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Abstract—It has been recognized that the monoclinic double
tungstates KY(WO4)2, KGd(WO4)2, and KLu(WO4)2 possess a
high potential as rare-earth-ion-doped solid-state laser materials,
partly due to the high absorption and emission cross sections of
rare-earth ions when doped into these materials. Besides, their high
refractive indexes make these materials potentially suitable for
applications that require optical gain and high power in integrated
optics, with rather high integration density. We review the recent
advances in the field of bulk lasers in these materials and present
our work toward the demonstration of waveguide lasers and their
integration with other optical structures on a chip.

Index Terms—CW lasers, dielectric materials, dielectric waveg-
uides, epitaxial layers, integrated optics, ion implantation, optical
waveguides, optical planar waveguides, optical strip waveguides,
pulsed lasers, rare earth compounds, solid lasers, thulium com-
pounds, tungsten compounds, ytterbium compounds.

I. INTRODUCTION

W ITHIN THE PAST five decades since their invention,
solid-state lasers have become the working tools in

many areas of applications. There is a drive for extended wave-
length diversity, ever increasing output powers, shorter pulses,
improved wall-plug efficiencies, as well as the need for smaller
footprint and higher optical integration. With respect to these
demands, in recent years, the family of monoclinic potassium
double tungstates has received a lot of attention as highly suit-
able rare-earth-ion-doped laser host materials.

The potassium double tungstates KY(WO4)2 (KYW),
KGd(WO4)2 (KGdW), and KLu(WO4)2 (KLuW) are isostruc-
tural and strongly anisotropic biaxial crystals, which crystallize
in the monoclinic structure with space group C2/c [1]–[4]. A
summary of some of their physical characteristics [unit cell pa-
rameters, density, melting and crystallization temperature, hard-

Manuscript received November 15, 2006. This work was supported in part by
the European Union under Project DT-CRYS and in part by the Swiss National
Science Foundation.

M. Pollnau is with the Integrated Optical Micro Systems Group, MESA+ Re-
search Institute, University of Twente, NL-7500 AE Enschede, The Netherlands
(e-mail: m.pollnau@ewi.utwente.nl).

Y. E. Romanyuk is with Lawrence Berkeley National Laboratory, Berkeley,
CA 94720 USA (e-mail: yaroslav.romanyuk@gmail.com).

F. Gardillou is with Teem Photonics S.A., F-38240 Meylan, France (e-mail:
f.gardillou@teemphotonics.com).

C. N. Borca is with Paul Scherrer Institut, CH-5232 Villigen, Switzerland
(e-mail: camelia.borca@psi.ch).

U. Griebner, S. Rivier, and V. Petrov are with Max-Born-Institute for Non-
linear Optics and Ultrafast Spectroscopy, D-12489 Berlin, Germany (e-mail:
griebner@mbi-berlin.de; rivier@mbi-berlin.de; petrov@mbi-berlin.de).

Digital Object Identifier 10.1109/JSTQE.2007.896094

ness, and stimulated Raman scattering (SRS)-active vibration
modes] can be found in [5] and [6]. Many laser relevant prop-
erties like refractive index, optical transparency, and thermal
conductivity are very similar for the three undoped monoclinic
double tungstates [5], [6]. They exhibit one of the largest absorp-
tion and emission cross sections and broader linewidths when
doped with rare-earth ions, which may be partly due to the high
refractive indexes and partly due to the strong anisotropy [7], [8].
Another important advantage of the rare-earth-ion-doped mono-
clinic potassium double tungstates is the relatively large ion sep-
aration allowing highest doping levels with minimum quenching
effects.

In this paper, we review the recent advances in the field of
Yb and Tm bulk lasers based on monoclinic double tungstates
KYW, KGdW, and KLuW, and present our work toward the
demonstration of waveguide lasers and their integration with
other optical structures on a chip. Section II deals with bulk laser
performance in these materials. The growth of KYW thin layers
and planar waveguide fabrication is described in Section III,
and laser results obtained with these waveguides are discussed
in Section IV. Finally, the fabrication of channel waveguides
and the first integrated optical structures in KYW is described
in Section V.

II. BULK LASERS

Among the rare-earth-ion-doped solid-state materials, Yb3+-
doped crystals are in particular well suited as gain media in high-
power lasers, femtosecond lasers, and amplifiers [9]. Yb3+ is a
promising activating ion that possesses a number of advantages
over Nd3+ for laser operation in the 1-µm spectral region [10].
These advantages are related to the very simple energy level
scheme constituted of only two levels: the 2F7/2 ground state
and the 2F5/2 excited state. Effects such as excited-state absorp-
tion, cross relaxation, and energy-transfer upconversion, which
can lead to a reduced laser efficiency through alternative paths
for depopulation of the upper laser level, are absent. The Yb3+

ion also has a small quantum defect as a result of the close pump
and laser wavelengths, leading to a low thermal load. The most
intense Yb3+ absorption line near 980 nm is suitable for pump-
ing with InGaAs laser diodes. The thermal conductivity of the
double tungstates of approximately 3.3 W m−1 K−1 (averaged
over the polarizations) is about three times lower than in YAG
but four times that of a typical phosphate laser glass [11].

The Yb3+-doped double tungstates KGdW:Yb3+,
KYW:Yb3+, and the novel KLuW:Yb3+ (for a review, see [12])
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have been recognized as laser materials with a high potential for
efficient tunable continuous-wave (CW) and mode-locked op-
eration in diode-pumped arrangements [7], [8], [11], [13]–[16].

End-pumping schemes in most cases offer a compact and in-
expensive laser design in which matching the pump and laser
modes can be relatively easy. This is an important issue consid-
ering the three-level nature and corresponding reabsorption in
Yb3+ transitions around 1 µm. The highest slope efficiencies
have been reported for end-pumped configurations [13], [14].
End-pumped configurations are also more favorable for com-
pact lasers or Q-switched lasers with short pulse lengths than
are the multipass thin-disk configurations. Recent analysis by
Brenier and Boulon [17] and Brenier [18] reveals that KYW
and KGdW (at that time KLuW was still not introduced) should
be the most promising Yb3+ hosts for end-pumped CW lasers.
This conclusion stems primarily from the calculations of the
laser output yield (or optical efficiency) and slope efficiency.

The most efficient end-pumped laser configuration reported
appears to be the pumping of KGdW:Yb3+ and KYW:Yb3+ by
a gain-switched Al2O3:Ti3+ laser [14]. In this setup, the slope
efficiency reached ∼87% and the output yield was around 50%.
Under diode pumping, the highest efficiency was achieved us-
ing a 3-mm-thick KLuW:Yb3+ sample with 5% Yb3+ doping,
mounted in a water-cooled Cu block and placed in a two-mirror
cavity. The fiber-coupled diode emission at 980 nm was focused
to a spot radius of ∼40 µm. The most efficient CW laser op-
eration resulted in an output power of 3.28 W for an incident
pump power of 6.8 W. Here, slope efficiencies reached 78%
and the optical efficiency was around 50% [16]. Power scaling
was studied using KGdW:Yb3+ under end-pumping with high-
power diode bars [19]. A CW output power of 12.4 W for 26 W
of incident pump power with an optical-to-optical efficiency of
47% was achieved using a fiber-coupled pump source. The slope
efficiency at this power level was 74% with respect to incident
pump power. The limit to the power scalability is reached due
to thermal fracture of the laser crystal at the heat fluence of
33 kW/cm2.

The Yb3+ ion in KGdW, KYW, and KLuW has an absorption
maximum near 981 nm with a cross section, for polarization par-
allel to the Nm principal optical axis, about 15 times larger than
that of YAG:Yb3+. Connected with the capability to adopt very
high concentrations of Yb3+ reaching the stoichiometric struc-
ture KYb(WO4)2 (KYbW) [20], extremely short absorption
length, substantially below 100 µm, can be realized. The max-
imum absorption cross section of KYbW for light polarization
parallel to the crystallo-optic Nm axis of 11.7 × 10−20 cm2 near
981 nm corresponds to an absorption length of only 13.3 µm.
The first CW laser operation of a stoichiometric Yb3+ laser crys-
tal was achieved with KYbW. The emission wavelength of the
KYbW laser was 1068 nm when pumping at 1025 nm. An out-
put power of 20 mW was obtained at room temperature [21]. An
extremely small quantum defect for an optically pumped laser
crystal of only 1.6% could be demonstrated at room tempera-
ture, using a 125-µm-thin platelet of KYbW. While pumping at
1025 nm, lasing occurred at 1042 nm [22]. Such highly Yb3+-
doped materials are potentially interesting for the thin-disk laser
concept [23], which profits from the relaxed requirements to the

pump-laser beam quality and the possibility for efficient trans-
verse cooling, in particular in the high-power regime.

When pumping at wavelengths above the center of gravity
of the fluorescence curve, one can achieve radiation cooling
from that part of the excitation that decays by fluorescence.
Yb3+-doped tungstates were actually proposed as optimum
materials for radiation-balanced lasers, where radiation cooling
compensates the heating from intraband (vibrational) and
nonradiative decay [24]. On the other hand, it was shown that
when pumped near 930 nm, KYW:Yb can efficiently operate
as a laser at 981 nm [25].

With monoclinic Yb3+-doped double tungstates, some of the
most promising results with respect to femtosecond generation
have been obtained. For the novel KLuW:Yb3+, the shortest
pulses obtained by mode-locking with a semiconductor sat-
urable absorber mirror (SESAM) were achieved [26]. The laser
generates transform-limited pulses with durations as short as
81 fs (Al2O3:Ti3+-laser-pumped) and 117 fs (diode-pumped), at
a repetition rate of 95 MHz and average output powers of 70 and
23 mW, respectively. The obtained pulse durations are slightly
longer than the 71 fs once obtained with a Kerr lens mode-
locked KYW:Yb3+ laser [27], but shorter than the ∼100 fs re-
ported for SESAM-mode-locked KGdW:Yb3+ and KYW:Yb3+

lasers [28], [29].
Output powers on the order of 1 W were demonstrated from

end-pumped KGdW:Yb3+ lasers in the mode-locked regime
[30], [31]. Recently, also using KGdW:Yb3+ more than 5 and
10 W of output power were reported with pulse durations of
134 and 433 fs, respectively. End-pumped by two 23-W laser
diodes at 981 nm, the oscillator operates at 45 MHz [32]. Using
KYW:Yb3+, the highest average power (22 W) from an Yb3+-
doped tungstate-based oscillator in the sub-300-fs range was
achieved applying the thin-disk laser concept [33]. The highest
average power with a femtosecond regenerative amplifier was
also obtained using a thin disk of KYW:Yb3+ that produced 9-µJ
pulses with a duration of 280 fs at a repetition rate of 200 kHz
[34]. Cavity-dumped femtosecond oscillators with more than
1-µJ pulse energy at 1 MHz based on KYW:Yb3+ were also
demonstrated [35].

In addition to being promising host media for rare-earth ions,
the monoclinic potassium double tungstates also possess large
nonlinear optical susceptibility χ(3), making them efficient
frequency converters through SRS [5]. The energies of the
strongest vibrational modes of tungstates are 757 and 908 cm−1

for KYbW, 768 and 901 cm−1 for KGdW, 767.4 and 905.6 cm−1

for KYW [36], and 757 and 907 cm−1 for KLuW [5]. Self-
Raman frequency conversion has been demonstrated in
diode-pumped Q-switched lasers based on both KYW:Yb3+

and KGdW:Yb3+ crystals [37]–[39]. A compact diode-pumped
KLuW:Yb3+ laser that operated efficiently in the passively
Q-switched mode with simultaneous SRS self-conversion was
also reported [16]. Passively Q-switched operation was realized
by employing a YAG:Cr4+ saturable absorber resulting in
1030.6-nm fundamental pulses of 1.41 ns (duration), 32.4 µJ
(energy), and 23 kW (peak power), and 1137.6-nm Raman
pulses of 0.71 ns (duration), 14.4 µJ (energy), and 15.2 kW
(peak power). The average output power reached 0.9 W for the
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fundamental and 0.4 W for the Raman radiation with optical
efficiencies of 12.9% and 5.7%, and slope efficiencies of 32.1%
and 14.1%, respectively.

Besides Yb3+ doping, the monoclinic double tungstates have
advantages for highly efficient, low-threshold laser operation
under diode pumping also for Tm3+ doping. In the latter case,
the absorption line is centered near 800 nm [40] with a broader
longwave wing. Therefore, these crystals are better suited for
pumping with commercially available AlGaAs laser diodes at
room temperature than YAG or YLF. The first demonstration of
Tm3+ lasing on the 3F4 → 3H6 transition in monoclinic double
tungstates was realized in 1997 with Xe-flash-lamp pumping,
where KYW:Tm3+ and KGdW:Tm3+ rods sensitized with Er3+

and Yb3+ operated at cryogenic temperatures and wavelengths
of 1920 and 1930 nm, respectively [41]. Soon afterwards, CW
room-temperature operation of KYW:Tm3+ was demonstrated
with longitudinal Al2O3:Ti3+-laser pumping near 800 nm [40].
Codoping of KYW:Tm3+ with Yb3+ for InGaAs diode pumping
at 980 nm with subsequent excitation transfer was studied in
[42], but laser experiments revealed no practical advantages as
compared to direct ∼800-nm pumping by AlGaAs diodes [43].
Passive Q-switching and Raman self-conversion to 2365 nm
has also been demonstrated in such lasers [44]. The Tm3+ ion
in KYW or in KYb0.5Y0.43Tm0.07(WO4)2 can also be excited
at 1064 nm by a YAG:Nd3+ laser through a photon-avalanche
process [45], [46].

Efficient CW laser operation around 2 µm was also achieved
in Tm3+-doped KGdW [47], where an overall tunability extend-
ing from 1790 to 2042 nm was obtained with maximum output
powers of 400 mW for an absorbed pump power of 1 W. The
potential of the novel laser material KLuW:Tm3+ for highly
efficient tunable operation in the 2-µm spectral range was stud-
ied in [48]. The tuning range of 1800–1987 nm and the high
slope efficiency (69%) and output power (4 W) achieved with
a diode-pumped laser configuration are promising for various
applications.

III. PLANAR WAVEGUIDE FABRICATION

In general, waveguide structures exhibit high confinement
and excellent mode overlap of pump and laser beams. This fea-
ture is of particular advantage for three-level transitions such as
the 1-µm transition in Yb3+, the 1.5-µm transition in Er3+, and
the 2-µm transitions in Tm3+ and Ho3+. The monoclinic dou-
ble tungstates possess high refractive indexes, resulting in high
refractive index contrasts in structured devices, which makes
rare-earth-ion-activated monoclinic double tungstates poten-
tially useful for applications in integrated optics. In the fol-
lowing sections, we focus on our efforts to develop KYW in this
direction.

A method of liquid-phase epitaxy (LPE) with vertical sub-
strate dipping has been developed to produce KYW:RE3+ (RE:
rare-earth ion) thin planar layers. LPE is a well-known tech-
nique for producing oxide films for laser applications, in which
a crystalline layer can be grown from a molten solution onto
an oriented single-crystal substrate [49]. The major advantage
of LPE compared to epitaxial techniques from the vapor phase

Fig. 1. LPE setup.

is that LPE is a near-thermodynamic equilibrium process, and
therefore, high-quality single-crystalline KYW layers are feasi-
ble [50].

Fig. 1 shows schematically an experimental LPE setup, based
on a nonvacuum resistance-heated furnace with vertical loading.
Inside the furnace, there is a crucible filled with a molten solu-
tion of KYW in an appropriate solvent. Initially, we tested the
low-temperature chloride mixture NaCl–KCl–CsCl as the sol-
vent [51]. However, three-dimensional island nucleation gener-
ated insertion defects, which limited the maximum layer thick-
ness to approximately 10 µm and led to nonoptimum interface
quality. The tungstate solvent K2W2O7, which we employed
successfully in the present work, can offer larger thickness and
good layer quality. The K2W2O7 solvent contains no impurity
ions and exhibits a high solubility for double tungstates [52].

When the liquid solution is being cooled down, at a certain
temperature it becomes supersaturated. The substrate, which is
a 1-mm-thick undoped KYW crystal with laser-grade polished
(0 1 0) faces is immersed partially and rotated in the supersatu-
rated solution, and the KYW layer can be grown. Thus, planar
KYW layers with thickness d = 5–100 µm and a surface area
of ∼0.5 cm2 can be grown at an average growth rate of 18 µm/h
[53]. After the growth, the substrate with layer is withdrawn
from the liquid and the whole system is cooled down to room
temperature. X-ray diffraction (XRD), optical microscopy, and
interferometry confirmed that the layers are single-crystalline
and strictly oriented in the [0 1 0] crystallographic direction,
whereas X-ray fluorescence spectroscopy (XRF) and energy-
dispersive X-ray analysis (EDAX) showed that the layer com-
position corresponds to that of stoichiometric KYW.

When adding a small amount of RE2O3 powder to the initial
solution, RE3+-doped KYW layers can be grown, where the
RE3+ ion substitutes for Y3+. It was shown earlier that the
incorporation coefficient of Yb3+ ions into the KYW matrix
during growth from the K2W2O7 solvent is close to unity and
the same behavior is expected for other RE3+ ions [54]. Thus,
the growth of KYW:RE3+ layers with tailored concentration of
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Fig. 2. (a) Optical photograph of the endface of a 1.2 at.% Yb3+-doped
KYW surface layer. (b) Near-field image of the guided pump light and Yb3+

fluorescence outcoupled from the waveguide.

RE3+ ions is possible, knowing the initial ratio of RE3+/Y3+

in the molten solution. For those RE3+ ions whose ionic radii
have a considerable misfit with that of Y3+, there is a certain
maximum concentration above which the grown KYW:RE3+

layers are cracked because of the accumulated lattice strain.
For instance, the maximum concentration of Yb3+ in crack-free
KYW:Yb3+ layers is about 15 at.% with respect to Y3+ [54].
Typical dopant concentrations used in the present studies were
well below the critical concentrations and varied from 1.2 to
2.4 at.% for Yb3+ and from 0.7 to 1.2 at.% for Tm3+. Higher
dopant concentration can be achieved by using codoping with
two different RE3+ ions, e.g., Lu3+ and Gd3+, which have
opposite ionic radius misfit with Y3+. Thus, crack-free layers
containing 25.3 at.% Lu3+, 13 at.% Gd3+, and 1.7 at.% Yb3+

could be grown [55]. Since Lu3+ and Yb3+ possess similar ionic
radii, rather high doping concentrations of the optically active
Yb3+ ion can be obtained by replacing Lu3+ with Yb3+.

Since KYW is isostructural to KREW for RE = Sm . . . Lu
(100% of Y3+ is substituted by RE3+) [2], [56], one can as-
sume that the refractive indexes of KYW:RE3+ layers increase
linearly with increasing RE3+ concentration. Thus, the refrac-
tive index change of a 1.8 at.% Yb3+-doped layer with respect
to the undoped substrate is expected to be 6 × 10−4, which was
confirmed experimentally by dark m-line spectroscopy. The re-
fractive index change can be significantly larger in Lu3+ and
Gd3+ codoped KYW:Yb3+ layers, where high concentrations
of optically inert Lu3+ and Gd3+ dopants are incorporated to
increase the refractive index change up to 7.5 × 10−3 [55].

In order to prepare optical waveguides, the surface and both
endfaces of the grown KYW:RE3+ layers have to be accurately
polished to remove flux residuals and growth steps. As men-
tioned before, the substrate is only partially immersed in the
solution, and its upper part is not covered with the layer. This un-
covered part was employed as a reference plane, which allowed
us to precisely polish the layer surface parallel to the interface.
Polishing with alumina suspensions resulted in a root-mean-
square (rms) value of the surface roughness of 2.3 nm. Both
endfaces of the waveguides were also polished to laser-grade
quality taking precautions to avoid chamfering the layer edge.
Fig. 2(a) shows the optical image of the polished endface for
a KYW:Yb3+ surface layer. The interface is sharp and straight
without any detectable defects.

The layers were tested as active and passive planar waveg-
uides under laser excitation at 981 nm (InGaAs diode laser),
632.8 nm (He–Ne laser), or 488 nm (Ar-ion laser). The pump

light was coupled into the active layer along the crystallographic
c-direction by focusing with a microscope objective. The prop-
agated light was imaged onto the sensor of a CCD camera with
another microscope objective. For the 11-µm-thick waveguide
shown in Fig. 2(b), the emitted Yb3+ fluorescence was guided
together with the 981-nm pump light in the surface KYW:Yb3+

layer. The vertical intensity profile of the outcoupled light is
close to a Gaussian distribution, since only one TE mode at
λ = 980 nm can be supported by the 11-µm-thick planar waveg-
uide in vertical direction.

Propagation losses of the optical waveguides were evalu-
ated by observing the decay of the Yb3+-fluorescence inten-
sity emitted perpendicular to the waveguide plane as well as
by evaluating the laser performance and were found to be only
0.1–0.2 dB/cm at 981 nm. This confirms the high structural qual-
ity of the LPE-grown KYW:RE3+ planar layers, which can be
used as the starting point for the fabrication of complex buried
or channel-waveguide structures.

IV. WAVEGUIDE LASER PERFORMANCE

For our initial waveguide laser investigations, typically
6-mm-long planar waveguide samples consisting of an undoped
KYW substrate and an LPE-grown, rare-earth-ion-doped KYW
layer, in some cases overgrown by an undoped KYW film, were
prepared. All samples were endface polished, and the surface
waveguides were additionally surface polished. The waveguide
endfaces remained uncoated.

The waveguide was mounted on a copper plate without ac-
tive cooling and positioned between the two folding mirrors of
an open Z- or X-type resonator, such that the resonator waist
was located at both endfaces of the waveguide, and negligi-
ble diffraction losses occurred for the resonator mode at the
waveguide endfaces. The waveguide was positioned at Brewster
angle to minimize the loss in the laser cavity and to determine
the laser polarization. The waveguide orientation corresponded
to propagation approximately along the Ng principal optical
axis and polarization parallel to the Nm axis. The pump polar-
ization was parallel to the Nm axis. Due to the chosen thickness
between 15 and 40 µm, each waveguide supported propagation
of a relatively high number of transverse modes in its guiding
direction. The resonator was adjusted to match the resonator
waist size with the waist of the transverse fundamental mode of
the waveguide, and the observed far-field laser intensity distri-
butions indicate that the laser output was close to the diffraction
limit in almost all samples and at all output powers.

In the following sections, the waveguide laser operation of
Yb3+-doped samples at the 1-µm transition 2F5/2 → 2F7/2 [53]
and Tm3+-doped samples at the 2-µm transition 3F4 → 3H6

[57] will be reviewed. These three-level laser transitions profit
from the high pump confinement in the active layer, as reab-
sorption of oscillating laser light can be greatly reduced.

A. Yb3+-Doped KY(WO4)2 Planar Waveguide Laser

One buried (d = 17 µm) and two surface (d = 17 and 35 µm)
KYW:Yb3+ waveguides were selected for laser experiments. An
astigmatically compensated Z-shaped cavity was chosen (inset
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Fig. 3. Laser output power versus absorbed pump power of 17-µm-thick
surface KYW:Yb3+ planar waveguides for different transmissions of the output
coupler. (Inset) Setup of the Z-shaped laser cavity. Lp : focusing pump lens; M1,
M2, M3: high reflecting mirrors (M2, M3: ROC = −10 cm), M4: plane output
coupler.

in Fig. 3). The KYW:Yb3+ layers were pumped in a single pass
by a CW Al2O3:Ti3+ laser operating at 980.5 nm.

Independent of the output coupler transmission TOC, which
was chosen between 1.2% and 6.2%, stable CW oscillation near
λ = 1025 nm was achieved for all waveguides investigated. Be-
cause of the reduced reabsorption of oscillating laser light, the
spectral laser emission corresponded to the maximum of the gain
curve. The output was 95% linearly polarized. The best laser per-
formance was achieved with the 17-µm-thick surface waveguide
doped with 1.2 at.% Yb3+. With TOC = 3.7%, the laser thresh-
old was only 80 mW of absorbed pump power and the maxi-
mum output power amounted to 290 mW, resulting in a slope
efficiency versus absorbed pump power of η = 67.4%. A maxi-
mum slope efficiency of 80.4% was obtained for TOC = 6.2%,
corresponding to a pump efficiency of 58.9% (Fig. 3). Although
a buried waveguide should, in principle, exhibit lower prop-
agation losses, the laser performance of the buried 2.4 at.%
KYW:Yb3+ waveguide was slightly inferior, presumably as a
result of the higher doping concentration, which led to higher
reabsorption losses. When applying a chopper with a duty cycle
of 10%, the output power decreased 10 times. Hence, it can be
concluded that no thermal problems occur up to the maximum
applied pump power of 2 W despite the absence of cooling. Cav-
ity round-trip losses of 1.8–2.1% were derived from the slope
efficiencies obtained in 17-µm-thick surface and buried planar
waveguides [58]. Attributing this loss completely to waveguide
propagation losses leads to an upper limit of ∼0.08 dB/cm for
the waveguide losses.

The absorption characteristics of the buried KYW:Yb3+

waveguides are shown in Fig. 4. The measured small-signal ab-
sorption below laser threshold of about 50% confirms roughly
the calculated value by taking into account the overlap of the
pump mode with the waveguide dimensions. Under lasing con-
ditions with an output coupler transmission of 1%, the actual
fraction of absorbed pump power remained nearly constant in-
dependent of the power absorbed, while in the absence of lasing
it dropped from 50% to 18%. This absorption behavior indi-
cates that the saturation intensity at the pump wavelength was
increased in the lasing state and the bleaching effect was sup-

Fig. 4. Measured single-pass absorption versus incident pump power of the
KYW:Yb3+ buried waveguide.

pressed. By increasing the output coupling, the bleaching effect
became visible. Similar dependencies for the absorption were
observed for all KYW:Yb3+ waveguides investigated.

The waveguiding effect of the layers was verified in a simple
linear laser cavity, in which we compared the laser performance
of bulk and waveguide samples versus the resonator length L.
For the chosen, nearly hemispherical resonator with a fixed ra-
dius of curvature (ROC) of the output coupler, the losses are
expected to increase rapidly when L > ROC, because the res-
onator becomes unstable. While the bulk laser operated only
for resonator lengths shorter than this critical mirror separation,
laser operation of the waveguide sample could be achieved for
resonator lengths that exceeded the critical mirror separation
almost by the length of the waveguide sample. This shift indi-
cates that the waist of the resonator mode moves from the plane
mirror to the opposite waveguide endface without substantially
changing the resonator losses, i.e., the laser resonator remains
stable even for L > ROC [59]. This is a clear indication of the
guiding behavior of the active layer.

B. Tm3+-Doped KY(WO4)2 Planar Waveguide Laser

Two KYW:Tm3+ planar waveguides consisting of 39- and
35-µm-thick active layers were selected for initial laser experi-
ments, the thicker sample being 1.2 at.% and the thinner 1.0 at.%
Tm3+ doped.

The samples were placed in an astigmatically compensated
X-type cavity with a total length of 85 cm, between the two
10-cm folding mirrors. Three mirrors were highly reflecting
(R > 99.9%) from 1800 to 2075 nm and antireflection-coated
on the rear side for high transmission from 780 to 1020 nm, and
one mirror was used as output coupler.

The KYW:Tm3+ layer was pumped in a single pass by a
tunable CW Al2O3:Ti3+ laser delivering a nearly diffraction
limited output beam with power of 3 W near 800 nm and 0.2-nm
linewidth when pumped with an all-lines Ar-ion laser. A 70-mm
focusing lens was used to couple the pump beam through one of
the folding mirrors into the planar waveguide. At the position
of the waveguide endface, the pump spot had a Gaussian waist
of 37 µm.

CW laser operation was obtained for output coupler transmis-
sions between 1% and 5%. A photograph of the 35-µm-thick
KYW:Tm3+ waveguide in the lasing state, placed on a copper
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Fig. 5. Photograph of the KYW:Tm3+ waveguide placed on a Cu plate in the
lasing state. The fluorescence crossing the waveguide under Brewster angle has
a reddish color and indicates the pump channel.

Fig. 6. CW output power versus absorbed pump power of the KYW:Tm3+

planar waveguide lasers for two output couplers. (a) 39 µm thick, 1.2 at.%
Tm3+-doped active layer. (b) 35 µm thick, 1.0 at.% Tm3+-doped active layer
(TOC: output coupler transmission, η: slope fficiency).

plate, is shown in Fig. 5. The reddish fluorescence, indicating
the pump channel, originates from upconversion fluorescence
from the 1G4 and possibly 1D2 levels, and the visible disloca-
tions of the sample stem from the bottom side of the substrate
that is not polished.

The laser performance of the two waveguides is pre-
sented in Fig. 6. Depending on the output coupler transmis-
sion, the laser emission was between 1960 and 1970 nm.
Best laser performance was achieved when pumping into
the absorption peak at 801.6 nm. The laser threshold of the
39-µm-thick layer was reached at an absorbed pump power
of 244 mW. The output power amounted to 26 mW for
both, TOC = 3% and TOC = 5%. The slope efficiency η was
maximum for TOC = 5% and amounted to 13% with re-
spect to the absorbed pump power. The lowest laser thresh-
old of 75 mW of absorbed pump power was achieved with the
35-µm-thick, 1.0 at.% Tm3+-doped waveguide and TOC = 3%.
The maximum output power was measured to be 32 mW with
TOC = 5%, resulting in a slope efficiency versus absorbed pump
power of η = 11.5%. The three times lower laser threshold of the
1.0 at.% KYW:Tm3+ waveguide is presumably a result of the
lower doping concentration, which led to reduced reabsorption
losses. The slope efficiencies of the two waveguides are rather
similar, slightly higher for the 1.2 at.% Tm sample. The maxi-
mum optical-to-optical conversion efficiency achieved with the
35-µm-thick sample is only about 8%, which is mainly due to
the two times larger pump spot-size compared to the active layer
thickness.

Fig. 7. Measured single-pass absorption versus incident pump power of the
39-µm-thick, 1.2 at.% Tm3+-doped KYW waveguide.

The absorption behavior of the 39-µm-thick, 1.2 at.% Tm3+-
doped waveguide is shown in Fig. 7. The calculated small-signal
pump absorption yields a value of about 90%. The measured
absorption of 60% confirms roughly the overlap integral of the
pump mode and the mode size inside the planar waveguide.
The fraction of absorbed pump power dropped from 60% at low
pump power down to about 30% at the maximum applied pump
power. We could not detect a noticeable difference between the
fraction of absorbed pump power in the lasing and nonlasing
states, which is similar to the behavior obtained in Tm3+-doped
double tungstate bulk lasers [48]. This behavior indicates that
the pump saturation intensity is not strongly increased in the
lasing state and the bleaching effect remains, as can be expected
from the low intracavity power. The measured difference in
absorption between the 39-µm-thick, 1.2 at.% Tm3+-doped and
the 35-µm-thick, 1 at.% Tm3+-doped waveguides is only 3%.
With respect to the different doping levels, a higher difference
is expected, which underlines the present absorption bleaching
effect. Similar absorption behavior was observed for all samples
investigated.

Thinner waveguides with a KYW:Tm3+ layer thickness of
20 and 18 µm were also examined. Both were demonstrated
to lase, but the maximum output power was limited to 8.5 and
6 mW, respectively. Their performance was slightly inferior
to that of the thicker waveguides, although the Tm3+-doping
concentration of 1.2 and 1.0 at.% Tm3+ was comparable. We
attribute the worse performance to a less good matching of the
waveguide thickness to the pump mode profile and a higher
diffraction loss at the waveguide/air interface.

In general, the laser performance with respect to slope ef-
ficiency and output power was inferior in comparison to the
excellent results achieved with the KYW:Yb3+ waveguide
lasers (Section IV-A). Comparison of the visible fluorescence
spectrum of one KYW:Tm3+ planar waveguide to that of a
KLuW:Tm3+ bulk crystal that had proved its excellent suit-
ability as laser crystal in the 2-µm spectral range [48] did not
reveal any additional loss channels, like energy transfer to Er3+

impurities, in the Tm3+-doped waveguide within this spectral
window.
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V. TOWARD ON-CHIP INTEGRATED OPTICAL STRUCTURES

The first step in the direction of optical integration on a chip
is the fabrication of channel waveguides. Recently, in collab-
oration with colleagues from the University of Southampton,
U.K., the University of Lyon, France, and the Politecnico di
Milano, Italy, we investigated a number of methods for surface
structuring and/or two- and three-dimensional refractive index
modification in Al2O3 and Al2O3:Ti3+ [60], such as reactive
ion etching [61] and Ar-ion milling [62], ion beam implanta-
tion [63], and femtosecond laser writing [64]. Especially, the
etched but also the ion-implanted channel waveguides demon-
strated their suitability for surface [65] and buried [66] channel
waveguide lasing.

A. Channel Waveguide Fabrication

In principle, all these methods are also suitable for the fabri-
cation of channel waveguides in monoclinic double tungstates;
however, the employed recipes need to be adjusted specifically
to these materials.

Implantation of light ions such as H+ and He+ with energies
in the MeV range leads to a deposition of most of the ions’
kinetic energy in a small area a few micrometers below the
surface. The induced structural changes result in a refractive in-
dex modification that, dependent on the nature of the material,
can be positive or negative. Like in Al2O3, our investigations
showed that implantation of H+ or He+ into KYW resulted in
negative refractive index changes. Therefore, we employed the
same strategy of implanting the surrounding areas [63] in order
to form negative refractive index barriers around the waveg-
uide channel. However, while in Al2O3, implantation of H+

produced much lower damage in the waveguide area than did
the implantation of He+, in KYW, the damage produced by
H+ ions on their way through the intended waveguide area led
to increased propagation losses and practically excluded this
method as a suitable approach for channel waveguide fabrica-
tion [67]. On the other hand, implantation of He+ ions led to
good results [68]. We implanted He+ ions at various doses nor-
mal to the optically polished surface of bulk (0 1 0) oriented
KYW single crystals by the use of a Van de Graaf accelerator
operating at beam currents in the range of 0.6–0.8 mA/cm2 at
a controlled temperature of 20 ◦C. An ion energy of 1.5 MeV
led to an implantation peak about 3.5 µm below the surface.
Refractive index changes depended on optical axis and were in
the range of −1 × 10−2 for a dose of 2 × 1016 ions/cm2. With
different implantation schemes, planar and channel waveguides
were fabricated in KYW and KYW:Yb3+ bulk samples, and
channel waveguides were fabricated in LPE-grown KYW:Yb3+

epitaxial planar waveguides with He+-implanted side barri-
ers [69]. In the latter, the propagation losses were measured to be
∼0.5 dB/cm.

Femtosecond laser writing has proved to be a versatile method
for waveguide writing in glasses. In hard crystalline materials,
often a visible damage and negative refractive index change oc-
curs in the irradiated area. Our investigations show that this is
also the case in KYW and KYW:Yb3+. Therefore, waveguiding
can be achieved only in the region between two such irradi-

Fig. 8. Endface cross section. (a) With an optical microscope of a KYW:Yb3+

layer with low refractive index contrast. (c) With a scanning electron microscope
of a Lu, Gd codoped KYW:Yb3+ layer with high refractive index contrast. Mode
intensity profiles. (b) KYW:Yb3+. (d) Lu, Gd codoped KYW:Yb3+.

ated areas or at the tips of a cigar-shaped damaged area where
a compressive-lattice-strain-induced refractive index enhance-
ment can be exploited [64]. Currently, these ways to fabricate
buried channel waveguides lead to rather uncontrolled guiding
regions and relatively high losses. We employed an Al2O3:Ti3+

regenerative amplifier at 800 nm, with a repetition rate of
100 kHz and a pulse duration of 200 fs in the 1–20 µJ single-
pulse energy regime. The beam was focused 200 µm underneath
the polished surface plane by the use of either 25× or 40× op-
tical microscope objectives with 0.5 or 0.65 numerical aperture,
respectively. In the case of KYW, we demonstrated buried chan-
nel waveguides with propagation losses of at least 2–2.5 dB/cm
at 670 or 980 nm [70].

Surface channel waveguides were fabricated by reactive ion
etching. While Al2O3 can be etched with chlorine or bromine
chemistry [61] because of the high volatility of AlCl3 and AlBr3,
we found that for etching KYW and KYW:Yb3+, fluorine chem-
istry is better suited [69]. We employed photoresist, metal, and
semiconductor masks that were deposited onto the KYW sub-
strates using standard UV-photolithography methods. The best
results were obtained with polysilicon masks. The etch rate
in KYW was 35–40 nm/min and ribs as deep as 6 µm were
obtained in KYW:Yb3+ films of 10-µm thickness (Fig. 8(a)
and (b)). Relatively high propagation losses of 5.5 dB/cm at
670 nm and 3.2 dB/cm at 981 nm were measured with different
techniques.

B. Integrated Structures

As mentioned in Section III, the refractive index of
KYW:RE3+ can be approximated to be proportional to the
RE3+ concentration. Therefore, the refractive index contrast
of KYW:Yb3+ layers with respect to the KYW bulk substrates
is limited by the level of Yb3+ doping, which is defined by
the optical application. For waveguide laser applications using
a standard end-pumping scheme, the high absorption cross sec-
tion of Yb3+ ions in KYW at 981 nm results in a very short
pump-absorption length; a pure KYbW crystal has an absorption
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TABLE I
LATTICE CONSTANTS OF MONOCLINIC POTASSIUM DOUBLE TUNGSTATE COMPOUNDS AT ROOM TEMPERATURE

length of 13 µm. Therefore, the Yb3+-ion concentration has to
be adjusted carefully in order to minimize reabsorption losses.
A total of 1.7 at.% Yb3+ concentration is well adapted for
6-mm-long samples [53]. The corresponding refractive index
difference with respect to the KYW substrate is as low as
∆n = 6 × 10−4.

The realization of single-mode waveguide structures with
improved light confinement requires higher refractive index
contrast, while keeping the Yb3+-ion doping level fixed. To
achieve this goal, we employed codoping with optically inert
Gd3+ and Lu3+ ions. The refractive indexes of KLuW and
KGdW are, approximately, 2 × 10−2 and 1 × 10−2 higher, re-
spectively, than those of KYW, whereas the lattice parameters
of KLuW and KGdW go into opposite directions compared
to those of KYW (Table I). Thus, a large refractive index in-
crease, and simultaneously, a match of the lattice parameters
of the layer with the substrate parameters can be engineered.
In addition, since KLuW and KYbW possess very similar lat-
tice constants (Table I), Lu3+ ions can be gradually replaced by
Yb3+ ions without adversely affecting the lattice match between
layer and substrate, thereby providing a rather large flexibil-
ity concerning the dopant concentration of the optically active
Yb3+ ion.

Our optimized, actively doped layers were composed of
KLu0.253Gd0.13Yb0.017Y0.6(WO4)2 [55]. A refractive index
difference of 7.5 × 10−3 with respect to the undoped sub-
strate was measured by dark m-lines spectroscopy. Planar lay-
ers on KYW substrates with thicknesses as small as 1.5 µm
can be used for propagating the 1020-nm fluorescence sig-
nal of Yb3+ ions in the fundamental mode. Channel waveg-
uide structures were fabricated from such layers using reac-
tive ion etching, as described in Section V-A. Ridge channel
waveguides with widths from 3 to 9 µm were patterned in a
3.5-µm-thick KLu0.253Gd0.13Yb0.017Y0.6(WO4)2 layer with an
etching height of 1.8 µm (Fig. 8(c)) and well-confined guided
fundamental-mode fluorescence was observed when pumping
at 980 nm (Fig. 8(d)). The lateral and vertical mode dimensions
were 5.8 µnd 3.9 µm, respectively, and were well matched to
those of standard single-mode fibers. The waveguide propaga-
tion losses at 670 nm were 4.8 dB/cm. Since the losses are
mainly caused by Rayleigh scattering, i.e., scale with λ−4, the
propagation losses at the fluorescence wavelength are expected
to be below 1 dB/cm for all single-mode ribs.

Fig. 9. (a) Schematic layout of the Y splitter. (b) Topology of the splitting
part of the junction measured by AFM. Fluorescence intensity distribution
(λ = 1020 nm) at the exit of the Y splitter when 980-nm pump light is fiber
end-coupled. (c) Two-dimensional view. (d) Three-dimensional view.

In these Lu3+, Gd3+ codoped KYW:Yb3+ epilayers, we
have designed Y-splitters [55]. The dimensions presented in
Fig. 9(a) have been chosen to minimize the radiation losses both
in the linear taper and the splitting parts of the junction [73].
The input and two output waveguides are characterized by a
5-µm width and a single-mode behaviour for λ = 1020 nm.
Fig. 9(b) shows an atomic force microscope image of the junc-
tion. Fig. 9(c) and (d) depicts the symmetric fluorescence in-
tensity distribution at the output endface of the sample when
980-nm pump light is coupled into the waveguide splitter. The
splitting ratio is close to 1:1 and does not depend on the cou-
pling conditions. The additional splitting losses were 1.4 dB at
820 nm.

These thin, high-refractive-index-contrast channel wave-
guides also offer great potential for the realization of nanos-
tructured waveguides, such as Bragg grating filters and even
distributed Bragg reflection or distributed-feedback microlasers.
Focused ion beam etching was employed for the realization of
Bragg filters on KYW:Lu3+, Gd3+, Yb3+ channel waveguides.
A 20-nm-thick aluminum layer was chosen to reduce charging
effects. The dimensions and the grating shape were fixed by
numerical simulations to obtain Bragg filters at λ ≈ 1020 nm.
Gratings with a periodicity of 250 nm and high aspect ratio were
milled on the KYW:Lu3+, Gd3+, Yb3+ ribs (see Fig. 10) [74].
Current work concentrates on the optical characterization and
optimization of these first Bragg filters produced in a double
tungstate material.
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Fig. 10. Scanning electron microscope pictures of a Bragg grating in a
KYW:Gd, Lu, Yb channel waveguide. (a) Top view. (b) Cross section.

VI. CONCLUSION

In this paper, we have reviewed the results on solid-state
lasers in rare-earth-ion-doped double tungstates KYW, KGdW,
and KLuW, with an emphasis on the recent work performed in
our research groups on KYW waveguide structures and lasers. In
future, we will focus on higher output powers and efficiencies,
and especially, on establishing on-chip integrated laser struc-
tures for applications in high-output-power integrated optics.
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