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Abstract: Rare-earth ion doped KY(WO4)2 is a well-known active laser crystal, due to its
excellent gain characteristics and its relatively high nonlinear refractive index. As these properties
are of great benefit to applications in integrated photonics, a study has been done into the
fabrication of high refractive index contrast slab waveguides in KY(WO4)2 as a first step towards
the fabrication of channel waveguides. When properly choosing the fluence and annealing
parameters, ion irradiation with 12 MeV carbon ions produces a step-like damage profile.
Confocal Raman microscopy, X-ray diffraction and transmission electron microscopy are used in
this work to study the structural damage induced by ion irradiation. The characterization indicates
damage to the crystal structure due to the ion irradiation that increases as a function of both depth
and ion fluence till the threshold for amorphization is achieved. Successive annealing steps of
the irradiated crystals at different temperatures show partial repair of the crystalline structure
when the irradiation did not fully amorphize the material. When the threshold of amorphization
was reached, annealing further increases the damage induced by the irradiation. By tuning the
irradiation fluence, a high-refractive index contrast slab waveguide in KY(WO4)2 produced by
ion irradiation was demonstrated.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Integrated on-chip amplifiers and lasers [1,2] find many applications in various fields, including
telecommunications [3], datacom [4], biosensing [5,6] and LIDAR [7] amongst others. Potassium
double tungstates (i.e., KY(WO4)2, KGd(WO4)2, in short KRE(WO4)2) - used for decades as
active materials for high-power ultra-short pulsed lasers [8–10], thin-disk lasers [11,12] and
Raman lasers [13–15] - have been recently demonstrated to deliver high gain per unit length in
low-contrast waveguide amplifiers [16] and lasers [17–19], thanks to their high rare-earth ion
solubility (together with a large interionic distance), high absorption and emission cross-sections
when doped with rare-earth ions, and high achievable pump intensity in waveguide configuration.
Even higher efficiency could be obtained by the fabrication of high-refractive index contrast
waveguides in KY(WO4)2. Heterogeneous integration (e.g. bonding onto a SiO2 substrate
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followed by thinning and lapping to the desired thickness) is the method primarily proposed for
the realization of such high-refractive index contrast waveguides [20]. Control of the final layer
thickness is the biggest challenge in this method and strategies such as a polishing stop have been
proposed [21]. In this study, swift-ion irradiation is proposed as an alternative method to fabricate
thin, high-refractive index contrast, low-loss slab optical waveguides in bulk potassium double
tungstate crystals. Preliminary studies on waveguide formation in KGd(WO4)2 by light [22] and
heavy ion irradiation [23,24] have already demonstrated the potential of this technique. These
studies have shown a higher refractive index change induced by swift heavy ion irradiation in
KGd(WO4)2 (∼0.13 [23]) compared to light ion irradiation (He+: ∼0.01 [25], H+: ∼0.003 [22]),
allowing for the fabrication of high-contrast waveguides in KRE(WO4)2 crystals. More recently,
optical characterization has shown that low optical losses of <1.5 dB/cm at 1550 nm can be
achieved in slab waveguides using carbon ion irradiation [26]. To design low-loss, high-refractive
index contrast optical waveguides in KY(WO4)2 with the desired cross-sectional characteristics,
an understanding of the dependence of the material structural changes on the parameters of the
ion irradiation process is necessary.

In this paper, the structural changes induced in KY(WO4)2 by 12 MeV carbon ion irradiation,
both as function of irradiation fluence and annealing temperature, have been investigated using
confocal Raman microscopy, high-resolution X-ray diffraction (HRXRD) and transmission
electron microscopy (TEM). A direct relation was observed between the structural and vibrational
change in the KY(WO4)2 crystal and the ion fluence. Further changes as a function of post-
irradiation annealing temperature show two different damage regimes, namely above and below
the amorphization threshold. Below this threshold, partial repair of the irradiation-induced
damage can be observed by the recovery of the KY(WO4)2 Raman spectrum and the TEM
diffractogram. Above the amorphization threshold, an increase in annealing temperature leads to
consolidation of the irradiation damage. Finally, micro-reflectivity measurements were carried
out to study the refractive index change as a function of depth and ion fluence. The results of these
measurements indicate that this method is very promising for the fabrication of high-refractive
index contrast slab waveguides.

2. Experimental methods

The KY(WO4)2 crystals [27] of dimensions 10x10x1 mm3 (surface in the a-c plane) used in this
study were purchased from Altechna (LT), and subsequently cut in half along the c-axis. For
the irradiations, the 10x5x1 mm3 samples were attached to a sample holder using copper tape
to avoid charging. Irradiation of the samples was performed in the 5 MV electrostatic tandem
accelerator [28] from the Centro de Microanálisis de Materiales de Madrid, with the sample
surface tilted at a 5°angle to avoid channelling. The ion beam area was set to 3x3 cm2 to ensure
an even ion fluence over the sample, and the ion current was kept below 1 µA to avoid heating of
the samples above 60°C during irradiation.

Damage in the material originates from two mechanisms [29]. At high ion energy the majority
of the damage is caused by inelastic ion-electron interactions and subsequent thermal spiking.
The profile of this damage follows the Lindhard-Scharf-Schiott theory [30]. At lower ion energy,
elastic nuclear collisions between the ion and the atoms in the material become the main cause of
damage. The dominant damage type, damage profile and extent depend on several parameters
including the ion type, ion energy and ion charge state, and the target material.
Increasing the irradiation fluence over a certain value causes complete amorphization of the

material. The minimum fluence at which full amorphization happens is called the amorphization
threshold. Previous irradiation research on KGd(WO4)2 indicated that carbon ions induce the
most step-like damage profile in KRE(WO4)2, because they are just heavy enough (A>12) and of
high enough energy (E>4 MeV) for the electronic energy loss to dominate over the nuclear energy
loss [24]. Carbon ion irradiation forms a damage barrier around the maximum of the electronic
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stopping force, while the surface of the crystal remains relatively undamaged [23], therefore
potentially producing well-confined low-loss slab waveguides. The depth of the maximum
electronic damage in KY(WO4)2 was chosen at ∼4 µm to ease the structural characterization. The
corresponding carbon ion energy was calculated using SRIM-2013 [31] to be 12 MeV (Fig. 1(a)).
Figure 1(b) shows the KY(WO4)2 crystal indicating the location of both the electronic and nuclear
damage regions and the different crystalline axes.

Fig. 1. (a) Electronic (’e’, solid line) and nuclear (’n’, dotted line) stopping force curves for
a single ion, calculated by SRIM-2013 for irradiation of KY(WO4)2 with 12 MeV carbon
ions. The arrows indicate the y-axis for both lines. (b) Schematic indication of the scanning
method used for the confocal Raman microscope line scans. The white arrow indicates
the scanning direction, the green arrow indicates the direction of oscillation of the incident
electric field, and the green cone depicts the focused excitation light. Scanning was started
in the bulk (undamaged) crystal because correct focusing was performed using the known
Raman signal of the bulk KY(WO4)2.

After irradiation, the a-b end-facets of the samples were polished using a Logitech MP5 (UK)
polishing instrument with a 40 nm SiO2 suspension. To avoid rounding effects, the samples were
surrounded by hard polishing wax, which required the samples to be heated to 100°C both before
and after polishing. Subsequently, the samples were cleaned with trichloroethylene, acetone and
isopropanol in an ultrasound bath to remove all traces of the copper tape adhesive, polishing wax
and polishing suspension.

Raman characterization of the irradiated crystals was performed using a WiTec alpha300R/S/A
confocal Raman microscope. A CW laser diode (λ=532 nm) with a measured power on the
sample of 45 mW was used as excitation source. Using a 100x 0.9NA objective, a lateral
resolution of ∼200 nm and a focal depth of ∼700 nm were achieved. Raman spectra were
recorded with the excitation and collection beams propagating perpendicular to the a-b end-facet,
with the excitation electric field polarized along the a-axis, in steps of 100 nm along the b-axis
(Fig. 1(b)). Collection of the Raman spectra was performed without analysing polarizer, using an
integration time of 0.5 s, and 2 accumulations were averaged to reduce shot noise. The static
spectral background was measured with the spectrometer shutter closed, and subtracted from all
measurements. All spectra were normalized to the intensity of the 906 cm−1 KY(WO4)2 Raman
peak in the unirradiated region of the sample. The KY(WO4)2 samples under investigation were
irradiated with 12 MeV carbon ions at fluences of 4•1013 ions/cm2, 1•1014 ions/cm2,
2.7•1014 ions/cm2, 4 • 1014 ions/cm2 and 8•1014 ions/cm2. The damage effects induced by these
ion fluences were studied before and after annealing steps at different temperatures. Analysis
of the Raman spectra permits obtaining qualitative information on the structural modifications
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induced by the irradiation, based on the analysis of the vibrational frequencies and peak intensities.
Several factors, including excitation polarization, quality of the polished surface and focal spot
volume, have influence on the measurements, making the extraction of quantitative data difficult.

HRXRD curves were measured at the National Research Center "Kurchatov institute" in
a Bragg reflection geometry. A Rigaku SmartLab (Japan) X-ray diffractometer was used
with a rotating anode, in a high-resolution scheme with a parallel beam mirror, a 2-bounce
Ge(022) monochromator, and collimating slits. CuKα1 radiation (λ=1.54056 Å) was used. The
distribution of intensity in the vicinity of the (040) reciprocal lattice point was analyzed. To
separate coherent and non-coherent (diffuse) contributions to the diffraction, the intensity was
analyzed along the sections perpendicular to the diffraction vector (qx-scans) located at different
distances from the (040) reciprocal lattice point. The model of the structure is described by
both strain and static Debye-Waller factor profiles (DWF). To take partial amorphization of an
implanted layer into account, the Debye-Waller factor, given by exp(−LH), was introduced into a
description of the damaged layer model. The value of LH depends linearly on the mean square
displacements

〈
u2

〉
of the atoms from their sites in the crystal lattice:

LH = 8
(
π

sin θB
λ

)2 〈
u2

〉
(1)

where θB is the Bragg angle and λ is the wavelength of the incident X-rays. The Fourier
components of the polarizability in a distorted crystal can be rewritten as [32]

χ∗h = χhe−LH (2)

where χh is the direct beam intensity and χ∗h is the intensity of the diffracted wave. Since
0<DWF=exp(−LH)≤1, the magnitude of the DWF, which is related to the amount of damage
in the layer (i.e., in the form of lattice deformation and defect density), can be extracted from
the decrease of the measured diffracted wave amplitude

��χ∗h ��. The profiles, defined by several
base points and a piecewise cubic Hermite interpolating polynomial function (PCHIP) [33],
can be determined from the shape of the diffraction curve. As an initial approximation, the
thickness of the damaged layer was determined by the intensity of the main Bragg peak, which
depends on the direct beam intensity normalized by the relative intensity and the absorption
in the deformed layer. Simulation of the curves of diffraction reflection was performed in the
framework of the dynamical theory of X ray diffraction, using formalism suggested by Wie et al.
[34]. To reconstruct the profiles, we used an auto-fitting procedure similar to the one used by
Chtcherbatchev et al. [35]. HRXRD measurements were performed on the samples irradiated
with 1•1014 ions/cm2 and 4•1014 ions/cm2 carbon ions before and after annealing at 350°C for
30 minutes. Analysis of the HRXRD measurements allows for a quantitative analysis of the strain
and crystalline damage in the material, due to the fact that HRXRD can directly measure changes
in the lattice parameters as well as defect formation.
Transmission electron microscopy images and diffractograms were taken using a Philips

CM300ST-FEG 300 kV TEM. Samples were prepared using a focused ion beam process in a FEI
Nova600 NanoLab Dualbeam-SEM/FIB system and mounted on an Omniprobe molybdenum
3-post lift-out grid [36]. A thin platinum layer was deposited on top of the KY(WO4)2 to provide
sufficient conduction. Due to the FIB preparation process, both facets of the sample have a
thin amorphous surface layer. The thickness of this layer is reduced to about 3-5 nm in the
last stages of the preparation process using a 5 kV and 2 kV cleaning step. The final thickness
of the prepared KY(WO4)2 slab is approximately 60-80 nm. The TEM system uses a Gatan
Ultrascan1000 CCD camera, and has a resolution of approximately 0.1 nm.
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3. Results

3.1. Structural damage as function of ion fluence

The Raman spectra of two of the investigated fluences as a function of depth into the material,
(i.e., 1•1014 ions/cm2 and 4•1014 ions/cm2) are shown in Fig. 2. These fluences reflect the
situations for which the amorphization threshold is not reached (1•1014 ions/cm2, Fig. 2(a)),
and for which the amorphization threshold is reached in a region around the maximum of the
electronic stopping force (4•1014 ions/cm2, Fig. 2(b-c)). Damage to the crystalline structure is
evidenced by both a decrease in peak intensity and an increase in peak FWHM throughout the
KY(WO4)2 spectrum for both fluences. The highest structural damage occurs at the maximum
of the electronic (∼4 µm) and nuclear (∼7 µm) stopping forces, where all Raman peaks show
the same relative peak intensity reduction indicating amorphization. Regions of the samples
damaged below the amorphization threshold [29] partially retain the Raman peaks characteristic
for KY(WO4)2, with a new, broad-band peak appearing at 953 cm−1, indicating amorphization
of the material. Above the amorphization threshold no KY(WO4)2 Raman spectrum can be
observed but only the new broad-band amorphous spectrum with maximum at 953 cm−1.

Fig. 2. 3D plot of Raman line scans of KY(WO4)2 crystals after 12 MeV carbon irradiation
at fluences of (a) 1•1014 ions/cm2 and (b) 4•1014 ions/cm2, accompanied by (c) the Raman
spectra at several depths into the material for the sample irradiated with 4•1014 ions/cm2;
close to the surface (core), at the locations of maximum electronic damage (electronic),
between the electronic and nuclear maxima (intermediate), at the nuclear barrier (nuclear)
and far away from the irradiation damage (bulk).
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There is a direct relation between the carbon ion fluence and the damage to the crystalline
structure indicated by the evolution of the 906 cm−1 vibrational KY(WO4)2 peak intensity and
position as function of depth (Fig. 3). The Raman change saturates to a full amorphous spectrum
in at least part of the crystal for fluences ≥2.7 • 1014 ions/cm2. In these regions no data is
shown because the 906 cm−1 peak is buried within the new broadband peak with maximum at
953 cm−1. As the ion fluence increases, the amorphization induced by the electronic interactions
(i.e., electronic barrier) widens, extending towards the sample surface and deeper into the
material, while the nuclear interactions (i.e., nuclear barrier) shifts deeper into the substrate. The
vibrational frequency of the 906 cm−1 is lowered as the fluence increases, which is visible in
both the electronic and nuclear barriers (i.e., in the electronic barrier amorphization is reached
and, therefore, the 906 cm−1 disappears). Using the crystallinity information provided by Raman
microscopy for all fluences, the amorphization threshold for carbon ions in KY(WO4)2 can be
approximated. The material starts amorphizing at the maximum of the electronic damage for
ion fluences of >2.7•1014 ions/cm2. The amorphization threshold in displacements per atom
(dpa) can be calculated as the displacements per ion per unit length (displacements/ion*nm)
at the maximum stopping force per ion multiplied by the fluence (ions/cm2) that just induces
amorphization, divided by the atomic density (atoms/cm3) of KY(WO4)2. Using a material
density of ρ = 6.61 g/cm3, molar weight of KY(WO4)2 of 623.68 g/mol, a fluence of
2.7•1014 ions/cm2, and 0.0515 displacements per ion per nm (calculated by SRIM-2013), the
amorphization threshold equals

5.2 · 105
[
displacements

ion∗cm

]
× 2.7 · 1014

[
ion
cm2

]
7.66 · 1022

[
atom
cm3

] = 1.8 · 10−3 dpa (3)

Fig. 3. Evolution of the 906 cm−1 KY(WO4)2 Raman peak intensity (normalized to bulk
intensity) and exact Raman shift as function of depth of different irradiated samples with
various fluences, prior to annealing. The vertical lines indicate the SRIM-2013 calculated
depth of the maximum electronic and nuclear stopping forces. The peak wavenumber and
intensity were determined by fitting of the spectral data with a Lorentzian profile.

The HRXRD measurements allow for a quantitative analysis of the strain and crystalline
fraction in different regions along the irradiation trajectory. These regions are indicated in Fig. 4.
Four regions can be identified: the surface region (A), the region of defect accumulation (B),
the relaxation region (C) and the bulk crystal (D). In the surface region, a higher deformation is
measured in the first <0.5 µm indicating strain at the surface. The defect accumulation region (B)
is associated with the creation of damage due to inelastic interactions between the ion and target
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material (i.e., electronic damage), and can be identified by a decreasing DW factor due to damage
creation, and an increasing deformation caused by damage-induced strain. After the maximum of
the irradiation damage, the crystal strain relaxes (C) and the amount of deformation and the DW
factor return to bulk values. The period of the oscillations on the HRXRD experimental data (see
Fig. 4) determines the thickness layer between maxima of the deformation and the maximum
ion depth. The relaxation region has a lower DW factor due to the implantation of the carbon

Fig. 4. The HRXRD scan data with fit, and the lattice parameter deviation along the
b-axis and the Debye-Waller factor (crystallinity factor) as function of depth into the crystal,
reconstructed from the HRXRD data for 12 MeV carbon irradiated KY(WO4)2 at fluences
of (a) 1•1014 ions/cm2 and (b) 4•1014 ions/cm2.
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ions, which causes point defects. For an irradiation fluence below the amorphization threshold
(Fig. 4(a)), the DW factor is lowered and indicates that half of the material is still crystalline
(i.e., DWF>0.5). Most of the crystal structure damage is located at a depth of 5-6 µm, but the
strain caused by this damage extends towards the surface as well as deeper into the material.
When the irradiation fluence is increased (Fig. 4(b)), the DW factor indicates that the damage
extends towards the surface as well as further into the material, and the relaxation region (C) is
much wider compared to the lower fluence. Both effects were already observed in the Raman
scans in Fig. 3. The presence of a significant amount of deformation together with a very low
DW factor indicates the conversion of the structure of the material from monocrystalline to
polycrystalline with small-angle boundaries. Both the low and high fluence irradiated crystals
indicate the presence of strain at or very close to the surface. The origin of this strain is unclear
but could be caused by the presence of ion impact damage.

TEM images and diffractograms (Fig. 5) were taken to help in the interpretation of the HRXRD
and Raman results. The surface region (Fig. 5(a)), damage accumulation region (Fig. 5(b)) and
maximum damage region (Fig. 5(c)) can be identified and they match the location of the regions
A, B and C in the HRXRD results, respectively. The diffractograms, as well as the TEM images,
clearly indicate a monoclinic crystalline structure in the surface region (Fig. 5(a)), although some
amorphization is already present. For an increasing amount of crystal imperfections (Fig. 5(b))
the crystal first becomes polycrystalline with large grains, and further damage decreases the
grain size to an almost amorphous state at the maximum of the electronic damage (Fig. 5(c)).
The polycrystallinity could explain the HRXRD results for higher ion fluence; the DW factor
approaches zero due to the polycrystalline nature of the material, while the deformation within
these polycrystalline islands can still be measured. At the maximum of the electronic damage
(Fig. 5(c)), the material has been completely converted to an amorphous structure.

Fig. 5. TEM images of the structure of an as-irradiated sample (fluence 2.7•1014 ions/cm2)
at three different depths along the irradiation path: (a) the surface, (b) just outside the
amorphous barrier (depth of 2.5 µm), and (c) inside the amorphous barrier. Damage appears
in the form of black dots, changes in crystal orientation and disappearance of the crystalline
structure. The last two effects are also present in the diffractogram as smeared lines and a
raised background, respectively.

3.2. Structural changes due to annealing

For waveguide fabrication, an annealing step is essential to lower scattering losses in the core
region. The 12 MeV carbon irradiated KY(WO4)2 samples were consecutively annealed at
temperatures increasing from 200°C to 350°C in steps of 50°C. The annealing was performed by
ramping to the target temperature with a slope of 2°C/min from room temperature, after which
it was kept stable for 30 minutes in a temperature-controlled oven. Afterwards, the samples
were left to cool down in the oven for several hours. Raman line scans were recorded at room
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temperature after each annealing step. The intensity of the 906 cm−1 Raman peak normalized to
the intensity in the bulk clearly shows the effects of annealing in the structure of the irradiated
samples (Fig. 6). In regions with below-threshold damage (Fig. 6(a)), the Raman spectrum
partially restores toward the undamaged KY(WO4)2 spectrum (ie., increase of the intensity of the
906 cm−1 peak). For crystals irradiated above the amorphization threshold (Fig. 6(b-c)) the scans
show that there is only a slight change in the Raman profile, both in the surface region (0-2 µm)
as well as in the nuclear barrier, after annealing at 350°C. Figure 6(c) shows the intensity of
the 953 cm−1 peak, which indicates amorphization. The intensity of this peak increases as the
annealing temperature increases, implying consolidation of the damage in the electronic damage
region that was irradiated above the amorphization threshold. A decrease in Raman intensity
close to the surface is observed in most of the measurements, in agreement with the increase in
deformation at the surface observed in the HRXRD analysis. TEM images and diffractograms
(Fig. 7) also indicate partial repair of the crystal structure, with the KY(WO4)2 diffraction pattern
reappearing in the amorphized regions.

Fig. 6. Raman analysis of a (a) 1•1014 ions/cm2 and (b-c) 4•1014 ions/cm2 irradiated
crystal, after annealing at several temperatures, showing the peak intensity of the 906 cm−1

KY(WO4)2 peak (a-b) and 953 cm−1 amorphous peak (c) after least-squares fitting to a
Lorentzian profile, as function of depth into the crystal. The peak intensity is normalized to
the peak height in the unirradiated Raman signal.

An HRXRD scan of the above-threshold sample was made to gain more insights on the effects
of annealing on the crystalline quality (Fig. 8). Damage as well as strain at the surface increase
(with a maximum deformation of ∼2%, compared to ∼1.2% for Fig. 4(b)), which is in agreement
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Fig. 7. TEM images of annealing at 350°C of a 2.7•1014 ions/cm2 irradiated sample, at (a)
the surface, and (b) close to the amorphous barrier (depth of 2.5 µm). In both cases most of
the damage is repaired, but small displacements and black spots are still visible, and from
the diffractogram its clear an amorphous fraction is still present.

with the suggestion of surface damage from the Raman measurements (Fig. 6). Additionally the
DW factor increases significantly while the average deformation has lowered to ∼0.2%. The
nuclear damage region moves slightly deeper into the crystal, most likely caused by the migration
of the implanted carbon ions. The maximum deformation in this region is lowered from 0.78%
before annealing to 0.6% because part of the carbon ions settle into the crystalline structure, but
clearly vacancies still remain.

Fig. 8. HRXRD scan data with fit, lattice parameter deviation along the b axis and Debye-
Waller factor (crystallinity factor) as function of depth into the crystal, reconstructed from
the HRXRD data of KY(WO4)2 irradiated at a fluence of 4•1014 ions/cm2 after annealing at
350°C.

3.3. Optical characterization

As the goal of the research is the fabrication of high index contrast optical waveguides in
KY(WO4)2, the refractive index profile as function of depth and ion fluence was measured using
a micro-reflectivity setup [37] (Fig. 9), with the incident electric field polarized along the a-axis.
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All measurements were performed on crystals directly after irradiation without a first annealing
step. The reason for this is that for the highest fluences (>4•1014 ions/cm2) annealing at 350°C
created cracks in the crystal due to recrystallization in the barrier, which prohibited the refractive
index measurement. However, it is expected that no significant changes in the refractive index
profile will occur due to annealing as the Raman profiles (Fig. 6) indicate limited recovery
of the crystalline structure, and the resolution of the micro-reflectivity measurement (approx.
0.02 RIU) is smaller than the expected change in refractive index. A reduction of the refractive
index is observed due to the amorphization of the material, which begins at the maximum of the
electronic interactions and extends towards the crystal surface and deeper into the material as
the fluence increases. A maximum refractive index change of ∼0.2 can be achieved above the
amorphization threshold. The refractive index at the crystal surface stays close to the refractive
index of the unirradiated KY(WO4)2 (n=2.04 at 1550 nm) due to the lower damage in this region.
By controlling the irradiation fluence and annealing temperature, a step-like refractive index
profile can be achieved. The stress observed by both XRD and Raman measurements between
the crystalline and amorphous layers was expected to lead to polarization dependent changes in
the refractive index profile [23]. However, the limited spatial and refractive index resolution of
our micro-reflectivity profile did not allow us to observe such effects in our measurements.

Fig. 9. Refractive index of the 12 MeV carbon ion irradiated KY(WO4)2, measured using
a micro-reflectivity type setup with a wavelength of 532 nm and incident electric field
polarized along the a-axis. The bulk refractive index of KY(WO4)2 at this wavelength
is ∼2.04. The vertical and horizontal dashed lines indicate the crystal surface and bulk
refractive index, respectively.

A slab waveguide was fabricated using a fluence of 2.7•1014 ions/cm2 accelerated at an energy
of 9 MeV [26]. This energy was chosen to obtain a single mode waveguide after the fabrication
of strip waveguides. Figure 10(a) shows the propagation of 1550 nm light coupled with a prism
coupler into the fundamental mode of the slab waveguide. Analysis of the exponential decay
of the light strike shows propagation losses of ∼1.5 dB/cm. Figure 10(b) shows the reflected
intensity from a coupling prism (i.e. in an Metricon 2010/M setup), clearly showing the effective
refractive indices of the two supported slab modes.
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Fig. 10. (a) Top camera image of the scattering loss in a slab waveguide produced by
9 MeV carbon ion irradiation and subsequent annealing at 350°C, at a wavelength of 1550
nm. The arrow indicates direction of propagation and the square the area used to measure
the scattering loss. (b) The reflected intensity in a prism coupling setup (Metricon 2010/M)
as function of propagation constant, indicating the existence of two modes at a wavelength
of 1550 nm. Radiating modes are visible at propagation constants below 1.8.

4. Discussion

The Raman line scans shown in Fig. 2–3 indicate damage to the KY(WO4)2 crystalline structure
as a result of the 12 MeV carbon ion irradiation, evidenced by the peak broadening and the
decrease in peak intensity. The decrease of the Raman yield and the appearance of a broad
band profile at 953 cm−1 for high ion fluences indicate structural amorphization. The structural
damage profiles as function of depth, and especially the locations of the minimum Raman yield,
are in good agreement with the electronic and nuclear stopping force profiles calculated using
SRIM-2013, and indicate the dominance of electronic damage, as expected from the results of
previous research [24]. An inversely proportional relation between the intensity of the KY(WO4)2
characteristic Raman peaks and the ion fluence is apparent from Fig. 3 for regions where the
damage is below the amorphization threshold, caused by the increasing overlap of the amorphous
tracks created along the ion trajectories [38]. Figure 3 also shows a shift of the maximum of the
nuclear damage deeper into the material for increasing ion fluence. The lower material density
of the damaged KY(WO4)2 lowers the energy loss per unit length of the ions, allowing them to
penetrate deeper into the material. This shifts the maximum of the nuclear stopping force, as
well as the maximum of the electronic stopping force deeper into the substrate. Additionally,
the shift of the vibrational frequency indicates strain in the material, and previous work on the
similar PbWO4 indicates that a shift to a lower frequency is due to tensile strain [39].
Both Raman and HRXRD are in good agreement on the location of the electronic and

nuclear damage maxima, which both can be seen as having a different effect on the material:
below the amorphization threshold, the main effect of the electronic damage is strain induction
while the nuclear interactions cause significant point defects and hence disorder in the material.
The decrease in Raman yield can be explained by a combination of point defects (disordered
background), grain formation (loss of polarization-dependent Raman signal) and broadening
due to strain. The strain measured by HRXRD indicates an increase in the lattice parameter
(which in turn causes a decrease of refractive index) in agreement with the indication of tensile
strain by shift of the Raman frequency. For increasing ion fluence the accumulated damage in the
electronic region also significantly damages the crystal structure. This starts with the formation
of polycrystalline grains (Fig. 5(b)) but finally causes full amorphization (Fig. 5(c)).
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The DWF indicates an imperfect structure, such as amorphous, polycrystalline etc. The
presence of strain allows us to determinate the nature of the deformations. In our case, the
deformed layer is polycrystalline. This can be seen in the TEM images (Fig. 4), where the
crystallite size at increasing depth decreases to a "practically amorphous state". At the same
time, the deformation profile indicates that, both at a depth of 2.5 µm and in the region of ion
deposition, the lattice deformation is 0.6%-0.78%. Therefore, the obtained values of DW factors
should be associated with an increase in the dispersion of polycrystalline grains.
Annealing of the irradiated samples at several temperatures shows a consistent effect on

the structure that depends on the damage caused in the material by the irradiation. Below the
amorphization threshold, i.e., for fluences <2.7•1014 ions/cm2 shown in Fig. 6(a), increasing
the annealing temperature results in a steady repair of the KY(WO4)2 crystalline structure, both
the electronic and nuclear damage. For these fluences, there is no broadband Raman peak
visible at 953 cm−1, which means that the increase in the 906 cm−1 peak intensity is caused by
consolidation of the vibrational bond causing this peak. Nuclear damage repair as well as strain
relieve and partial recrystallization in the defect accumulation region are visible in the HRXRD
after annealing (Fig. 7). This combination indicates a further breakdown of the single crystalline
structure. The repaired polycrystalline material has a lower amount of strain ( 0.2% vs. 0.6%
in Fig. 4(b)) because annealing allows the crystalline structure to resettle, while the DW factor
partially restores due to recombination of displaced atoms and vacancies and the ordering of the
crystallites. Annealing at higher temperatures is under test as it might further repair the crystalline
structure, although some damage in the material will be permanent, and high-temperature
annealing is limited to the transition temperature of α-KY(WO4)2 around 1010°C [40]. For the
higher fluences shown in Fig. 6–7, the irradiation-induced damage is permanent and the slight
increase in intensity of the 953 cm−1 Raman peak indicates consolidation of the amorphous
phase. The 0-2 µm region in Fig. 6(b) indicates a slight repair of the crystalline structure after
annealing at 350°C. The depth profile of the 953 cm−1 peak at this temperature in Fig. 6(c)
indeed shows a narrowing of the damage barrier and also indicates that the below-amorphization
damage is still repaired, creating a more step-like damage profile, although this is not certain
because the changes are close to the limit in the resolution of the microscope utilized.

5. Summary and conclusions

The high Raman-activity of KY(WO4)2 and other potassium double tungstates allows for the
detection of small changes in the vibrational properties caused by irradiation with 12 MeV
carbon ions. In this work, both qualitative and quantitative analysis of the structural effects of
carbon ion irradiation in KY(WO4)2 have been performed using confocal Raman microscopy,
HRXRD and TEM for several ion fluences and subsequent annealing of the samples. The results
show a gradual damage profile as function of depth that is in good agreement with SRIM-2013
simulations, and a direct relation between the amount of damage and the ion fluence up to full
amorphization. The regions above and below amorphization threshold show a different response
to subsequent annealing steps at temperatures between 200-350°C; while the original crystalline
structure is partially repaired in regions with partial damage, the fully amorphized regions show
an even further destruction of the crystalline structure for increasing temperatures. This effect
could be exploited to fabricate samples with a more step-like damage profile by tuning of the ion
fluence and annealing process.

The Raman and HRXRD measurements show that it is possible to use swift ion irradiation as
a method to fabricate a barrier in KY(WO4)2 with material properties different from unirradiated
KY(WO4)2. The micro-reflectivity measurements show that these structural changes induce a
refractive index profile as a function of depth, creating planar waveguides in KY(WO4)2. The
ion fluence can be used to tune the extent of the damage, which in turn determines the refractive
index change. A subsequent annealing step repairs non-permanent damage according to Raman
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and HRXRD measurements, and decreases the scattering losses. It should be noted that the
irradiation will cause some permanent damage close to the crystal surface. As a consequence,
higher ion fluences will increase scattering losses, even after annealing at a high temperature.
Samples irradiated with ion fluences showing regions with full amorphization (e.g., fluences
>2.7•1014 ions/cm2) show potential for fabricating optical waveguides with a close to step-like
refractive index profile, provided that the transmission losses can be kept to acceptable levels.
A slab waveguide fabricated with 9 MeV carbon ions with a fluence of 2.7•1014 ions/cm2

was shown to exhibit two modes. A propagation loss of ∼1.5 dB/cm was characterized for the
fundamental mode.
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