of KY; -
Yb,W/KYW, carried out in a previous study.

The mismatch between the substrate and the layer could be
important for the quality of the layer/substrate interface. High
mismatches produce stress at this interface and favor the

Table 2. Mismatch between KLuW Substrates and KLu;—Yb;W

Layers
epitaxial layer Joio) Jaio) Jfo10) S
KLug.gsYbg 12 W/KLUW —0.074 —0.081 —0.085 —0.089
KLug.7¢Ybo 22 W/KLUW —0.107 —0.130 —0.142 —0.135
KLug.4¢Ybos2W/KLuW —0.143 —0.220 —0.259 —0.211
KYbW/KLuW —0.215 —0.354 —0.425 —0.324

formation of cracks that can propagate to the layer.® Taking
into account the difference in the parameters between KLuW
and KLu; —,Yb,(WOy); for different levels of substitution of Lu
by Yb up to stoichiometric KYb(WOy,), (KYbW),!* we calcu-
lated the mismatch for the different faces and substitutions, using
the expression

Jogy = Sggy(subst) — Sy p(layer))/Sy, (layer)

where Sy (subst) and Sgu(layer) are the areas obtained from
the (hki) periodicity vectors of the substrate and the layer,
respectively. Table 2 summarizes the mismatches obtained for
the different faces and substitutions studied. From this table,
we can sce that the mismatches are lower on the (010) face,
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Figure 6. AFM images of growth steps in a KLugss Ybo12(WO4), epitaxial layer on a (010)-oriented KLuW substrate and layer roughness: (a) near
the central zone of the spiral growth, at about 1.5 x #*, with #* being the characteristic distance of the top of the hillock of the screw spirals; (b)

near the peripheral zone of a spiral growth, at approximately 8 x #*

where the layer/substrate interface has good quality, even for
high substitutions. On the other hand, during the epitaxial growth
of KY -, Yb,W/KYW on the same crystalline face (010), which
was studied in a previous paper, some cracks tend to appear in
the layer/substrate interface even at substitutions of 10 mol %
of Y03 by Yb,0j3 in solution. This difference can be explained
by the fact that the mismatch between the periodicity vectors
of KYbW and KYW is greater than that between KYbW and
KLuW, because the ionic radii of Lu and Yb are closer than
the ionic radii of Y and Yb.6

On the (010) faces the epitaxial growth shows mainly a flat
surface, which indicates a layer-by-layer growth mechanism.
On the same face, there are small areas with morphologies such
as those shown in Figure 5. Figure 5a shows a photograph of
growth spirals in an epitaxial layer of KLugssYbo12(WO4)o/
KLuW on a (010) face. A scheme of the nuclear area of the
growth spirals and an observation by interferometric microscopy
are shown in Figure 5b,c, respectively. These structures are
formed by the superposition of two dislocation screw spirals of
opposite sign, leading to a complex growth pattern of hillocks,
which generates typical lines on the growth surface related to
the interaction of the two opposite spirals (see Figure 5b). We
have observed that, at the origin of the spirals, approximately
at 1.5 x r*, with 7* being a characteristic distance of the top of
the hillock of the screw spirals, the steps are close to one another
(1—5 um) but the further we go from the center, at 8 x r*, the
more the steps are separated (30—40 um). In addition, the height
of the steps at 1.5 x r* is about 20—30 nm, while in the
peripheral zone, at approximately 8 x r*, it is 80—100 nm,
calculated by observation with AFM and interferometry. Figure
6 shows AFM images of these two zones. It also shows the
roughness of this layer in these two zones.

The epitaxial layers grown on the (010) substrates showed
similar characteristics, even for Yb concentrations of 50 atom
% substituting Lu. It seems that there is a slight tendency for
the density of steps to increase and the height of the steps also
tends to increase for high Yb concentrations and growth times.
For example, in a (010) epitaxial layer of KLug4gYbo s2(WO4)o/
KLuW, the morphologies of the growth steps and spirals are
similar to those obtained with lower substitutions, but the steps
are higher, about 300—400 nm near the central zone, 500—600
nm at 1200 x 7* and 700 nm at 2000 x r*. The horizontal
distance between growth steps increases as the distance from
the center of the dislocations increases. The height of the steps
also increases as the distance from the center increases. In this
case, the horizontal step distances are about 10, 45—50, and 60
um at zones near the center, at 1200 x »* and at 2000 x r*,
respectively.

On (010) natural faces the layer tends to grow with fewer
macrosteps and other morphologices such as microsteps, hillocks,
ete. and a little more slowly than on polished substrates with
the same orientation. This may be due to small deviations from
the (010) crystallographic direction in the process of cutting
and polishing the substrate.

The thickness of the layers was also measured by observation
with an optical microscope using transmission light. Figure 7
shows the thickness of the epitaxial layer of
KLug78Yb022(WOy), grown on a (010)-oriented KLuW substrate
as a function of the time of growth (experiment 11 in Table 1).
For short growth times (about 6 h), the growth velocity is around
14.0 um/h, while at longer times (about 22 h) it decreases to
7.1 um/h, almost half the growth velocity at short times. Layers
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Figure 7. Thickness of the KLug7sYbo22(WO4)/KLuW epitaxial layer
grown on the (010) face as a function of the growth time.
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Figure 8. Optical microscope photograph of a section of
KLug.7Ybg 22(WO4),/KLuW, perpendicular to the [001] direction.

grown with other Yb concentrations (see experiments 4 and 19)
and lower supersaturations (see experiment 4) behaved in a
similar way.

To determine how supersaturation affects the epitaxial growth
process, experiments with different supersaturations were carried
out. In the experiments in which the growth temperature of the
layer was 6 K below saturation, the growth velocity increased
only slightly with respect to the experiments made at 2 K below
the saturation temperature. No significant differences were
observed in the quality of the epitaxial layers grown on
equivalent faces at 6 and 2 K below the saturation temperature.

The growth velocities obtained with an optical microscope
using transmission light are similar to those obtained by EPMA.
Figure 8 shows a photograph taken with this microscope of a
sample of KLug 78 Ybo22(WOy),/KLuW where the layer/substrate
interface is clearly observable and there is no diffusion of Yb
from the layer to the substrate. The same figure indicates the
thickness of the epitaxial layer.

As has been mentioned above, the change in the ytterbium
concentration at the KLu; ,Yby(WO4)/KLuW interface was
measured by EPMA. From these results, we calculated the

N polarization. The inset gives an emission cross section spectrum of
the same sample calculated by the reciprocity method and an
experimental emission spectrum.

Table 3. Distribution Coefficient of Yb (Xyv») and Chemical
Formula of the Layer in KLu;_.Yb ,W/KLuW, as a Function of the
Yb Concentration in the Solution

[YbJ/([Yb] + [Lu])in

chemical formula

solution (atom %) Kyt of the layer
5 1.24 KL ug.94Ybo.0s( WO4)2
10 1.23 KLuggsYbo.12(WO4)2
20 1.11 KLug78Ybo.22(WO4)2
50 1.04 KLuo4gYbo.52(WO4)2

cocfficient of distribution of Yb in the epitaxial layers, according
to the formula

_ AYBVAYD] + [LuDarysa
T {IYBIALYD] + L) Feotuson

where [Yb] and [Lu] are the Yb and Lu concentrations in mole
percent.

Table 3 shows the distribution coefficient of Yb in the layer
for different concentrations of Yb in the solution. In all cases,
the distribution coefficient is slightly higher than unity and tends
to decrease when the Yb concentration in the solution increases.

Spectroscopic Study. Figure 9 shows the polarized optical
absorption, at room temperature, of a KLugsgYbo12(WO4)/
KLuW (010)-oriented epitaxial layer. The light was polarized
parallel to the principal optical direction Ny, In this family of
materials, the optical absorption of Yb**t strongly depends on
the light polarization, and the absorption values are highest when
ElINy!! As can be observed from the spectrum, the 2Fq, —
%Fs), transition has three main peaks centered at 982.0, 951.8,
and 932.6 nm and two less intense peaks centered at 999.5 and
1024.6 nm. The maximum absorption cross-section o, at 982.0
nm, calculated with the Yb3* concentration of 7.83 x 102° ions/
cm?, amounts to 1.18 x 107'%m?. These results agree well with
those previously published for bulk crystals.!!

The emission cross-section spectrum was calculated by the
reciprocity method, using the absorption cross-section spectrum
at room temperature and the splitting determined at low
temperature in ref 11. The results are included in the inset of
Figure 9 and compared with the experimental unpolarized
emission spectrum obtained in the present paper. The peaks
correspond to the transition from the excited 2Fsp, level to the
four sublevels of the ground state 2F7p,. It is worth mentioning
that the relative intensity of the peak (0) — (0) shows a
significant decrease in the experimental spectrum in comparison
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with the calculated spectrum. The experimental emission
spectrum is an average of Ny and Ny, polarized emission spectra,
as a result of the aforementioned experimental configuration.
There is a significant overlap between the absorption and
emission spectra around 982 nm, which can produce reabsorp-
tion during lasing experiments. Thin layers make it possible to
minimize this effect.!> The maximum calculated emission cross-
section is 1.48 x 107! atm/cm? at 981.2 nm.

Efficient continuous-wave laser emission was achieved
around 1030 nm from KLuW:Yb/KLuW samples obtained and
described in the present paper. The lasing slope efficiency in
the epitaxial layer exceeds that recently reported for Yb-doped
bulk KLuW crystals in a similar pump and laser configuration.
This is attributed to the fact that the reabsorption is considerably
lower. More details of the laser operation can be found in ref
12.

Conclusions

High-quality epitaxial layers of KLu; —,Yb,(WOy), have been
obtained on KLuW substrates for Yb concentrations of 5, 10,
20, and 50 mol % of Lu,O; substituted by Yb,Os3 in the solution.
At these levels of substitution the quality of the layers is high.
Of all the faces studied, the face with the highest quality of
epitaxial growth is (010), although the (110) face generally has
very high quality. The layers on faces (310) and (—111)
generally have a greater density of micromorphologies, such
as growth steps. No diffusion of Yb from the layer to the
substrate is observed. The growth rate is higher for the (010)
face than for the other faces studied, and it is practically constant
for short growth times (up to several hours).

Acknowledgment. This work was supported by the EU
project DT-CRY'S, NMP3-CT-2003-505580, by the Ministerio
de Educacién y Ciencia projects MAT2004-20471-E, MAT-
2005-06354-C03-02, and CIT-020400-2005-14, and by the
Generalitat de Catalunya project 2005SGR658.

References

(1) Giesen, A.; Hiigel, H.; Voss, A.; Witting, K.; Brauch, U.; Opower,
H. Appl. Phys. B 1994, 58, 365.

(2) Innerhofer, E.; Sidmeyer, T.; Brunner, F.; Haring, R.; Aschwanden,
A.; Paschotta, R.; Honninger, C.; Kumkar, M.; Keller, U. Opt. Lett.
2003, 28(5), 367.

(3) Zou, X.; Toratani, H. Phys. Rev. B 1995, 52, 15889.

(4) Brunner, F.; Siidmeyer, T., Innerhofer, E.; Morier-Genoud, F.;
Paschotta, R.; Kisel, V. E.; Shcherbitski, V. G.; Kuleshov, N. V.;
Gao, I.; Contag, K.; Giesen, A.; Keller, U. Opt. Lett. 2002, 27(13),
1162.

(5) Kletsov, P. V.; Kozeeva, L. P.; Kharchenko, L. Yu.; Pavlyuk, A. A.
Sov. Phys. Crystallogr. 1974, 19(3), 342.

(6) Pujol, M. C.; Mateos, X.; Aznar, A.; Solans, X.; Surifiac, S.; Massons,
I.; Diaz, F.; Aguilé, M. Submitted for publication in J Appl.
Crystallogr.

(7) Solé, R.; Nikolov, V.; Ruiz, X.; Gavalda, J.; Solans, X.; Aguild,
M.; Diaz, F. J. Cryst. Growth 1996, 169, 600.

(8) Amnar, A ; Solé, R.; Aguilé, M.; Diaz, F.; Griebner, U.; Grunwald,
R.; Petrov, V. Appl. Phys. Lett. 2004, 85(19), 4313.

(9) Solé, R.; Nikolov, V.; Vilalta, A.; Carvajal, J. J.; Massons, I.;
Gavalda, J.; Aguilé, M.; Diaz, F. J. Cryst. Growth 2002, 237, 602.

(10) Pujol, M. C.; Bursukova, M. A.; Gtell, F.; Mateos, X.; Solé, R.;
Gavalda, J.; Aguiloé, M.; Massons, J.; Diaz, F.; Klopp, P.; Griebner,
U.; Petrov, V. Phys. Rev. B 2002, 65, 165121.

(11) Mateos, X.; Solé, R.; Gavalda, I.; Aguilé, M.; Massons, J.; Diaz,
F.; Petrov, V.; Griebner, U. Opt. Mater., in press.

(12) Griebner, U.; Liu, J.; Rivier, S.; Aznar, A.; Grunwald, R.; Solé, R.;
Aguild, M.; Diaz, F.; Petrov, V. [EEE J. Quantum Electron. 2005,
41(3), 408.

CG0600321



UNIVERSITAT ROVIRA I VIRGILI

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X 4BX (WO4)2 / KRE
PARA APLICACIONES LASER

Ana Isabel Aznar Ecija

(WO4) 2 (RE=Y, LU)

ISBN:978-84-691-1552-7 /DL:T.151-2008



UNIVERS

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X

ITAT ROVIRA I VIRGILI

PARA APLICACIONES LASER
Ana Isabel Aznar Ecija

ELSEVIER

%1552-7 /DL:T.151-2&@dable online at www.sciencedirect.com

sc.sucs@n.“w

Journal of Non-Crystalline Solids 352 (2006) 2367-2370

4BX (WO4)2 / KRE (WO4)2
JOURNAL OF
NON-CRYSTALLINE SOLIDS

www.elsevier.com/locate/jnoncrysol

(RE=Y, LU)

Epitaxially grown Yb:KLu(WO,), composites for continuous-wave
and mode-locked lasers in the 1 pm spectral range

V. Petrov ®*, S. Rivier ®, U. Griebner &, J. Liu 2, X. Mateos 2, A. Aznar °,
R. Sole ®, M. Aguilo ®, F. Diaz ®
* Max-Born-Institute for Nonlinear Optics and Ultrafast Spectroscopy, A3 Dept., 2A Max-Born-Str., D-12489 Berlin, Germany

® Fisica i Cristallografia de Materials (FiCMA), Universitat Rovira i Virgili (URV), Campus Sescelades, C/Marcel.lf Domingo,
SIN, 43007-Tarragona, Spain

Available online 30 May 2006

Abstract

Epitaxial layers of up to 50% Yb-doped monoclinic KLu(WOy,), could be successfully grown on passive KLu(WOQy), substrates. These
composite samples were characterized and continuous-wave and mode-locked laser operation was achieved with Ti:sapphire and diode-
laser pumping. A 10% Yb-doped epitaxy provided an output power exceeding 500 mW at 1030 nm and a maximum slope efficiency of
66% with Tisapphire laser pumping. A 50% Yb-doped epitaxy exhibited serious thermal problems without special cooling and rather
limited cw performance. Quasi-cw operation provided in this case an average output power of 43 mW at 1032 nm for a 10% duty cycle.
More than 100 mW cw could be generated at 1030 nm also with diode-pumping of the 10% Yb-doped KLu(WQy,), epitaxy. Pulses as
short as 114 fs were generated at 1030 nm with this same sample under Ti:sapphire laser pumping in a laser mode-locked by a saturable

absorber mirror.
© 2006 Elsevier B.V. All rights reserved.

PACS: 42.55.Rz; 42.55.Xi; 42.60.Fc

Keywords: Crystal growth; Lasers

1. Introduction

Yb*" is a very promising activating ion possessing a
number of advantages over Nd>" for laser operation in
the 1 pm spectral range [1]. These include (1) the relatively
simple two-level energy scheme for which disturbing up-
conversion and excited-state absorption processes are
absent, (2) the lower quantum defect which means also
lower thermal load and more possibilities for power scal-
ing, (3) the longer energy storage time, and (4) the broader
spectral linewidths which means on the one hand reduced
requirements to the pump source and in particular the laser
diodes and on the other hand higher potential to achieve
tunable generation and short (femtosecond) pulses.

" Corresponding author. Tel.: +49 30 63921272; fax: +49 30 63921289.
E-mail address: petrov@mbi-berlin.de (V. Petrov).

0022-3093/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j jnoncrysol.2006.02.077

Concerning crystalline hosts, the monoclinic potassium
double tungstates, to which the title compound KLu(WQy),
(KLuW) belongs, have several additional advantages [2]:
(1) for any rare earth dopant they allow very high doping
levels to be achieved without concentration quenching
because the relevant ion separation is relatively large,
(2) for any rare earth ion the absorption and emission cross
sections are one of the largest, partly due to the strong
anisotropy, and (3) for Yb-doping the main absorption
peak near 980 nm is very suitable for InGaAs pumping
diodes.

In the case of KLuW specific advantages come from the
smallest difference in the ionic radii of the ‘passive’ Lu-ion
and the ‘active’ Yb-ion, which additionally facilitates high
doping levels reaching 100% for the stoichiometric
KYb(WOy), (KYbW) [3]. The extremely high absorption
cross section peak for polarization parallel to the Ny, opti-
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cal axis (1.18 x 107* ¢cm? at 981.1 nm with a FWHM =
3.6nm [4]) results in absorption lengths as low as
13.3 pm for the stoichiometric KYbW. Such thin layers
are very interesting for implementation in high power
thin-disk lasers [5] because they can ensure more efficient
heat removal and greatly simplified single-pass pump
geometries but since their practical realization is impossi-
ble, growing them on passive isostructural substrates seems
a very promising solution. This was our main motivation
for the development and laser studies of Yb-doped mono-
clinic epitaxies. The very initial results based on KY(WOQy),
or KYW (20% doped Yb:KYW on a KYW substrate) were
published in [6]. Here we report on our most recent and
superior results achieved with Yb:KLuW epitaxies both
in the continuous-wave (cw) and the mode-locked regime.

2. Experimental

Yb-doped KLuW layers were grown on KLuW sub-
strates by liquid phase epitaxy (LPE) with 10, 20 and 50
at.% doping in the melt. We used a vertical furnace in
which the axial gradient is negligible so that the layer grows
homogeneously as described in [6,7]. The 10% and 50%
samples used in the present work had an Yb-ion density
of 7.89 x 10%° and 3.45 x 20?! jons/cm?, respectively, deter-
mined by electron probe microanalysis. The thickness of
the activated layer was 100 and 38 pm, and the thickness
of the whole sample including the substrate was 1.2 and
2.4 mm, respectively. The crystals were grown along the b
crystallographic direction (parallel to the N, optical axis)
because of the better crystalline quality. In such monoclinic
crystals the other two principal optical axes N, and N, lie
in the a—c plane. The samples were cut and used for prop-
agation along the b (N},) axis and polarization of the elec-
tric field parallel to the N, axis which results in
maximum absorption and emission cross sections [4]. The
high crystalline quality of the samples was confirmed by
a ZYGO™ interferometer. No cracks at the interface
layer-substrate were found. The epitaxial surfaces had
radius of curvature RC =0.71 and 0.42m for the 10%
and 50% Yb-doped layers, respectively. The corresponding
surface roughness had a rms value of <0.8 and 0.9 nm.
Fig. 1 shows the surface profile of the 50% Yb-doped
KLuW epitaxy.

The Yb-fluorescence lifetime was measured for both
doping levels with the pinhole method (Fig. 2) and com-
pared to bulk Yb(10%):KLuW. This method helps to avoid
reabsorption effects. The lifetime was only slightly lower
for the 50% Yb-doped epitaxy (224.3 + 2.3 ps) than for
the 10% Yb-doped epitaxy (241.1 4 25 pus) and both values
were in reasonable agreement with the 254 + 9 ps measured
for the bulk sample.

For pumping we used a tunable Ti:sapphire laser (960—
1025 nm, linewidth < 1 nm, max. 3 W) and a diode laser.
The Gaussian beam of the Ti:sapphire laser could be used
also for pumping in a second pass, after reflection at one of
the cavity mirrors. The tapered diode laser delivered up to

2 W at M? < 3 for the slow axis emission. It was tunable by
the temperature from 975 to 982 nm and its spectral line-
width was about 1 nm. A standard astigmatically compen-
sated V-shaped cavity was used for the cw laser
experiments and a similar Z-shaped cavity was employed
for the mode-locked experiments (see Fig. 3). The pump
beam was focused by means of an anti-reflection coated
lens L with a focal length of 62.8 mm. The folding mirror
(M,, RC = —100 mm) was highly transmitting at the pump
wavelength (near 980 nm). The end mirror for the cw
experiments (M, RC = —50 mm), see Fig. 3(a), was highly
transmitting (for single pass pumping) or highly reflecting
(for double pass pumping) at the pump wavelength. The
transmission of the output coupler, Ms, could be varied
between 0.1% and 10%.

For mode-locking experiments (Fig. 3(b)), the end mir-
ror M; was substituted by an analogous folding mirror
with RC = —100 mm in the Z-shaped cavity. The intensity
on the saturable absorber mirror (SAM) which terminated
the resonator was increased by the additional focusing mir-
ror M3 (RC = —100 mm). The output couplers, My (for the
picosecond regime) or M; (for the femtosecond regime),
terminated the second cavity arm. The dispersion compen-
sated cavity configuration contained two Brewster angle
SF10 prisms, P; and P,, separated by 31 cm (Fig. 3(b)).
The SAM was grown by metal organic vapor-phase epitaxy
(Ferdinand-Braun-Institute, Berlin, Germany) and con-

+0.23255

um

-0.45693
/106
}Y

Fig. 1. Surface profile of the 50% Yb-doped KLuW composite measured
with a ZYGO interferometer.

Yb(50%):KLUW/KLUW

Fluorescence lifetime [ps]

02 05 08 11 14 17 20
Pinhole diameter [mm]

Fig. 2. Fluorescence lifetime measurement of the epitaxial Yb:KLuW/
KLuW samples with different doping by the pinhole method.
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Fig. 3. Experimental set-up of the V-shaped (a) and Z-shaped (b) cavities
used for cw and mode-locked operation with the intracavity prisms and
SAM.

sisted of a bottom Bragg mirror comprising 25 pairs of
AlAs/GaAs quarterwave layers. The reflection band
extended from 980 to 1070 nm. The absorber was a 10-
nm-thick InGaAs surface quantum well structure with a
saturable absorption of =1%. Its relaxation time, measured
by the pump-probe technique, amounted to less than 5 ps.

The uncoated epitaxial samples were positioned at
Brewster angle and mounted on a copper base without spe-
cial measures for heat removal. The estimated pump waist
in the position of the samples was roughly 30 pm in the
case of Ti:sapphire laser pumping and slightly larger for
the diode laser.

3. Results and discussion
3.1. Continuous-wave operation

Limiting the pump power of the Ti:sapphire laser to
1.85 W (incident on the epitaxy) a maximum output power
of 415 mW was achieved with single pass pumping of the
100 pm thick 10% Yb-doped epitaxy using an output cou-
pler of 3% transmission. The resulting pump efficiency was
55% calculated with respect to the absorbed power. The
maximum slope efficiency of 66% was achieved with higher
output coupling (10%). Both the pump and slope efficien-
cies were higher in comparison to our previous results with
10% Yb-doped bulk KLuW crystals [8]. Moreover, the
decreased thresholds (of the order of 70 mW absorbed
power) and the shorter oscillation wavelength (decreasing
from 1040 nm for 1% output coupler to 1026 nm for 10%
output coupler) indicate strongly reduced reabsorption of
the epitaxy in comparison to the bulk crystals. Even with-
out cooling no damage of this epitaxial crystal occurred

regardless of the high power levels (intracavity intensity
exceeding 1 MW/cm?) applied.

Since strong bleaching of the single pass absorption was
observed we implemented also double pass pumping,
exchanging mirror M; in Fig. 3(a). This really improved
the overall absorption and we achieved a maximum output
power of 515 mW at 1030 nm with a 3% output coupler.

Pumping with the diode laser in a single pass produced a
maximum output power of 105 mW at 1030 nm for a max-
imum incident pump power of 1.25 W and 3% output cou-
pler. This gives a pump efficiency of 20% with respect to the
absorbed power. The highest slope efficiency with respect
to the absorbed power was 37.1% using an output coupler
of 5% transmission. Thresholds as low as 120 mW
(absorbed power) were measured with the 1% output
coupler.

We obtained lasing with the 38 pm thick 50% Yb-doped
epitaxy at 1032 nm using at first double pass pumping with
the Ti:sapphire laser in the cavity shown in Fig. 3(a) with
1% output coupler. This was possible, however, only apply-
ing a chopper with a duty cycle of 10%. The average laser
power reached 43 mW for an average incident pump power
of 125mW. There were strong indications of thermal
effects when we tried to increase the duty cycle. We also
observed strong feedback to the Ti:sapphire pump laser
which makes it difficult to accurately estimate the actual
efficiencies with respect to the absorbed powers and also
the thresholds.

Therefore we had to employ the single-pass pumping
configuration, again exchanging mirror M; in Fig. 3(a).
An output power of 20 mW was reached for 1% output
coupler at an incident pump power of 97 mW (both aver-
age values with the 10% duty cycle chopper). The corre-
sponding slope efficiency was 42% (Fig. 4). The laser
threshold was 18 mW of incident power (9 mW of
absorbed power). The laser wavelength was 1032 nm inde-
pendent of the output coupler (1%, 2%, or 3%).

The estimated small signal absorption of this sample
was 78% at 981 nm. The actual absorption in the single-
pass pump configuration was about 64% in lasing condi-
tions at higher pump power levels. This indicates that the

20 1 |output coupler: 1% 1
3 slope: 42%
£ 15 {|wavelength: 1032 nm ]
5 duty cycle: 10%
£
g 101 1
H
5 5] 1
o

0 e

0 10 20 30 40 50 60 70
Absorbed power [mW]

Fig. 4. Quasi-cw laser performance of the Yb(50%)KLuW/KLuW
epitaxial composite with a 10% pump duty cycle. The average powers
are presented: experimental points (squares) and linear fit for the slope
(line).
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absorption bleaching effect (reduction of the absorption
down to 42% was observed in non-lasing conditions) was
partially compensated at higher pump levels by the recy-
cling effect.

It was also possible to achieve pure cw oscillation with
single pass pumping in the absorption maximum and
0.1% output coupler, however, the efficiency was very
low. The output power was 17 mW at 1046.1 nm for an
incident power of 400 mW (absorbed power of 250 mW).
The laser threshold was 76 mW of incident power
(absorbed power of 46 mW). The output power quickly
dropped to zero at incident pump levels above 400 mW.
Pump powers exceeding 500 mW obviously damaged this
epitaxial sample because strong scattering of the transmit-
ted pump beam was observed behind the sample. This
damage was confirmed later by simple observation with a
microscope. It was located at the upper surface of the epi-
taxial layer.

Finally, we tested an analogous 50% Yb-doped KLuW
epitaxy with a larger thickness (67% pm) but the results
could not be improved. We achieved lasing only under
quasi-cw pumping and the strong thermal problems
persisted.

3.2. Mode-locked operation

Mode-locked operation was achieved with the 10% Yb-
doped KLuW epitaxy using the Ti:sapphire laser as a pump
source. The cavity configuration without the intracavity
prisms (Fig. 3(b)) produced pulses of 1.8 ps duration
(FWHM assuming sech® pulse shape) at a pulse repetition
frequency of 100 MHz. The emission spectrum was cen-
tered at 1030 nm. The maximum output power obtained
was 119 mW for an output coupler of 3% corresponding
to a pump efficiency of 17% and a slope efficiency of 27%
with respect to the absorbed power. The time-bandwidth
product in this case was 1.78 (far exceeding the Fourier
limit of 0.315).

The insertion of the two prisms into the cavity (see
Fig. 3(b)) allowed to produce pulses as short as 114 fs at
the same wavelength and a repetition rate of 101 MHz.
The average output power was 31 mW for an absorbed
power of 632 mW and output coupler of 1%. The time-
bandwidth product of 0.43 in this case is only slightly
above the Fourier limit. The output power could be
increased using the 3% output coupler and 94 mW were
obtained, again at 1030 nm, for an absorbed pump power
of 671 mW. The FWHM increased to 200 fs but the pulses
were almost bandwidth-limited (time-bandwidth product:
0.32).

We believe that the lower limit for the obtained pulse
duration was partially due to the reflection characteristics
of the folding mirrors which are restricted by the close sep-
aration of the laser and pump wavelengths and this was
evidenced by the shape of the recorded pulse spectra on
the low-wavelength side. In a very similar laser configura-
tion we previously achieved shorter (81 fs) pulse durations

at 1046 nm under the same experimental conditions using a
2.8 mm thick bulk Yb(5%):KLuW crystal [9]. Although the
present results with the epitaxial sample are not superior in
terms of pulse duration, the strongly reduced reabsorption
of the 10% Yb-doped KLuW epitaxy in comparison with
the analogous bulk crystals, which is manifested in the
shorter oscillation wavelengths, is expected to provide
potentially broader gain bandwidths and consequently
shorter (below 80 fs) output pulses if specially designed
dichroic coatings for the folding mirror M, are used.

4. Conclusion

The results obtained so far with Yb-doped monoclinic
KLuW epitaxies make us confident that better manage-
ment of the heat dissipation as well as better adjustment
of the layer thickness to the Yb concentration will further
increase the output powers in the cw regime allowing oper-
ation of 100% doped epitaxies, and shorten the pulse dura-
tion in the mode-locked regime.
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Monoclinic layers of KY.xYbx(WOQO,), with a thickness of up to 33fm were grown on KY(WGQ),
substrates by Liquid Phase Epitaxy (LPE) usiniVkO; solvent. The layers grown from solutions of
up to 7.5 atomic % substitution of Y by Yb, were generally with flat surfaces on {010} and {110}
crystal faces with no macroscopic defects at the layer/substrate interface. At an already 10 atomic % of
Yb substituting Y, some defects at the interface tend to begin to appear and increase for higher
concentrations. The layers grown on {310} and {-111} faces were with more growth instabilities even
at low Yb concentrations. The thermal evolution of the lattice mismatches between the epilayer and the
substrate for {010}, {110}, {310} and {-111} faces were calculated ranging from 0.55% at 1273 K to -
0.31% at 298 K. The optical spectroscopic studies carried out with these samples agree well with that
already published for Yb-doped KYW bulk crystals, being the measured absorption and calculated by
the reciprocity method emission cross sections at 981nmBAiy, oane 12.5 x 10° cnf? andoen
15.8 x10% cn?, respectively.

Introduction

The lasers based on thin films have the advantage of high beam quality with high efficiency,
making it possible to obtain high power with low thermal lerfsing

The interest for laser crystals containing®Yhs an active ion has been increasing in the last few
years. This is due to the small quantum defect and the absence of excited state absorption ani
upconversion processes as a consequence of its simple electronic level strucfutasYd unique
excited level,?Fsp,, with an energy difference of about 10000 cmith the ?F7, ground level. In
additi(;lz”n,3 its large absorption band at around 980 nm permits pumping with high power InGaAs laser
diodes™.

The crystals of the family of monoclinic double tungstates, such as KGg§MOY(WQy),
(hereafter KYW) and KLu(Wg), are excellent hosts for Yhions" > © It is also possible to obtain
thin layers of these crystals doped with rare earth metals by liquid phase epitaxial growth on substrates
of the same family. Among all the crystals of this family, the KYW has been probed to be a suitable
crystal host for YB" doping, at least up to concentrations needed for lasing experiments with high
efficiency .

Monoclinic KYW crystallizes with &£2/c space group and cell parametars 10.6313(4) Ab =
10.3452(6) A, ¢ =7.5547(2) A, $130.752(2)° and Z£4

In the present paper, we discuss the suitable conditions to obtaipY BR{WO,)/KY (WO ),
(hereafter KY.xYbyW/KYW) by liquid phase epitaxy (LPE). The evolution of lattice mismatch has
aso been calculated from room temperature to 1273K. Spectroscopic studies of these crystals, such a
optical absorption and emission are also carried out as a previous study to laser experiments.
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Experimental Section

Solubility curves. The knowledge of the solubility curve of the solute in a suitable solvent is very
important for choosing the composition of the solution from which the crystal growth will take place.
The K;W,07 solvent has been proved as the best known option to grow KREW bulk tungstates by
TSSG because, in relation with other solvents, it has several advantages such as low melting
temperature and the absence of foreign ions that could be incorporated into thé.dDght solvents

as KoWO, '° were used as well, but they introduce a rather high viscosity into the solution as well as
creeping problems. In a previous work of some authors of this papét;O¢ was proved to be a
suitable solvent for the growth of epitaxial layers of KLuW In literature, it can be found that
Yb:KYW epitaxial layers were grown using a ternary NaCl-KCI-CsCl solvent but use of this solvent
leads to a precipitation of yttrium and tungsten containing oXidBsfore the LPE experiments, we
determined the solubility curve of KygYbo AWOy),in the solvent KW,0;.

The solubility experiments were made in 253cpfatinum crucibles located inside a vertical
cylindrical furnace with a Kanthal heater. The temperature was controlled with a
controller/programmer 818 P connected to a tyristor. The reagents used 3@&g (R9% purity),

Y203 (99.9% purity), YBO3(99.9% purity) and W(99.9% purity). The solution weights were 15-25

g. After homogenizing the solution, the temperature of the furnace was decreased at a rate of 10 K
every 30 minutes until crystals on a platinum rod were observed. After that, the temperature of

saturation of the solution was determined more accurately by increasing/decreasing the temperature o
the furnace and observing if there was dissolution or growth of the crystals nucleated on the platinum
rod. The crystals obtained were identified by observation with an optical microscope and by X-ray

powder diffractiorf.

Substrate crystal growth. In order to obtain substrates with a structure as close as possible to the
structure of the epitaxial layers, monoclinic crystals of KYW were grown by the Top Seeded Solution
Growth-Slow Cooling (TSSG-SC) method. Supersaturation was obtained by slow cooling of the
solution from the saturation temperature. The crystal growth was carried out Uéh@iéas solvent.

The experiments were carried out in a cylindrical vertical furnace. The temperature control was
made with a Eurotherm 903 P controller/programmer connected to a tyristor.

The substrates were grown from about 200 g of solution prepared in £2%lomrical platinum
crucibles and the reagents wergdQ;, Y,03; and WQ with the same purity of the ones used for the
solubility curves. The solution composition was 12 mol % KYW/88 mol 3/kO; and was chosen
taking into account the solubility curve of KYW in this solv&hThe axial temperature gradient in the
solution was 1.5 K/cm, with the surface cooler than the bottom to avoid the nucleation of crystals at
the bottom of the crucible.

Two kinds of crystal growth experiments were made. First, we simultaneously grew three crystals
located at the surface of the solution about 1 cm from the center and equally spaced. The orientation o
these crystals was with thedirection perpendicular to the surface of the solution. The aim of these
crystal growth runs was to obtain small crystals (about 5 mm as maximum dimension) to be used as-
grown as substrates and to study the epitaxial growth on different crystal faces. In the second kind of
runs, we grew a unique single crystal in every experiment Withrystallographic direction
perpendicular to the surface of the solution and located at the center of the solution surface. The
crystals obtained in these last experiments were big enough to be cut into plates perpendicular to
direction to use as substrates in the epitaxial growth. In both cases, the solution temperature was
decreased at a rate of 0.1-0.2 K/h for 20-28 K from the saturation temperature. The crystal rotation was
40 rpm in all the experiments. After the growth process, they were removed from the solution and
maintained just above the surface of the solution, while the furnace was cooled at a rate of 25-30 K/h
to avoid thermal stresses.
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Unit Cell parameters. The unit cell parameters of KYYb,W for different levels of substitution

of Y by Yb (different values of x) were refined from the X-ray powder diffraction data. The crystals
needed were obtained with the same procedure than the ones of the solubility curve. For these
measurements, we used a Siemens D-5000 powder diffractometer, with Bragg-Brentano parafocusing
geometry and vertic&l-6 goniometer. The X-ray powder diffraction patterns were recorded at120

— 70° with a step size of 0.02° and a step time of 16 s. The cell parameters were refined using the
Fullprof program”.

The change of the cell parameters of undoped KYW anglgiKi W with the temperature was
obtained from the X-ray powder diffraction data obtained using the same diffractometer, equipped
with a high temperature chamber Anton-Paar HTK10, over the range between room temperature anc
1273 K. The X-ray powder diffraction patterns were recorded at 28— 70°, with a step size of 0.03°
and a step time of 5 s. The X-ray patterns were recorded at 298 K, 323 K, 373 K. After that, the time
interval between measurements was of 100 K up to 1273 K. The cell parameters were also refined with
the Fullprof program.

Liquid Phase Epitaxy. The liquid phase epitaxy experiments were made in a special furnace with
a wide isothermal zone to achieve a thermal gradient in the solution of practically zero. This thermally
stable zone contributes to the homogeneous growth over the entire surface of the substrate where th
growth process occurs. The LPE experiments were carried out using cylindrical platinum crucibles 30
mm in diameter and 40 mm high. The solution weighed about 70 g. The reagents were the same as il
the growth of the substrates and,®b (99.9% purity) for substitution. Different solution compositions
were used in these experiments, ranging from 5 mol %KW / 95 mol % KkW,0; to 12 mol %
KY1xYbW / 88 mol % KW,0; in order to study the influence of the solute concentration in the
epitaxial growth. Different solution compositions lead to a difference in the slope of the solubility
curve. The chosen solute/solvent composition has to compromise between the rate of growth and the
macrodefect density in the epilayer/substrate interface. A small slope in the solubility curve lead to a
high solute deposition with small temperature fluctuations and this fact could involve the appearance
of defects in the interface. On the contrary, a high slope in the solubility curve involves a low growth
rate and the crystal growth is less affected by temperature fluctuations.

The saturation temperature of the solution as well as the kinetics of growth/dissolution at
temperatures slightly below/above the temperature of saturation were determined accurately with a
KYW seed in contact with the surface of the solution rotating at 40 rpm. These measurements were
important to decide the growth conditions of the epitaxial layers

In order to study the influence of the crystalline face on the quality and thickness of the epitaxial
layer, LPE experiments on as-grown KYW substrates were carried out. A second kind of experiment,
made with (010) oriented plates, were carried out in order to study how the time of growth, solution
composition and supersaturation affected the quality and thickness of the epitaxial growth. These
plates were obtained by cutting a KYW single crystal in slices of 2 mm thick. After that, these plates
were polished to optical grade quality and were mounted in a vertical position with platinum wires on
an alumina rod.

Before being introduced to the furnace, the substrates were carefully cleaned by dipping them for 5
minutes in HNQ/distilled H,O = 1/1. After that, they were dipped for 5 minutes in distilled water and
5 minutes in GHs-OH. The entire cleaning process of was made with the crystal in rotation.

The first LPE experiments were carried out using the same solution composition as the growth of
the substrates, only substituting part of th#®¥by Yb,Os; in different proportions. After that, we
decreased the solute concentration in the solution in order to study its influence on the quality of the
layers. The experiments carried out are summarized in tables 1 and 2. The solute concentration and Y!
contents in the solution are shown in these tables. Also, there are temperatures below the saturatio
temperature where the LPE crystal growth was made and the time of growth. In all the experiments,
the surface of the substrates was first dissolved slightly by maintaining the temperature of the solution
1 degree above the saturation temperature for 5 minutes. After that the temperature was decreased 1
the growth temperature. In addition, all the LPE crystal growth experiments were carried out with the



UNIVERSITAT ROVIRA I VIRGILI

CRECIMIENTO Y CARACTERIZACION DE CAPAS EPITAXIALES DE KRE 1-X 4BX (WO4)2 / KRE (WO4) 2 (RE=Y, LU)
PARA APLICACIONES LASER

Ana Isabel Aznar Ecija

ISBN:978-84-691-1552- /DL:T.151-200
substrate rotatlng at 40 rpm. Flnally, the crystals were removed from the solution and taken out of the

furnace slowly in order to avoid thermal shocks that could produce cracks in the crystal.

Experiments 1-5, 9 and 12 in as-grown substrates (table 1) and experiments 23 and 27 in (010)
slices (table 2) were designed to study the influence of the Yb concentration in the solution in the LPE
crystal growth. Experiments 5-11 and 20-22 in as-grown substrates (table 1) and experiments 23-26€
and 28 in (010) slices (table 2) were designed for studying the influence of the time of growth on the
quality and the thickness of the epitaxial growth. Experiments 9-10, 14-16 and 17-19 in as-grown
crystals (table 1) were made for studying the influence of the growth temperature, and consequently
supersaturation, on the epitaxial crystal growth.

The composition of the layers obtained by LPE were measured by electron probe microanalysis
(EPMA) using a Cameca SX 50. These measurements also allowed us to detect the layer/substrat
interface by a compositional change and to measure the thickness of the layer. But because the use ¢
this method to measure the layer thickness requires a lot of EPMA measurements, we only used it in ¢
few cases. The thickness of the epitaxial layers was also measured with an Olympus Optical
Microscope (magnification x5, x10, x20 and x50) using transmission light and by scanning electron
microscope (SEM), using backscattered electrons.

The quality of the layer on every crystal face as a function of the solution composition and growth
conditions was studied by observing the crystals first with the optical microscope mentioned above and
after that with confocal and interferometric microscopy to obtain information of the growth
morphologies.

Spectroscopic study.The optical polarized absorption with//N,, at a room temperature of a
KY0.81Ybo.1dN/KYW(010) epitaxial layer was measured in the 900-1050 nm range, using a Cary
Variant 500 spectrophotometer, with a Glan-Taylor polarizer. Fluorescence was dispersed through a
HR 460 Jovin Yvon-Spex monochromator and detected by a cooled Hamamatsu R5509-72 NIR. The
fluorescence spectra were measured in 90° geometry with a laser diode, emitting at 940 nm, as the
excitation source. We analyzed the luminescence signal using an EG&G 7265DPS lock-in amplifier.
The sample was pumped along therystallographic axis, and the emitted light was collected parallel
to the b direction.

Lasing experiments were made using agkaY bo 1dW/KYW with a layer of 48um grown from a
solution with 20 mol % of Y substituted by Yb. Continuous-wave lasing at 1030 nm with an output
power 02640mw was obtained at room temperature. More details of laser experiments can be seen ir
reference’.

Results and Discussion

Solubility curves. Figure 1 shows the solubility curve of K¥Ybo W in the solvent KW-,0;.
Compared with those of the KYW and KYbW, published elsewfiéfeit can be said that there was
no significant difference in their solubility. At around 54% solute composition and 1273 K, there
appears a drastic change in the slope of the solubility curve. After this pointpghmaoBoclinic
morphology leads to layered crystals corresponding to orthorhombic high temperature phase
isostructural to KY(M0@),'®**% The insets in Figure 1 show a photograph of both crystal habits that
appeared: the monoclinic and the layered one. The solidus line is located at 884 K and indicates the
temperature below what the solution turns solid for any composition.

In the solubility curve shown in Figure 1, we can observe two regions with very different slopes.
From 5 to about 15 mol % solute, the solubility curve has a higher slope than for solute concentrations
above 15 mol %. From these results, we concluded that solutions with solute concentration lower than
15 mol % are, a priori, the most suitable for single crystal and epitaxial growth since the
supersaturation of the solution would be less affected by temperature fluctuations.
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Substrates crystal growth.As it has been mentioned in the experimental details, two kinds of

substrates were used: as-grown substrates and slices perpendicular to (010) direction cut from bull
crystals and polished. The crystals obtained in the two kinds of crystal growth runs were transparent,
colorless and free from inclusions and other macroscopic defects.

The crystals with dimensions less than 5 mm were used for substrates without any other treatment,
only careful cleaning. These KYW single crystals are formed bylth@},{010}, {-111} and {310}
faces as can be seen in figure 2, where it is shown a photograph of a crystal and a morphologica
scheme made with the Shape prog

The bulk crystals to be cut in slices weighted between 3.0 and 6.3 g and their dimensions were in
the range 7-9.1 mm x 6.9-9.2 mm x 13.6-19.8 mma*irx b x ¢ directions. These crystals were cut
with a diamond saw and polished to obtain (010) slices with minimum deviation from this direction
and a roughness less thapr8.

Unit Cell parameters. Before carrying out the LPE experiments, the change of the cell parameters
with the Yb contents in the crystal was determined because of its relation with the defect generation in
the film/substrate interphase of the composite.

Table 3 shows the unit cell parameters of KYW and Kb,W for different levels of substitution
of Y by Yb. As a consequence of the minor ionic radius of"YB.985 A) with respect to the ionic
radius of Y*(1.019 A¥? the cell parameters decrease when the Yb concentration increases, except for
the angleB that within experimental error is practically constant. The chanbgyarameter is more
significant than the change aandc parameters. Consequently the cell volume also decreases with
the increasing of Yb.

A bidimensional lattice mismatch can be defined by the expresgion=f[(S. nw) — S () Ss
(k] X 100, where Spyand $ gy are the areas of the (hkl) periodicity vectors of the substrate and
the layer, respectively. Table 4 summarizes the lattice mismatches for the {010}, {110}, {310} and {-
111} faces at room temperature. High mismatches between the layer and the substrate will lead to ¢
high stress in the interface that could produce cfickscan be said that, up to 10 atomic % of Yb
substituting Y in the layer, the face with the lowest mismatch between the layer and the substrate is the
(-111) face, while for higher Yb concentrations, the face with the lowest mismatch is the (010) face.
The layer on the (110) face has a higher mismatch than the layer on the (010) face, but lower than the
one on the (310) face. In addition to having a low mismatch, the (010) face also has a low rate of
growth, which could be the reason because the epitaxies on this face are generally with a high level of
flatness and few defects. Moreover, the (010) face is the most interesting one for optical applications
due to the fact that the principal optical akgsandN, are contained in tha-c plane perpendicular to
(010) direction.

Lattice mismatch variation with temperature. Since the thermal expansion of the epilayer and
the substrate are not equal, (Figures 3.a and 3.b), the lattice mismatch is not constant as the
temperature varies. The thermal evolution of the lattice mismatch between the substrate and the
epilayer, KYW and KY.gYbo 2W, respectively, are presented in Figure 3.c.
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The linear thermal expansion coefficients in a given crystallographic directicm=éd&/0T)/L,

where L is the initial parameter at 298K ahid is the change in this parameter when the temperature
is changed byAT. The a; are the slopes and conform the linear thermal expansion tensor in the
crystallophysical frame. Using the experimental data of figure 3a), the linear thermal expansion values
for KYogYboW are: areo;p=10.5 x 1( K)?, aowo =2.77 x 1P( K), age; =18.3 x 1F( K)2,
a=20.7 x 1F(K)?, ay =30.0 x 16 (K)™. By diagonalising this tensor , we obtained a linear thermal
expansion tensor in the principal system,XX’,, X'3. The linear thermal expansion tensor values in
the principal system arer' 33=21.1 x 16 K X'3found at 30.2° rotating anti-clockwise framaxis

with theb positive axis pointing usy’'1,=10.1 x 1 K™ for X’ ; principal direction ana’ ,,=20.7 x 10

® K™ for X', (b crystallographic direction) principal axis. Comparing these values to the previously
published ones for KYW ifi, it can be observed that these values are higher and this fact implies a
greater dilatation of the epilayer than the substrate when increasing the temperature.

A fuky> O indicates a tensile strain while gwf< 0 implies a compressive strain in the composite
interface. Figure 3.c shows the evolution of the lattice mismatch from room temperature to 1273 K.
As can be seen, the values @fuf are around 0.6% at higher temperature where the growth process
occurs and it decreases as the temperature does. So, a very slow cooling ramp once the epitaxie
sample is grown and extracted from the solution will be needed until around 773 K to avoid interface
defects due to the high difference between the epitaxial and substrate lattice parameters. Below this
temperature, the cooling ramp rate can be faster because the lattice mismatch difference is rather low
As can be seen, the thermal evolution of lattice mismatch is very similar for all the faces studied.

Liquid Phase Epitaxy. The experiments of LPE using as-grown substrates to study the quality of
the epitaxies grown on the different crystal faces and LPE on (010) plates are summarized in tables 1
and 2, respectively. The dissolution of the surface of the substrates at 1 degree above the saturatio
temperature over five minutes has proven that there is no contribution to the increase of the defects ir
the interface since only it only dissolves the outer part of the crystal in order to eliminate possible
surface defects.

For a 5 atomic % Yb substitution, the mismatch between the layer and the substrate on the (010)
face is small enough to permit the growth of the layer on the substrate with a high flatness. For
substitutions of Y by Yb higher than 10 atomic %, the tendency for defects to appear in the interface
is increased. The layer/substrate mismatch on (-111) face is of the same order as on the (010) face bt
the layers on (-111) face were generally of poor quality. One possible explanation is that this face has
growth rate higher than its neighbor faces and this can contribute to the occurrence of more defects ir
the layer. The layers grown on the (110) face generally have a high quality of up to 10 mol % of
substitution of Y by Yb because the mismatch is also small in this case. Finally the layers obtained on
the (310) faces generally have more defects than the layers grown on (010) and (110) faces but les
than the layers grown on (-111) faces. So, for the following studies, only (010) oriented slices were
used. As an example, Figure 4 shows photographs of LPE layers grown on different crystal faces,
where we can observe the typical growth defects on these faces.

The Yb concentration in the growth solution has a significant influence on the quality of the layers.
Thus, using the growth conditions of this work, we have observed that in some of the experiments,
there is a tendency for some cracks to begin appearing in the layer/substrate interface of the crysta
when the substitution of 203 by Yb,Os in the solution is 10 mol %. By increasing the substitution to
20 mol %, even with low solute concentration in the solution, the cracks are present in equal
distribution in the layer/substrate interface (see Figure 5). In the epitaxial growth of KYbW/KYW, the
interface defects are so important that it does not make the samples transparent (experiments 12 ar
13), probably due to the high lattice mismatch between the layer and the substrate.

The most commonly observed morphologies in the layers are growth steps and were first observed
by optical microscope and after that by confocal and interferometric microscopy. Figure 6 shows, as an
example, a confocal image of representative bsYbo oaW/KYW and KYq goYbo 20M/KYW layers
grown on (010) faces with the same z-axis scale. As can be seen in the figure, the rms (root mear
square) roughness of the K¥Ybo20W/KYW sample is clearly higher than that of the
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KY 0.95Ybo.0aW/KYW one, 490 and 160 nm respectively. In the profiles, there can also be observed a

higher height in the growth steps. In the case of the o .0W/KYW epitaxial sample, there can

be observed a high number of growth centers in the form of growth hillocks which were more active
than centers which had dominated the growth process over the whole face. These growth centers ca
be mainly due to solution remains in the surface of the crystal. Surface cracks are a source for solutior
which leads to the structures shown in the inset of the Figure 6b).

The increase of the thickness of the epitaxial growth on the (010) face as a function of the growth
time was studied (experiments number 26 and 28). First, we dipped the crystal into the solution several
millimeters, followed by pulling the crystal in steps of 1 mm at known intervals of time (30 minutes in
experiment 26 and longer times in exp 28). In the final pull, we entirely took out the crystal from the
solution. Figure 7 shows the evolution of the layer thickness on (010) crystal face with the time of
growth and the average growth rates at 6 and 22 hours. The growth rate increases almost linear unti
around 10 hours at 19.5 pm/h and then it decreases to 2.4 um/h at 22 hours. Comparing these growt
rates with these previously published for Kle¥ibo W/KLUW™L, it can be observed that the growth
rates for KYp.g0Ybo 20/M/KYW are much higher. This effect can be due to the higher value of lattice
mismatch between the epilayer and the substrate, which induces a higher number of defects in the
interface leading to an increase in the number of kinks where the growth units can attach.

Table 5 shows the layer thickness of KYbyW/KYW grown from 12 mol % solute and a 10
atomic % of Y substituted by Yb in solution, two different levels of supersaturation and different times
of growth. The thicknesses of the faces were evaluated by the observation by SEM of the epitaxy cut
perpendicular td crystallographic direction and measuring the distance from the substrate-epilayer
interface. This is the reason why the values of (-111) thickness are not present in table 5. Of all the
faces studied, the face with higher velocity of layer growth is the (010), followed by the (110). The
layers grown on (010) and (110) faces are generally of higher quality than the layers obtained on the
(310) and (-111) faces.

The solute/solvent ratio in the growth solution slightly influences the growth velocity, but the
quality of the layer/substrate is practically unchanged (experiments number 9 and 17).

The influence of the growth temperature of the epitaxial layers is studied in experiments number 9-
10, 14-16 and 17-19. From these experiments, we conclude that at low levels of supersaturation
(growing from 2 to 6 degrees below the saturation temperature, using about 70 g of solution), no
significant changes in the quality of the epitaxial growth nor in the velocity of growth are observed.

The layer composition was measured by EPMA with Wavelength Dispersive Spectroscopy (WDS)
and the distribution coefficient of Yb was calculated according to the expressipr:{KYb] / ([Yb]

+ [YD)} iayed{[YD] / ([YD] + [Y])} sowion Where [Yb] and [Y] are the concentrations of Yb and Y,
respectively. Table 6 summarizes the composition of the layers and the distribution coefficient of Yb
for different levels of substitution of Y by Yb. We have observed that in the distribution coefficient of
Yb, there was practically no change with the solute/solvent ratio with the ratios studied in this work.
For all the levels of substitution studied, the distribution coefficient of Yb is close to unity.

Spectroscopic Study. Figure 8 shows the polarized optical absorption of a oriented
KY 0.81Ybo.1d WO4)-/KYW (010) epitaxial layer at room temperature. The light was polarized parallel
to the principal optical direction i\ In this family of materials, the optical absorption of ¥Ybtrongly
depends on the light polarization; in previous studies, the highest absorption values reported are by
Mateoset al.’?*! at 980.6 nm WithE//Ny, dgaps 11.7 x 10° cnf? and by Kuleshoet al. 2, at 981.2 nm
with E//a’ ( wherea’ is the unit cell parameter expressed in the spatial J&jopa’ = (a + c),a andc
are the unit cell parameters in C2/c), the cross section vatggs#s13.3 x 10° cnt.

As can be observed from the spectrum ?fhe — “Fs;transition has three main peaks centered at
933.6, 981.81ad 1000.0 nm.

The maximum absorption cross sectiaps at 981.8nm, calculated with the Yconcentration of
1.992 x10%* ions/cnd, amounts to 12.5 x I¥cn’. The emission cross section spectrum was calculated
with the reciprocity method using the absorption cross section spectrum at room temperature and the
splitting determined at low temperature in the referEhcEhe results are included in the inset of
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Figure 9 and compared with the experimental unpolarized emission spectrum obtained in the presen

paper. The peaks correspond to the transition from the exX&itedevel to the four sublevels of the
ground statéF,.

It is worth mentioning that the relative intensity of the peak at 981.8 nm, corresponding to the
F5(0") - %F72(0) sublevels transition, shows a slight decrease in the experimental spectrum in
comparison with the calculated spectrum. The experimental emission spectrum is an avegaayelof N
Nm polarized emission spectra as a result of the above described experimental configuration. There is ¢
significant overlap between the absorption and emission spectrum around 982 nm, which can produce
reabsorption during lasing experiments. Thin layers minimize this éff@tte maximum calculated
emission cross section is 15.8 x2@tm/cnf at 982.6 nm.

Efficient continuous-wave laser emission was achieved at around 1030 nm with an output of 40
mW from a sample K¥s1Ybo1dWO4)/KYW (010) epitaxial layer obtained and described in the
present paper. More details of the laser operation can be found in reféfences

Conclusions

Epitaxial layers of KY.xYbx(WO,)./KY(WO,), were grown by liquid phase epitaxy on bulk
substrates and (010) slices. Up to 10 atomic % of Y layers substituted by Yb are generally of high
quality, principally on faces (010) and (110). For substitutions higher than that, some cracks at the
layer/substrate interface began to appear. The layers grown on (310) and (-111) are generally of worst
quality than the layers on the (010) and (110) faces. The face with higher velocity of growth is the
(010) face. No significant increase in the growth velocity of the layer with the level of supersaturation,
for the low levels of supersaturation studied in this work, was observed.

The optical absorption witg // N, polarization shows three main absorption peaks corresponding
to the®Fy, — “Fsptransition centered at 933.8 nm, 981.8 nm and 998.4 nm and a maximum absorption
cross section of 1.22 x datm/cnd.
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Table 1: Experiments of LPE growth on as-grown substrates and growth conditions

4BX

(WO4)2 / KRE

(Wo4) 2

Experiment number ?r(:]lgltaer/srglt\iloe)nt Yb cont(ﬁnn;lsol/:)solutlon AT growtn (K) | Growth time (h)
1 12/88 0 -2 2
2 12/88 1 -2 2
3 12/88 2.5 -2 2
4 12/88 5 -2 2
5 12/88 7.5 -2 2
6 12/88 7.5 -2 3
7 12/88 7.5 -2 4
8 12/88 10 -2 1
9 12/88 10 -2 2
10 12/88 10 -1 2
11 12/88 10 -1 4
12 12/88 100 -2 2
13 12/88 100 -1 2
14 7/93 20 -1 4
15 7193 5 -3 4
16 7193 5 -6 4
17 5/95 10 -2 2
18 5/95 10 -3 2
19 5/95 10 -4 2
20 5/95 20 -2 2
21 5/95 20 -2 3
22 5/95 20 -2 4

Table 2: Experiments of LPE growth on (010) plates and growth conditions

Solute/solvent

Yb contents

Experiment number (molar ratio) in solution |ATgrown (K) |  Growth time (h)
(mol %)
23 5/95 10 -2 2
24 5/95 10 -2 3
25 5/95 10 0/-2 Ramp 0.5%/n
uring 2 h
26 5/95 10 -2 0.5/1/1.5/2
27 5/95 20 -2 2
28 7/93 20 -6 2/3/4/5/8/12/20/22/24

(RE=Y, LU)
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Table 3: Cell parameters of KYW and KYYb,W

[Yb]soutionat. % | a (A) b (A) c(A) B () |Volume (A%
0 10.6313(4)] 10.3452(6) 7.5547(3) 130.752(2) 629.44(5)
5 10.6250(5)] 10.3380(5) 7.5475(3) 130.745(2) 628.09(5)
10 10.6239(5)| 10.3326(5) 7.5448(3) 130.745(3) 627.48(5)
20 10.6200(6)| 10.3213(6) 7.5382(4) 130.744(3) 625.98(6)
50 10.6098(5)] 10.2952(5) 7.5223(4) 130.751(3) 622.45(5)
100 10.6003(12) 10.2673(12) 7.5066(8) 130.766(6) 618.78(12)

Table 4: Mismatch between KYYb,W layers and KYW substrate

Composition fo10) fa10) f(310) fra11)
KY 0.95Ybg osW/KYW |-0.1440 -0.1570 -0.1635 -0.1283
KY 0.0Ybo.W/KYW |-0.1901] -0.2290 -0.2487 -0.1863
KY 08Ybo W/KYW |-0.3125 -0.3974 -0.4403 -0.3252
3 3
b

KY 05YbosW/KYW |-0.6287 -0.8038 -0.8923 -0.6745
KYbW/KYW -0.9473 -1.219% -1.3572 -1.0397

Table 5: Layer thicknesses of KYYb,W/KYW grown from 12 mol % solute a 10 mol % of Y
substituted by Yb in solution

commen | oo | a1, | QG | o | G
number " (K) (um) (um) (um)
8 1 -2 63 32 14
9 2 -2 77 50 20
10 2 -1 68 46 16
11 4 -1 103 48 25

Table 6: Crystal composition and distribution coefficient of Yb for different levels of substitution.

Solute/solvent

(molar ratio)
5 1.03]  KYo.95Ybo.05 (WOs)2
10 1.02] KYoq.90Ybo.10 (WOy,)2
20 0.95| KVYp.81Ybo.1dWOy),

Kyp | Stoichiometric formula
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Figure captions:

Figure 1. Solubility curve of K¥gYboW in the solvent KW,0;.

Figure 2. KYW single crystal before being cut in slices for substrates and a crystal scheme made with
the Shape program.

Figure 3. (a) Thermal evolution of unit cell parameters ofgl§¥bo W, (b) KYW and (c) lattice
mismatch.

Figure 4. Typical growth defects on several crystal faces.

Figure 5. Morphologies in the layer/substrate interface that appeared for a sample with 20 mol % of Y
substituted by Yb in the epitaxial layer.

Figure 6. (a) Confocal image of a K¥sYboosW/KYW layers grown on a (010) face and (b)
KY 0.8Ybo ,W/KYW layers grown on a (010) face.

Figure 7. Epitaxial layer thickness in front of the time of growth on a (010) slice (experiment number
28) with image and scheme view of the sample.

Figure 8. Optical absorption witiNy, polarization of a KYg1Ybo 1 WQO.)/KYW crystal at room
temperature.

Figure 9. Emission cross section spectrum of agkiYbo1dWO,)/KYW crystal. Inset: Emission
cross section calculated using the reciprocity method and absorption cross section spectrum used fo
the calculations.
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Figure 4

Figure 5
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Figure 6
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Figure 7
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