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Abstract: High-quality epitaxial layers of heavily doped Yb:KLu(WO,), grown on KLu(WOj,),
substrates by liquid phase epitaxy were characterized in terms of lattice mismatch and
refractive indexes of the layer and the substrate. The effective refractive indexes of the guided
modes that these structures can support were modeled and measured experimentally for the
transverse electric (TE) and transverse magnetic (TM) mode excitation by dark m-lines
spectroscopy. The upper limit for optical losses in these waveguides corresponding only to
scattering processes was estimated to be ~1.5 dB/cm at A = 632.8 nm. These results show
that, apart for highly efficient thin-disk laser applications, these epilayers can be used as
waveguide devices at wavelengths different from those used to excite Yb3*.

Index Terms: Epitaxial growth, dielectric films, optical planar waveguides.

1. Introduction

The study of optical, structural and thermomechanical properties of monoclinic KLu(WO,), single
crystals had demonstrated its effectiveness as gain media for active lanthanide ions [1]-[4]. Indeed,
the spectroscopy and laser operation of Yb®* [5], [6], Tm®* [7], Er** [8], Ho®*' [9], and Nd®" [9], [10]in
the KLuW host (the abbreviation of KLu(WQ,), adopted hereafter) have already been reported.
However, Yb®" doped crystals have emerged as an interesting alternative to Nd®* laser systems for
high power applications, as well as for their capability to generate ultra short laser pulses. In spite of
the fact that other crystals of the family of rare earth monoclinic double tungstates, such as KY(WO,),
and KGd(WQy,),, have also been doped with Yb3* [11], KLUW crystals are more suitable to be doped
with Yb3" since the smallest difference of ionic radii between Yb®* and each of the Lu®*, Y3*, and
Gd** ions is precisely that one which corresponds to the pair Lu®"—Yb®" (only 0.008 A compared
with 0.034 A between Y3+ —Yb®" and 0.068 A between Gd*" —Yb®"). This, together with the relative
large ion separation of lanthanide elements in the monoclinic double tungstate hosts allows working
with high doping levels of Yb®* (up to 75%) while still maintaining a good optical and structural quality
of the crystal, and without observing quenching of luminescence due to concentration.

In addition to this, high doping levels of Yb®" in the KLUW host, the high absorption and emission
cross sections, the short absorption length, and the extremely small laser quantum defect have
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allowed the demonstration of very efficient laser generation in both bulk [4]-[6] and thin-films [12],
[18], including the thin-disk laser configuration [14].

This family of materials have already attracted attention for integrated optical applications, and
Romanyuk et al. [15] demonstrated the laser operation of an Yb®" based planar waveguide in
monoclinic double tungstates for the first time in 2006. They grew a high-quality 1.2 at.% Yb>":KYW
epitaxial layer on a KYW substrate, achieving continuous wave laser operation near 1 yum with an
output power of 290 mV and a slope efficiency of around 80% when pumped at 980.5 nm. More
recently, Bain et al. [16] have also reported a Yb®*: KYW planar waveguide laser, and in addition to
the continuous wave regime, they reported the Q-switched operation of a 3 at.% Yb®": KYW
epitaxial layer grown on KYW substrate by using a semiconductor saturable absorber mirror.

Apart from demonstrating guiding laser operation in these materials, it would be interesting to
explore the possibilities they offer to guide the light generated by other elements of an integrated
optics circuit. This means to explore their possibilities to act as passive waveguides with reduced
losses that can act as interconnects between different active elements of a possible integrated
optics circuit based on this family of materials. For that, a material with a reduced number of optical
transitions that involve absorption and emission processes along its transparency window is
required. In this way, the range of wavelengths that can be used for passive waveguiding can be
maximized. According to this criterion, among the different members of the monoclinic double
tungstates family that form a solid solution of isostructural materials, KLuW, KYW, and KGdW would
be preferred since they do not present optical transitions in the entire transparency window of these
materials. However, it is also necessary to have a combination of epitaxial layer/substrate that
shows a small lattice mismatch so that the epilayer can be grown with high quality on that substrate,
and then, scattering optical losses due to crystallographic defects generated at the interface
between the epitaxial layer and the substrate can be reduced. This point is impossible to achieve
only with combinations of the three members of this family mentioned above. Apart from these ions,
the other lanthanide ion that is showing a reduced number of optical transitions in the transparency
window of this family of materials is Yb®" due to its simple energy level scheme formed only by the
fundamental 2F7/2 and the excited 2F5/2 states. Then, the election of the epitaxial layer/substrate
pair is clear: Yb®": KLUW/KLUW will be the combination that will show the smallest lattice mismatch
among the rest of the members of the monoclinic double tungstates family [17]. Apart from that, the
analysis of the refractive index of different members of this family of materials shows that it would be
possible to get a refractive index contrast with this epilayer/substrate pair high enough to allow light
to be confined in the epitaxial layer, since the introduction of Yb®' in these crystals increases their
refractive indexes [18]. So, an unexplored but interesting application of highly doped Yb3+: KLuwW
thin films would be passive waveguiding at wavelengths that do not imply excitation of Yb®* ions, i.e.,
the regions between 350-900 nm and 1030—-4500 nm, which include the three IR windows of optical
communications [19].

We have shown previously that high-quality epitaxial layers of Yb®":KLuW can be grown on
KLuW substrates [12]-[14]. In this work, we show how the heavily doped Yb:KLuW epilayers grown
on KLuUW substrates by liquid phase epitaxy (LPE) can also be used as efficient passive planar
waveguides for wavelengths that do not imply the excitation of Yb*.

2. Epitaxial Growth and Characterization of the Epitaxial Films

The substrates over which 50 at.% Yb:KLuW epitaxial layers have been grown were obtained from
bulk undoped KLuUW single crystals. These bulk single crystals were grown in a vertical tubular
furnace by the high temperature Top Seeded Solution Growth (TSSG) technique, with a slow
cooling of the solution. The solution of growth for bulk single crystals was prepared in Pt crucibles
by mixing 88 mol% of KoW,07, used as solvent, and 12 mol% of solute (KLuW). The KLUW single
crystals were grown on crystallographic b-oriented crystal seeds. Further details on the growth
conditions of these crystals can be found in [4]. The as grown crystals were colorless, transparent,
and free of macroscopic defects and inclusions and had dimensions of about 23 x 9 x 12 mm?3
along the ¢ x a* x b crystallographic directions and weights of about 14 g. We cut them into
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Fig. 1. Scheme of the atomic percentage of Lu and Yb across the substrate and epitaxial layer
calculated from the EPMA results. The ESEM picture shows the substrate/epitaxial layer interface,
taken using backscattered electrons.

2.0-mm-thick plates perpendicular to the b crystallographic direction and polished to top and bottom
faces of each plate with alumina powders to a grain size of 0.3 um.

The 50 at.% Yb:KLuW layers were grown on these substrates by LPE. The solution of growth was
prepared at the molar ratio solute/solvent 7/93 using KoW>0O; as solvent. With this solution
composition, we had a better control on the supersaturation of the solution, as described by the
solubility curves in [17] and, consequently, on the growth rate and thickness of the epilayer obtained.
We proceeded with the growth process at a supersaturation level of 5.3% over 2 h. A detailed
description of the growth process of these epitaxial layers can be found in [13]. We obtained high-
quality and crack-free epitaxial layers, with a typical thickness of 50 um after growth. By means of
electron probe microanalysis we determined the chemical composition of the substrate as well as the
epitaxial layers, as can be seen in Fig. 1.

The distribution coefficient for both Lu®** and Yb®" was close to the unity in the substrate and in the
epitaxial layer. The sharp change in the concentration of the Yb®" at the interface between the epilayer
and the substrate indicated that there was no diffusion of Yb®* ions into the substrate. This observation
was confirmed by the ESEM picture in Fig. 1(b). The concentration of Yb®* did almost not change along
the epitaxial layer, which indicated that the doping level of the epitaxial layer was uniform. The
composition of the epitaxial layer we determined from EPMA results was KLug 49Ybg 51(WOs4),, which
means that the concentration of Yb®* in these epilayers was 3.35 x 102! ions/cm®.

The crystalline quality of the epitaxial layer was investigated by means of X-ray diffraction (XRD)
measurements. Monoclinic double tungstates crystallize with the spatial group of symmetry C2/c. A
Bruker-AXS D8-Discover with parallel incident beam (Gébel mirror) and vertical goniometer was used
for this purpose, equipped with a collimator for the X-ray beam of 500 ym and a GADDS detector. The
GADDS detector was 30 x 30 cm? with a 1024 x 1024 pixel CCD sensor. Cu radiation was obtained
from a copper X-ray tube operated at 40 kV and 5 mA. First, a 20 scan was recorded on the epilayer in
order to check the orientation of the thin film. Data were recorded in two different steps with the area
detector by performing an w-scan with a frame width of 15° in the 6 range 5°-35° with an integration
time of 60 s/frame. After that, an XRD w-scan (rocking curve) was recorded on the surfaces
perpendicular to the b direction, both for the substrate and the epilayer, in order to determine its
crystalline quality of the film grown. This was done in this way because the film was too thick to record
simultaneously the rocking curve for the substrate and the epitaxial layer. Data were recorded for the
(040) reflectionat20 = 17.82°, inthe wrange 16.32°-19.32°, in 150 frames, with a frame width of 0.02°
and an integration time of 5 s/frame. The results of XRD characterization are shown in Fig. 2.

From the 26 scan in Fig. 2 (see inset) we were able to identify the (020), (040), and (060) reflections
of the structure of KLUW substrate and 50 at.% Yb:KLuUW epitaxial film, which correspond to the
(0kO) reflections, indicating that effectively, the epitaxial film was oriented parallel to the plane (010)
or/and perpendicular to the b direction, as expected.
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Fig. 2. Rocking curve corresponding to (040) peak determined by X-ray diffraction pattern of Yb:KLuW
grown on KLUW substrate, which is shown in the inset.

As can be seen from the rocking curve in Fig. 2, the peaks recorded for the substrate and the
epilayer corresponding to the (040) reflection are sharp and narrow, indicating that the film has high
crystalline quality comparable to that of the substrate. The FWHM of the layer peak was found to be
260 arcsec, which is close to that one of the substrate peak, i.e., 277 arcsec. The perpendicular
lattice mismatch of the film with respect to the substrate, (Ab/b), was calculated from the
separation (A#f) between the substrate and the layer peaks, using the Bragg law in differential form
(Ab/b) = —(A0) - (cotfg), where 85 is the Bragg angle for the reflection used [20]. In our epitaxy,
we determined a lattice mismatch of —2.17 x 1073, which is in well agreement with that one
calculated from the lattice parameters of KLUW and 50 at.% Yb:KLuW crystals [4] obtained by X-ray
powder diffraction measurements (Ab/b) = (bkLuw — bybkiuw)/(OkLuw) = —1.80 x 1073, The small
difference between these two values is due to the fact that the lattice mismatch determined from the
rocking curve is that corresponding to the structure of the epitaxial layer already adapted to the
structure of the substrate. Since the lattice parameters of the epitaxial layer are larger than those of
the substrate, the epitaxial laser is compressed to fit on the substrate.

3. Waveguide Fabrication and Characterization

To fabricate the planar waveguides, we first removed the epitaxial layer grown on one of the faces
of the substrate. The epitaxial layer on the opposite face of the substrate was lapped down to a
thickness of ~23 um and then polished, with alumina powders of grain size of 0.3 um, to a final
thickness of about 20 um. The roughness of the polished epilayer was measured over an area of
5 x 5 mm?, we obtained an rms value of 34 nm. The thickness of the epilayer was measured
carefully with an optical imaging profiler (Sensofar, PLu 300) by taking extended profiles from the
substrate to the whole length of the epitaxial layer ( ~7 mm). We obtained a bend radius of 50 m
which ensures a good flatness of epitaxial layer.

Monoclinic double tungstates are biaxial crystals and the binary axis of symmetry parallel to the b
crystallographic direction is also parallel to one of the three crystallographic directions. The three
principal optical directions are labeled Ng, Ny, and N,. The Ng and N, optical directions are located
in the a—c crystallographic plane, while the N, optical direction is perpendicular to that plane and is
parallel to the b crystallographic direction. For KLuW as well as for KYbW, the N4 optical direction is
located at 18.5° clockwise from the ¢ crystallographic axis, and hence, the N, optical direction (which
is perpendicular to Ng) is located at an angle of 59.2° with respect to the a crystallographic axis.

Since we used substrates perpendicular to the b crystallographic direction, as explained before,
our epitaxial layers grew with the N, optical axis perpendicular to their surface, while the other two
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Fig. 3. Variation of the refractive indexes nte and nry (see inset) with the rotation angle of the sample
measured in relation to the ¢ crystallographic axis.

optical axes Ng and N, are located in the same plane of the large surface of the sample. We
measured the refractive indexes of the substrate and the epitaxial layer in these systems, at
A =632.8 nm, with a METRICON 2010 prism film coupler. The laser beam in TE polarization
allowed the measurement of the refractive indexes ng and nn,, associated with the optical directions
N4 and N, respectively, whereas the refractive index np associated with the optical direction N
was determined by changing the polarization of the input beam to 90° or TM polarization. This was
achieved by placing a half-wave plate in between the laser beam and the prism.

In order to locate precisely the position of the Ng and N, directions in the epitaxial layer, as well
as in the substrate, we also measured the refractive indexes as a function of 6, i.e., the angle formed
by the ¢ crystallographic axis and the TE polarization plane, e.g., when 6 = 0, the electric field
oscillates parallel to the ¢ crystallographic axis. This was done by rotating anticlockwise the sample
beneath the prism around an axis perpendicular to its surface (this means parallel to the N, optical
direction) and parallel to the coupling head used to do pressure for the coupling process. The sample
was rotated by steps of 15°, which were changed to 2° when the refractive index tended slowly to a
maximum or a minimum, as shown in Fig. 3.

For TE measurements the maximum and minimum refractive index values were found to be at
18.5° (Ng) and 108.5° (N,), respectively, from the ¢ crystallographic axis for the substrate and the
epitaxial layer. These results are in good agreement with the angles expected for the Ng and N,
directions to respect the ¢ crystallographic axis. For TM polarization the refractive index does not
seem to be affected by the rotation of the sample, as expected. The obtained values of the refractive
indexes ng, Nm, and n, are summarized in Table 1.

As can be seen in Table 1 and Fig. 3, the refractive indexes of the film are greater than those of the
substrate. The refractive index contrasts Ang, Anm, and An, were 6 x 1074,9 x 107%,and 1.9 x 1073,
respectively, which are high enough to confine the light into the epitaxial layer, and hence, they would
allow the demonstration of waveguiding properties of our 50 at.% Yb:KLUW/KLuUW epitaxies.

We used the dark m-lines spectroscopy, which is also implemented in the system used to
measure the refractive indexes, in order to characterize the waveguiding properties of the 50 at.%
Yb:KLuUW epitaxial layer. For the excitation of the different guided modes of the waveguide we also
used light TE and TM polarized at 632.8 nm. The measurements were done by orienting the sample
along the three principal optical directions found previously in Fig. 3. TE polarization enabled the
study of guided modes supported by the epilayer with propagation of the light along the Ng and Np,
directions. TM polarization enabled the study of the guided modes supported along the Nj
direction. Table 1 also summarizes the effective refractive indexes determined using the acquisition
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TABLE 1

Refractive indexes along the three principal optical directions and effective refractive indexes of guided
modes supported by a 21-um-thick 50% Yb:KLuUW epilayer grown on a KLUW substrate

Direction |Polarization Substrate Film refractive | Mode Effective Thickness
refractive index index Order |Refractive indices [um]

at 632.8 nm at 632.8 nm at 632.8 nm
2.1140
2.1138 20.75+1.03
2.1137
2.0584
2.0582 19.92 +0.71
2.0580
2.0577
2.0219
2.0217
2.0215
2.0211 2115+ 0.16
2.0207
2.0202

Ny TE 2.1135(1) 2.1141(1)

Nm TE 2.0575(1) 2.0584(2)

Np ™ 2.0200(1) 2.0219(1)

OB WON_20W®N-_20NM=0

software of the system together with the epitaxial layer thickness obtained by the dark mode
measurements along the three optical axes.

At this wavelength, with a thickness of 20 zm, our waveguide can support up to three and four
TE modes in Ng and N, directions, respectively, whereas for TM polarization it can support up to
six modes in N, direction. The thicknesses for the epitaxial film obtained from the measurements
along every principal optical direction are consistent, within the error, and coincides with the
thickness of the epilayer measured by confocal microscopy.

To confirm our results and to establish the cutoff thickness to obtain a single mode waveguide,
we performed a theoretical modeling of the effective refractive index of each guided mode as a
function of the film thickness for the three polarizations analyzed in this work based on the theory
developed in [21]. The results of this calculation are plotted in Fig. 4 for light TE polarized with
E // Ng and N, as well as for light TM polarized with H // Np.

The results plotted in Fig. 4 show that an epitaxial layer with a thickness of 20 um (marked in each
graph with a dotted line) acting as a planar waveguide can support up to three and four TE modes
when electric field oscillates parallel to Ng and N, directions, respectively, and up to six TM modes
when magnetic field oscillates parallel to the N, direction. Our modeling of the effective refractive
indexes confirms the experimental results we obtained in Table 1 by the dark mode spectroscopy.

A rough estimation of the optical losses on these waveguides was performed along the three
principal optical directions by coupling a He—Ne laser beam to the edge of the waveguide with
microscope objectives of 20x and 40x, respectively. We recorded the scattered light along the
propagation length in the waveguide with a CCD camera. The optical loses are due to propagated light
scattered from the waveguide along its length. They can be attributed to several factors such as losses
generated by the coupling of lightinto the waveguide through the microscope objectives, losses due to
the high index contrast between the surface of the waveguide and air, and losses due to irregular
scattering from defects at the interface between the epitaxial layer and the substrate. However, due to
the low lattice mismatch characterized for these samples, of the order of 102, we think that defects at
the interface are not the main scattering source for these waveguides. The upper limit for losses in this
waveguide was established to be at ~1.5 dB/cm. To reduce optical losses in these waveguides we
propose to deposit a cladding with the same composition of the substrate on the top of the epitaxial
layer, avoiding then the large refractive index contrast between the surface of the waveguide and air.

4. Conclusion

We demonstrated, for the first time to our knowledge, how heavily Yb3*-doped KLuW layers (3.35 x
102" Yb®** ion/cm?®) could be used as passive slab waveguide at wavelengths that do not imply
excitation of Yb®". The crystallographic characterization of these epilayers allowed us to determine a
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Fig. 4. Calculated effective refractive indexes of guided modes as a function of the thickness of the
guiding layer thickness for the 50 at.% Yb:KLUW/KLUW system along the (a) Ng, (b) Nm, and (c) Np
principal optical directions.

very low lattice mismatch on the order of 1073, which indicated that these waveguides are almost
lattice matched with the substrate. Also, the refractive index contrast we measured between the
epitaxial layers and the substrate, which amounted to 6 x 107 — 1.9 x 10~3, depending on the
direction of propagation, indicated that light confinement would be possible for these waveguides. We
demonstrated experimentally that, effectively, up to three and four TE modes were supported by these
waveguides in Ng and Nm directions, respectively, while up to six TM modes were supported in N,
direction for a 20-um-thick Yb®": KLuW epilayer. The upper limit for optical losses in this waveguides
was established to be at ~1.5 dB/cm, and we plan to reduce them by depositing a cladding on the top
of the epitaxial layers that reduces the refractive index contrast between the epilayers and air.

Waveguiding is then another interesting application for these epilayers as it is the thin-disk
laser [14]. We think that such waveguides may find application in on-chip integrated devices
including other optical components.

In the future, we plan to explore the possibilities of obtaining guided laser emission from these
heavily Yb®"-doped KLUW epilayers by using a suitable excitation scheme.
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