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Potassium double tungstates are very interesting crystalline materials for the fabrication 
of waveguide amplifiers and lasers, because they exhibit a large transparency window, 
long inter-ionic distances (d≈0.5 nm) and large transition cross-sections for rare-earth 
ions. Swift carbon ion irradiation and consecutive annealing is used to fabricate high-
contrast planar waveguides in monoclinic α-KY(WO4)2. The first micro-Raman and m-
lines measurements on high-temperature annealed, above amorphization threshold 
irradiated crystals (>3·1014 ions/cm2) are presented. When the irradiated crystals are 
annealed at temperatures above 450°C, these measurements show the emergence of a 
polycrystalline layer with a new crystalline phase in the region amorphized by the 
irradiation, with a refractive index lower than that of unirradiated KY(WO4)2. Therefore, 
although several problems still need to be solved, this method has the potential of 
producing high-contrast waveguides with a step-like refractive index profile and 
acceptable transmission losses. 

Introduction 
Crystals from the potassium double tungstate family (KY(WO4)2, KLu(WO4)2, 
KGd(WO4)2, i.e. KREW), which have a stable monoclinic crystal phase and are therefore 
birefringent, exhibit several optical properties favorable for use in integrated optical 
devices. In particular, their high absorption and emission cross-sections [1], long inter-
ionic distance between doping rare-earth ions [2] and relatively good thermal properties, 
makes KREW crystals interesting candidates for optical amplifiers and lasers with very 
high gain. In recent years, amplifiers [3] and lasers [4] have been demonstrated in low-
contrast KREW waveguides with high gain and a relatively low lasing threshold. The 
efficiency of these devices can be improved by using high-contrast KREW waveguides, 
which increases mode confinement and therefore mode field intensity. However, growth 
of the crystal on low-index substrate materials is impossible due to lattice mismatch. 
Alternative methods have been investigated to fabricate these waveguides, such as 
lapping-and-polishing [5] and ion irradiation [6]. We have further investigated the 
possibility of using ion irradiation to fabricate a refractive index profile in KY(WO4)2, 
and in particular the effect of post-irradiation annealing to reduce optical losses. In this 
paper, preliminary results of high-temperature annealing of the irradiated crystals are 
shown. The Raman and m-lines measurements indicate the emergence of a new 
polycrystalline phase in the layer damaged above threshold by the ion irradiation after 
high temperature (>450°C) annealing. 
 
Swift heavy ions are used to produce a layer of damage in the target material. Due to the 
high energy and relatively high mass of the carbon ions, the damage in the material is 
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mostly caused by electronic interaction, e.g. ionization of the target material, although at 
the end of the ion path nuclear damage – caused by ballistic interactions – is present. The 
induced damage follows a Bragg-curve, increasing gradually up to the point where the 
damage build-up causes full amorphization. The depth and magnitude of the damage can 
be tuned by varying the ion energy and fluence, respectively. The best optical mode 
confinement in a planar waveguide is achieved with a refractive index profile that is close 
to step-like. With that aim and based on work from Merchant et al. [6] carbon ions were 
chosen for the irradiations. Results from simulations in SRIM 2008 (Scattering and Range 
of Ions in Matter) and mode calculations – using an estimated refractive index profile – 
in Lumerical MODE Solutions, indicate that single mode slab waveguides can be 
fabricated using an energy of 9 MeV. The optimal ion fluence was experimentally 
determined at 3∙1014 ions/cm2 as a compromise between mode confinement and damage-
induced optical losses. At this fluence, the region around the maximum electronic damage 
is irradiated at energies above the amorphization threshold, creating a 2 μm thick layer of 
amorphized KY(WO4)2 at around 2.5 μm from the surface of the crystal. An annealing 
step is necessary after irradiation to remove color centers and reduce scattering points 
caused by irradiation damage. Without this annealing step the losses in the material are 
too high for optical guiding. The annealing step can greatly influence the amount of 
modes supported by the slab because damage repair also causes the refractive index 
profile to change. 

Experimental methods 
The KY(WO4)2 crystals used in this research are 
10x10x1 mm3 (axcxb) crystals fabricated by 
Altechna (LT). The crystals have been polished by 
Altechna on one side (axc plane, with the b-axis 
pointing inwards), which is also the surface used 
for irradiation. A scratch was made on this surface 
with a diamond pen along the c-axis to avoid 
cracking of the sample during the ion irradiation. 
Irradiation was performed at the Centro de Micro-
Análisis de Materials (CMAM) of the Universidad 
Autónoma in Madrid. After irradiation, the 
crystals were consecutively annealed at different 
temperatures, ranging from 150°C to 650°C, to 
study the effect of the annealing process. During 
annealing, care was taken to keep the temperature 
gradient around 1°C/min to avoid thermal stress to 
the sample. 
Confocal Raman measurements were performed 
on the samples using a WiTec alpha300R/S/A 
microscope. The samples were polished at one endfacet (axb facet) to resolve the Raman 
spectra at different irradiation depths. An excitation wavelength of 532 nm was used, and 
an analyzing grating of 1800 gr/mm. Figure 1 shows a schematic drawing of an irradiated 
crystal and the Raman measurement method. M-lines measurements were performed in 
the Metricon 2010/M prism coupler at a wavelength of 1550 nm. At this wavelength the 
refractive index of the KY(WO4)2 is n≈2. 

Figure 1. Schematic image of a 9 MeV carbon ion 
irradiated KY(WO4)2 crystal, the direction of the 
ion beam and the scanning direction of the 
confocal Raman measurements. The black 
gradients in the crystal give an impression of the 
damage profile caused by the carbon ions, where 
“e” indicates the electronic barrier and “n” the 
nuclear barrier. 
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Results 
Annealing of the irradiated crystals at temperatures up to 450°C results in removal of the 
color centers so that the original KY(WO4)2 transmission spectrum is recovered [7]. As a 
consequence, the optical losses are significantly lowered. A partial recovery of the 
original Raman spectrum of the KY(WO4)2 in not fully amorphized regions [8] can be 
clearly observed. However, when annealing the (3∙1014 ions/cm2) irradiated crystals to 
temperatures above 450°C, the Raman spectrum of the amorphized layer changes from a 
clearly amorphous spectrum (Figure 2a, above threshold) to a spectrum that exhibits sharp 
peaks, indicating recrystallization. The intensity and Raman shift of these peaks depend 
on the position of the focus in this layer, which indicates a polycrystalline phase. This is 
an interesting discovery, because besides the stable monoclinic phase there are no known 
stable phases for KY(WO4)2 at room temperature. It should be emphasized that in the top 
layer of the irradiated crystal, which is not irradiated above amorphization threshold, the 
Raman spectrum of the original KY(WO4)2 monoclinic phase is recovered, suggesting 
that a sharper interface is formed between the top layer and the recrystallized layer. 

                
Figure 2. a) The Raman spectrum of 12 MeV carbon 3·1014 ions/cm2 irradiated KY(WO4)2 at large depth (ions never 
reached that depth, so unirradiated), close to the surface (below threshold damage) and at the maximum of electronic 
damage (above threshold damage). and after irradiation at low and high carbon ion fluence. b) Raman spectra taken 
at the depth of maximum electronic damage at several locations on the sample, showing the new crystalline phase in 
above-threshold irradiated and high-temperature annealed KY(WO4)2 and indicating the polycrystalline structure of 
the recrystallized layer due to the change of the spectrum with location on the sample. 

The recrystallization causes cracks to appear in this layer 
(Figure 3). The direction of the cracks is the same over 
the whole sample, but does not agree with any of the 
crystalline or optical axes of the material. This could 
cause serious problems in terms of using the top layer as 
a waveguide, as any waveguides crossing the cracks will 
have large losses due to scattering and reflection. 
An estimation was made of the refractive index of the 
recrystallized layer using an m-lines scan of a crystal that 
was irradiated at 8∙1014 ions/cm2 and subsequently 
annealed at 550°C. This causes the whole top layer to 
first amorphize and then recrystallize into the 
polycrystalline phase, so the bulk value of the 
measurement indicates the refractive index of the layer. The measurement is shown in 
Figure 4 and indicates a bulk refractive index value of the polycrystalline phase of 1.78. 
This is significantly lower than the bulk value of pure KY(WO4)2 (n≈2), but also than 
that of the amorphous phase (n≈1.85). 

Figure 3. Optical microscope image of a 
high-temperature annealed crystal, 
focused on the recrystallized layer. 
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Conclusion 
The recrystallization of the amorphized 
layer is potentially very interesting for 
the fabrication of high-contrast 
waveguides in KY(WO4)2. The lower 
refractive index compared to 
amorphous KY(WO4)2 and the close to 
step-like refractive index profile would 
allow for higher confinement as well as 
enable the fabrication of bent 
waveguide structures (i.e. rings, discs). 
The effect on waveguide performance 
of the recrystallized phase has to be 
investigated further before anything can 

be said about the viability, because several problems have to be overcome; the 
polycrystalline structure could increase scattering losses, and clear cracks are visible in 
the recrystallized layer that greatly reduce the usable area on the crystal and do not 
coincide with any of the optical axes. This research will continue with a focus on solving 
these problems – for example by finding strategies to relieve the stress and avoid cracks, 
and by increasing the annealing temperature even further to reduce scattering losses as 
much as possible –, because this fabrication method would be a very promising step 
towards the first high-contrast waveguide devices in KY(WO4)2. 
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Figure 4. M-lines measurement of a recrystallized layer of 
irradiated KY(WO4)2 at 1550 nm, TM polarization. The bulk 
index is indicated with an arrow. 
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