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Growth, optical characterization, and laser operation of epitaxial
Yb:KY (WO,),/KY(WO,), composites with monoclinic structure
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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 2&-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. Z004 American Institute of PhysidDOI: 10.1063/1.1814426

Yb-doped materials are well suited for building simple This problem can be overcome by using highly doped tung-
and robust diode-pumped lasers in therh spectral range state materials, but the handling of free-standing crystals is a
which have proved their potential in high power operafion. great technological challenge, in particular for a thickness
The attraction of Yb-doped materials are their small quantunbetween 10 and 5@m. Therefore thin epitaxial structures of
defect and the absence of excited state absorption, upconveiighly Yb-doped KYW on KYW substrates seem to be ideal
sion processes, cross relaxation, and concentration quencfar face-cooled laser concepts including microchip lasers and
ing. Moreover, the broad absorption bands of these laser mahin disk laser designs. Our approach is to achieve cw lasing
terials are covered by high-power InGaAs laser diodes thagy the use of such epitaxial samples to minimize the reab-
permit  efficient pumping. The small Stokes shift sorption loss and to pump near the absorption maximum at
(~600 cm) between absorption and emission reduces theg1 nm.
thermal load and increases the laser efficiency. o Liquid phase epitaxyLPE) is a well-known technique to

The magnitudes of the Yb absorption and emission ,ptain homogeneous single crystal layers.is based on
(r;rgtsesr-izlec‘tllﬁg 5iagts)psézlorr]r?cl)¥13;?nei2?oc\)/\? ttgrigggstﬁre'%ﬁ;rs:%ﬁitaxial growth from solution over a crystalline substrate

: . nd allows doping the layers during growth with optically
of the double tungstates KWO,), (K_YW) and active ions like ytterbium. Moreover it is possible to control
KGd(WO,), (KGW) stand out because of their large absorp-y,q layer thickness by adjusting the temperature and the

tion gnd emission cr_osshsectio%éllo_mparatg/.e SBUdLeS bﬁsed rowth time. Some preliminary results on LPE of KYbW
on t P} tsk;])ectros;:oplc characteristics tprt_e icte ¢ tth_at tl ey a%ms on KYW substrates were reported only very rece?’ltly.
one of the most promising répresentatives of this class Of, o present letter we describe the growth and the proper-

ma;e rials‘f KYW can incorpora'\te higher .copcentr'ations of ties of an epitaxial Yb:KYW/KYW structure with improved
Yb*"ions than KGW approaching the stoichiometric Compo'crystal quality at the interface which permitted laser genera-

- 5 . . ..
sition KYb(WO“)Z (KYPW) while maintaining the same " e o chieved with a strongly anisotrogimonoclinio
structure. Yb:KYW, Yb:KGW, and KYbW are strongly an- : d . di
isotropic and all show an absorption maximum near 981 nrr%mmp.OSIte structure used as an active medium.

Single crystals of KYW to be used as substrates have

which, for light polarization parallel to thi,-crystallo-optic been grown by the top seeded solution growSSG

axis, is about 15 times higher than that of Yb:YAG. In al method. The experiments were performed in a vertical cylin
th fth fficient | ti hh I ) ) )
ree of them, efficient laser operation neguth has already drical furnace and the solvent chosen Wa§W§O7.9 The

been demonstrate':® : by . .
The extremely high absorption and emission cross secolution composition was, n molar ratio, W,0;/ KYW
tions of Yb:KYW permit the use of very thin crystals. For —86/12. We inserted the reagents,GO;, Y05, and WQ;,
such laser crystals even low beam quality pump soudlies m|x¢d in the appropriate ratios, weighting about 200 g, in a
most of the laser diodgsan be used, still achieving a good Platinum crucible of an inner diameter of 50 mm. The solu-
overlap of pump beam and resonator mode. AS*Ys a tion was homogenized by maintaining the temperature at
quasi-three-level system, poor overlap would not only mear?0 K above the expected temperature of saturafign, The
wasted pump power but also cause additional reabsorption &xial thermal gradient in the solution was about 1 K/cm,
the stimulated emission. Thin disk Yb lasers have alreadyeeping the bottom hotter than the surface. After homogeni-
proved their potential for high output powgrg,but have zation of the solution th&,,has been accurately determined
required complicated pump optics to realize several pumgn €ach run and it is, on average, 920 °C.
passes through the active medium for efficient absorption. ~ Then, the crystal growth process was initiated on seeds
in contact with the surface of the solution, which was cooled
dAuthor to whom correspondence should be addressed:; electronic maif’?‘t a rate of 0.05 K/h .by 6 K. Fma”y’ the CryStals were re-
diaz@quimica.urv.es moved from the solution and cooled down slowly to room
DElectronic mail: griebner@mbi-berlin.de temperature.
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TABLE |. Epitaxial film thickness and rate of growtR, for different crys-
tallographic faces measured by SEM.

Face Thicknesgum) R (um/h)
£ (010 48.1 12
e (110 29.9 7.5
’ (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 microscop&EM) 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 thg110} and {310} faces. From
the images obtained by SEM a sharp interface between the
substrate and the 48m thin doped layer, corresponding to a
. (010 face, can be detected visualiyset Fig. 3.

The KYW substrates obtained were transparent and free  The substrate and layer composition was determined by
from macroscopic defects. The ty|_oical dimensions rangedqctron probe microanalyses with a CAMECA SX-50 equip-
between 3<3x6 and 5<5x 8 mn? in a, b, andc crystal-  ent The results obtained show that the Yb content in the
lographic directions, respectively. The unit cell parameters 0fayer(11.96>< 102° Yb3* ions/cn?) is more or less the same
KYW in the C2/c space group determined at room temperas,q iy the solution, while the Yb content in the substrate is
ture  are, a=10.63134) A'o b:10'345,26) A ¢ zero, even close to the interface. Thus, the distribution coef-
=7.55473) A, and $=130.7522)° and the unit cell param-  ficient of Yb* in these layers is close to unity, which is very
eters of KYbW amount t@= 10-559Q4) A, b=10.2986) A, tayorable for obtaining a homogeneous distribution of ytter-
c=7.4782) A, and 8=130.72)°.> It can be seen in Fig. 1 pjum in the epitaxy. Figure 2 represents the evolution of
that the KYW morphology is mainly formed by010},  yitrium and ytterbium concentration at the substrate/layer in-
{110}, {310} and{-111} faces. terface. We observe that there is practically no diffusion of

The LPE experiments were performed in a vertical fur-Yp3* into the substrate.
nace with practically no axial gradient to obtain a homoge-  Using an optical microscope we could detect that the
neous epitaxial layer thickness on every crystal face. Theurface morphology of these layers was quite good and flat
solution was prepared by mixing about 70 g of the reagentgver large areas. There was no essential difference in surface
in a cylindrical platinum crucible with a 30 mm diameter. morphology between the different natural faces of the crys-
The ratio between the solvent,,W,0;, and the solute, tal, although the fac€010) seems to be the best. The typical
KY 0.8Ybo A WO,),, was decreased by 7% as compared to thejefects that appeared were steps of growth in all faces. Fur-
value in the substrate growth, to perform the epitaxial growththermore, in{110} and {310} faces some cracks could be
at lower temperatures. This permits a better control of thedentified.
growth rate according to the solubility curve of KYW in For the laser experiments th@10) faces of the epitaxial
K W,0,.1° crystal were additionally polished with high optical quality.

Once the solution was homogeneous, we accurately dé&=rom the measured absorbed pump power we deduced a
terminedTg, in each run being, on average, 820 °C, whichthickness of the 20% Yb/Y-site KYW layer of 26m. The
means 100 °C less than,obtained in the substrate growth.
Next we studied the kinetics of the growth and dissolution of
a seed at different temperatures closd g before the epi- 0.15- =Y
taxial growth. This information was very useful for the substrate | layer | air ° Yo
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, with the objective to 0.0012 ¢ oo ¢ o o0 o o, . . .
dissolve the outer layer of the crystal. Thus, the substrate was 8 A0 .. B % W
dipped into the solution at this temperature for 5 min and KYOWO,), substrate  KgqYh,(WO,), layer
then the temperature was decreased to 2 °C bdlgyfor distancerfronthe inferfacs [um]

4 h.tO grow the epitaxial layer. The crystal rotation velocity FIG. 2. Evolution of the yttriun{Y) and ytterbium(Yb) concentration at the
during all these procedurégalso for TSSG was kept con-  supstrate/layer interface. Inset: SEM micrograph of the epitaxial crystal with

stant at 40 rpm. Finally we removed the crystal from thethe Yb:KYW/KYW interface.
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FIG. 1. KYW crystal grown and its morphological scheme.
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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
=984 nm with a 2% transmission output coupler. The laser
threshold of the 25m-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. 3. Laser setup: M My—folding mirrors (RC=100 mn); M;—output

. . . o
coupler; Yb:KYW/KYW—1.6-mm-thick epitaxial crystal;, J—focusing (Fig. 4)'. Applymg a chopper with a dlity CyCle of 4% and
lens. comparing the output power foh,=984 nm and A,

=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
e(frystals have been grown with high optical quality by the

uncoated 1.6-mm-thick Yb:KYW/KYW epitaxial crystal
with an aperture of X5 mn? was positioned in the laser
resonator under Brewster angle to minimize the Fresn . )
losses. Pump light absorption was maximized by orientin POE met+hod. A 48“_m t_h'n KYW (010 layer doped with
the crystal for theN,,-crystallo-optic axis parallel to the 0% Yb** as _the active lon was grown on a_KYW substrate.
pump light polarization. The experiments were performed-2S€r operation of a Yb:KYW/KYW epitaxial crystal was
with a cw Ti:sapphire laser as the pump source. It was Optiachleved. Contlnuous-wav_e lasing at 1030 nm with an outpl_Jt
mized for emission in the range from 960 to 1025 nm withPoWer of 40 mW was obtained at room temperature. There is
a linewidth<1 nm, delivering more than 2 W output power. 9réat potential for applying such Yb-doped epitaxial KYW
We studied a Z-shaped resonator with two folding mirrors inCrystals in waveguide structures and microchip lasers which
the middle(Fig. 3) to form a 30um intracavity beam waist Profit from the short absorption length.

at the position of the epitaxial crystal. No special provision
was made for cooling the sample. The Ti:sapphire beam was
focused by anf=62.8 mm lens through the folding mirror
M, giving an estimated 3@:m pump waist.
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