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ABSTRACT

KY(WO4)2 crystal has a lot of potential as an on-chip waveguide material for lanthanide ion-doped, Raman active lasers and on-chip
amplifiers. One method of fabricating these waveguides is by using swift carbon ion irradiation, which produces a step-like, damage-
induced refractive index contrast of up to Δn� 0.2. The irradiation is followed by an annealing step to reduce color centers that cause
high optical absorption, leading to an optical slab waveguide with optical transmission losses as low as 1.5 dB/cm at 1550 nm. In this
article, we report an upper limit of �450 �C to the annealing temperature, above which stresses and recrystallization induce additional
scattering detrimental to waveguide performance. The effects are characterized using transmission electron microscopy and Raman
microscopy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060765

I. INTRODUCTION

The monoclinic potassium double tungstate family [KY(WO4)2,
KYb(WO4)2, KLu(WO4)2, KGd(WO4)2, in short KREW] has been
used as a material for bulk Raman and lanthanide ion-doped lasers
for decades1–3 because of its high refractive index, reasonably large
thermal conductivity, long inter-ionic distances, and large transition
cross sections for rare-earth ions.4 Recently, many research efforts
have been devoted to the fabrication of active, lanthanide ion-doped
KREW optical waveguides for the realization of on-chip amplifiers5

and lasers.6,7 In its stable, low-temperature (,1025 �C) phase,
KY(WO4)2 has a monoclinic structure belonging to the C2/c space
group, with lattice constants of a ¼ 10:6251 Å, b ¼ 10:3395 Å,
c ¼ 7:5494 Å, and β ¼ 130:7410 �C.8 The tungstate complexes in
the crystalline structure form chains in the a–c (010) crystalline
plane, linked to each other by single and double oxygen bonds.
These single and double bonds give rise to the main Stokes
frequencies in the Raman spectrum of the crystal. The Stokes fre-
quencies are very similar among many of the potassium double
tungstates.9 High refractive index contrast waveguides with very
small mode effective area are desirable to reduce the pump

intensity required to achieve stimulated Raman scattering.
However, such highly confined waveguides are difficult to fabricate
in crystalline KREW materials.

We have recently reported a method to fabricate high refrac-
tive index contrast slab waveguides in KY(WO4)2 by swift heavy
carbon ion irradiation to produce a buried damage-induced refrac-
tive index reduction in the crystalline material,11 which can be
tuned in both refractive index contrast and distance from the
surface by properly selecting the ion fluence and energy. Thermal
annealing repairs the damage induced by irradiation in the wave-
guide core region (i.e., between the surface until the damage
barrier) to reduce propagation losses and restore Raman activity of
the created waveguide.

In this work, we study the effect of thermal annealing after
irradiation up to a temperature of 550 �C. Above 350 �C, no further
significant improvement in optical quality and Raman activity of
the guiding layer could be found. A transition in the thermal
annealing process at � 450 �C has been observed, above which
both partial recrystallization with a different crystal structure and
stress-induced cracking occur in the damage region. These effects
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have been investigated using a combination of confocal Raman
microscopy and transmission electron microscopy (TEM). This
transition sets a clear limit to the maximum annealing temperature
to which the substrates can be subjected, as the cracked, polycrys-
talline layer naturally induces large amounts of light scattering,
which makes the fabricated layer no longer usable as an optical
waveguide.

II. EXPERIMENTAL METHODS

The KY(WO4)2 samples used for this research were acquired
from Altechna (LT). All samples have dimensions 10� 10� 1mm3,
oriented such that the large area (top) surface is aligned with the a–c
plane and the b-axis points upward (i.e., orthogonal to the a–c plane).
The surface quality provided by Altechna has an RMS roughness of
1 nm. A scratch was made in the top surface of the samples, parallel to
the c axis, to prevent cracking of the sample due to irradiation-induced
stress. Swift heavy carbon ion irradiation was performed at the Centro
de Micro-Análisis de Materiales (CMAM) at the Universidad
Autónoma de Madrid (ES) in a 5MV electrostatic tandem accelera-
tor.12 During irradiation, the samples were oriented at an angle of 5�

to avoid channeling.13 As the ion beam has a Gaussian shape, the ion
beam area was set at least 3� larger than the sample surface to
provide an even distribution of the ions over the sample. An ion
energy of 12MeV was chosen so that the maximum of the damage
barrier induced by electronic interactions was sufficiently deep and
was sufficiently wide to permit characterizing the irradiation effects in
detail using (diffraction-limited) confocal Raman microscopy. The ion
fluence was set at 3� 1014 ions=cm2 so that the maximum electronic
stopping force was slightly above the amorphization threshold of
1:8� 10�3 dpa11 for KY(WO4)2 (i.e., gray marked region in Fig. 1).
After thermal annealing, the a–b end-facet of the crystals was polished
to allow the characterization of the crystal perpendicular to the irradia-
tion direction using confocal Raman microscopy. Study of the irradia-
tion damage by scanning the end-facet of the sample avoids
convolution of the Raman signals of the damaged and undamaged

regions. Such overlap would occur if the irradiation-induced damage
was studied from the surface of the sample. Additionally, the polished
end-facet allowed for the measurement of the refractive index profile
of the irradiated region using a micro-reflectivity approach.14

Polishing was done using a Logitech MP5 (UK) polishing machine
with a 40 nm SiO2 particle slurry. Rounding of the edges of the crystal
was avoided by clamping the irradiated crystal between 1mm thick
glass substrates. Additionally, TEM samples were fabricated using
focused ion beam (FIB)15 milling for both direct imaging and electron
diffraction measurements.

III. RESULTS

A. After irradiation

Initial irradiation with 3� 1014 ions=cm2 12MeV carbon
ions/cm2 produces two regions of damage, namely, a heavy
damaged region due to the interaction between the carbon ions
and the electron cloud of the crystal (electronic damage), and a
damaged region further into the crystal due to the ballistic interac-
tion between the ions and the atoms in the crystal (nuclear
damage).16 In the particular case of this work, the electronic inter-
action, given by the stopping force, is two orders of magnitude
higher than the nuclear damage (see Fig. 1), and no significant
contribution of the nuclear damage has been found in previous
research.11,17 The electronic damage in the crystal follows the gradi-
ent indicated in Fig. 1, with increasing damage toward the
maximum of the electronic stopping force, after which the damage
quickly declines. The effect of irradiation on the KY(WO4)2 struc-
ture was studied by TEM, and it is shown in Fig. 2(a) at three
different locations in depth, namely, 0:5, 2:5, and 4:5 μm, along
the electronic damage curve. In all three locations, a large amor-
phous fraction, represented by the circular halo, can be observed.
Both close to the surface and 2:5 μm below the surface, a deforma-
tion of the crystalline structure occurs and it is indicated by the
elongated diffraction spots. In the region of highest damage
(around 4:5 μm below the surface), the amorphization threshold is
reached, resulting in the complete disappearance of any crystalline
structure.

Corresponding confocal Raman spectra [Fig. 2(b)] were
obtained at the same depth as the TEM images and diffraction pat-
terns and show the same effect. Significant damage can be inferred
from the low counts and increasing full-width at half maximum
(FWHM) of several of the main Raman peaks associated with
KY(WO4)2 [e.g., the peak at the vibrational 908 cm−1 frequency has
approximately 4000 counts in unirradiated KY(WO4)2]. A large
amorphous background can be also observed as a broad peak
around the frequencies of 360 and 940 cm−1. The signal-to-back-
ground ratio (the 908 cm−1 peak with the background signal at
850 cm−1) is a good indication of the amount of irradiation
damage and emphasizes the severity of the damage, with a ratio of
120 at a depth of 0:5 μm. This signal-to-background lowers to 23 at
a depth of 2:5 μm and reduces to values below 1 at 4:5 μm.

Although the damage in the surface region (i.e., 0�3 μm) is
severe, a large fraction of this damage consists of point defects or
slight torsion of the crystal lattice. These effects are indicated by an
increased definition of the amorphous rings in the TEM diffraction
patterns, and the elongation of the diffraction spots into lines,

FIG. 1. Electronic and nuclear stopping force curves of 12 MeV carbon ions in
KY(WO4)2 when injected at a 5� angle along the b-axis, as simulated by the
SRIM-2013 software.10 The depth is specified as depth into the crystal along
the b-axis. For a fluence of 3� 1014 ions=cm2, the gray area indicates the
region above amorphization threshold. The arrows indicate the corresponding
axis.
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respectively. Annealing to 350 �C has shown to be able to repair
most of this damage,11 while the amorphous layer between
3 and 5 μm is consolidated and does not show any sign of repair.
Comparing the location of maximum electronic stopping force
with the damage region observed in TEM, it should be noted that
in TEM, the electronic damage region seems to extend further into
the material and the maximum amount of stress is not at the loca-
tion of maximum stopping force (although the nuclear stopping
force and resulting damage are at the same location). The deeper
extension of the damage is most likely the result of changing mate-
rial density during irradiation: the material density of damaged
KY(WO4)2 decreases, causing the location of maximum stopping
force to shift further into the material during irradiation.

The refractive index of the irradiated crystal was measured18

and shows a significant refractive index contrast: at the crystal
surface, the refractive index is approximately equal to the unirradi-
ated refractive index (n ¼ 2:05 at 1550 nm), while at the maximum
of the electronic stopping force it is significantly reduced (n ¼ 1:86
at 1550 nm).

B. High-temperature annealing

Annealing above 450 �C shows similar annealing effects in the
0–3 μm surface region, where the amorphization threshold was

never reached; TEM images indicate the recovery of the original
crystalline structure (see Fig. 3), visible by a reduction of the circu-
lar halo and appearance of the characteristic dots related to the
unirradiated KY(WO4)2 lattice. The Raman spectra show recovery
toward the spectrum of unirradiated KY(WO4)2.

11 This can be
clearly seen in Fig. 4(a) by a reduction in the FWHM of the
908 cm−1 vibrational mode as the annealing temperature increases.
Although the FWHM of the 908 cm−1 vibrational mode also
decreases in the amorphized region (i.e., 3–5 μm) upon annealing,
the amplitude of this vibrational mode remains very low through-
out the amorphized region after annealing [Fig. 4(b)]. The exten-
sion of the electronic damage region that was observed for
annealing temperatures below 450 �C is also visible both in TEM
and Raman after high-temperature annealing. Additionally, the
Raman FWHM indicates that this also means the location of
maximum stress is shifted further into the material than the SRIM
simulation (indicated by the red dashed line) suggests. It is impor-
tant to note that even for the high temperatures utilized in this
study (i.e., 550 �C), both the FWHM and the electron microscope
diffraction patterns indicate that some damage fraction remains in
the surface region, which does not recover to the same quality as
unirradiated KY(WO4)2.

In the region above amorphization threshold, where both
TEM and Raman microscopy before annealing indicate that the

FIG. 2. Analysis of unannealed 12 MeV 3� 1014 ions=cm2 carbon-irradiated KY(WO4)2, showing (a) the TEM cross section and detailed TEM images and diffraction pat-
terns at several depths along the ion path (i.e., 0.5, 2.5, and 4.5 μm) and (b) confocal Raman spectra taken from the end-facets of the irradiated sample at the same dis-
tance from the surface as the TEM images. Note the difference in Raman counts for the different regions. The red dashed lines in (a) correspond to the simulated
maximum electronic (‘e’) and nuclear (‘n’) stopping force. The scale bars in the TEM correspond to 10 nm. The counts of the Raman spectra are calibrated to each other
using the background signal at the edges of the frequency range.
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original KY(WO4)2 structure was completely lost, a significant
change occurs after annealing at temperatures above 450 �C.
Instead of further consolidation of the amorphous structure as
observed for annealing temperatures up to 450 �C, above this tem-
perature the amorphous structure starts to recrystallize into a poly-
crystalline region. According to the electron diffraction pattern
(Fig. 3), the structure recrystallizes into random orientations but
with an overall structure showing a much higher lattice constant.
Furthermore, several new vibrational modes that cannot be associ-
ated with any of the double tungstate crystals are observed in the
Raman spectra obtained at several locations in the recrystallized
region (Fig. 4). The steady recovery of the FWHM (but not the
amplitude) of the 908 cm−1 peak shown in Fig. 4(a) as a function
of the annealing temperature indicates partial existence and restora-
tion of the original crystalline structure. Some of the new vibra-
tional modes have been indicated in Fig. 4(b) with their
corresponding vibrational frequency. New vibrational modes in the
Raman spectrum are observed after annealing at 550 �C, which
have also been observed in other single, double, and triple tungstate
crystals, when subjected to very high pressures.19–21 Several of these
same vibrational modes can also be found in thermally quenched
KY(WO4)2 [Fig. 4(c)], where part of the material shows a large
amorphous Raman background and other parts show vibrational
modes at 835, 862, and 970 cm−1, making the composition of ther-
mally quenched KY(WO4)2 powder very similar to that of the
recrystallized barrier. This result seems to suggest that the highly
amorphized KY(WO4)2 material crystallizes in random orientations
with a dominant lattice constant that is approximately twice as

high as in KY(WO4)2 (Fig. 2) in a similar way to thermally
quenched KY(WO4)2 powder. Combining the Raman and TEM
information, the most likely conclusion is that the original tung-
state “sheets” did break up during irradiation and serve as a seed to

FIG. 3. Analysis of 12 MeV 3� 1014 ions=cm2 carbon-irradiated KY(WO4)2
after annealing the sample at 550 �C. The image shows the TEM cross section
and detailed images and diffraction patterns at several locations along the ion
path (i.e., 0:5, 2:5, and 4:5 μm). The scale bars in the TEM details indicate a
distance of 10 nm.

FIG. 4. Analysis of 12 MeV 3� 1014 ions=cm2 carbon-irradiated KY(WO4)2
after thermally annealing the sample at 550 �C. (a) Full width at half maximum
of the strongest vibrational mode of KY(WO4)2 at 908 cm−1 as a function of
depth in the crystal for different annealing temperatures. The horizontal dashed
line indicates the FWHM of the mode in unirradiated KY(WO4)2. (b) Confocal
Raman spectrum at several random locations around the maximum of the elec-
tronic damage. (c) Representative confocal Raman spectrum of thermally
quenched KY(WO4)2 powder. In (b) and (c), several frequencies not belonging
to low temperature KY(WO4)2 have been highlighted.
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form new tungstate complexes during the high temperature (above
450 �C) annealing step.

These structural changes can also be observed from the
refractive index in the electronic damage region, which
after annealing at 550 �C was determined using an m-lines scan as
n � 1:78 at 1550 nm. This is significantly lower than for annealing
temperatures up to 450 �C. But although this higher refractive
index contrast between the surface region and the electronic
damage region would be beneficial for the development of on-chip
amplifiers and lasers in KY(WO4)2—as it increases the optical con-
finement—the clear polycrystalline nature of the electronic damage
region also introduces severe scattering. No optical guiding can be
observed in the irradiated crystal after annealing at 550 �C for
wavelengths up to 1550 nm.

Figure 3 shows the presence of a crack in the region where
maximum electronic damage has occurred. Figure 5 shows an

overview of the cracks that have formed in the irradiated sample
upon annealing at 550 �C. Vertical cracks occur every few micro-
meters through the entire crystal and generally run parallel to the a
axis. This effect has been documented before as a result of signifi-
cant differences in the thermal expansion coefficient between the
crystalline axes of KY(WO4)2

22 or stress between layers of different
compositions or crystalline structures due to lattice mismatch.7 In
the high-temperature annealed irradiated crystals, the cracking is
most likely the result of a mix of both effects because recrystalliza-
tion happens at a high temperature and the resulting crystallites
exhibit a different structure than the original crystal lattice.
Experimentally it is very hard to confirm whether cracking of the
recrystallized layer happens during the annealing itself or subse-
quent cooling step to room temperature. A larger amount of minor
cracks and defects, typically aligned in the horizontal direction, are
also found in the layer and are the result of a combination of lattice
mismatches between the recrystallized regions and edge defects due
to the irradiation damage.

IV. CONCLUSION

In summary, although annealing is a necessary step in the
waveguide fabrication process for the reduction in color centers in
carbon ion-irradiated KY(WO4)2, there is a limit in terms of
annealing temperature that can be used for this process. For wave-
guides in KY(WO4)2 fabricated using an irradiation fluence that
exceeds the amorphization threshold, annealing above 450 �C has
an adverse effect on the quality of the slab waveguide due to recrys-
tallization of the amorphous layer together with stress-induced
cracking. The recrystallization does not repair the original crystal-
line structure but rather creates a layer of crystallites that most
likely form from small tungstate complexes that survived the
carbon irradiation. This is concluded from the observation of
several new vibrations in the Raman spectrum that can be associ-
ated with vibrational modes of other tungstate crystals as well as
cracking, which is most likely caused by the lattice mismatch
induced by the new crystalline phase induced in the amorphized
region upon high temperature annealing. The refractive index con-
trast between the—relatively undamaged—top region and the elec-
tronic damage region is increased (Δn ¼ 0:2 to Δn ¼ 0:25), but
due to the increase in optical scattering and the cracking of the
material, the optical losses are much too high to allow optical
guiding in the top layer. The immediate conclusion of this study is
that for the fabrication of optical waveguides, carbon-irradiated
KY(WO4)2 can only be annealed up to a temperature of 450 �C to
avoid recrystallization of the barrier and the corresponding detri-
mental effects to the performance of the waveguide.
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