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Abstract—We report on the characterization of planar waveg-
uides formed in the Raman-active crystal KGd(WO�)� using swift
carbon, fluorine, and oxygen ion irradiation. The characterization
of the waveguiding regions was performed using high-resolution
microreflectivity and micro-Raman spectroscopy. The high-res-
olution microreflectivity measurement fully characterizes the
refractive index profile of the barrier formed by amorphization
of the crystal and detects other index variations not detected by
the m-line technique. Raman spectroscopy measurements reveal
details of the Raman properties of the crystal in the waveguiding
region in relation to the rest of the sample for the different ion
irradiations. Both of these measurement techniques are shown to
be important for use of KGd(WO�)� in integrated Raman-active
devices.

Index Terms—Laser crystals, microreflectivity, optical planar
waveguides, Raman spectroscopy.

I. INTRODUCTION

T HERE is a growing interest in creating waveguides in
crystalline materials for use in integrated optics and

waveguide laser devices. Potassium gadolinium tungstate
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KGd(WO ) (or KGW) is a very attractive material for this due
to its high third-order nonlinear susceptibility and its suitability
as a rare-earth host material [1], [2]. KGW has strong Stokes
lines located around 901 cm and 768 cm , depending on the
exciting beam polarization and crystal orientation. These strong
Raman modes, coupled with the crystals’ short dephasing time

of about 1.5–2.0 ps, make KGW an excellent candidate for
high-intensity picosecond stimulated Raman scattering (SRS)
laser emission in the telecommunications spectrum [3], [4].

Waveguides have been fabricated in double tungstate crys-
tals using different techniques such as light ion implantation
[5], [6], liquid-phase epitaxy [7], and femtosecond laser writing
[8]–[10]. Swift heavy ion irradiation (SHI) is becoming increas-
ingly popular as a method of strongly modifying the refractive
index of optical crystals in well-defined regions [11]–[14]. Ions
with kinetic energies of the order of MeV will lose energy pri-
marily through electronic interactions. This regime is known as
the electronic stopping regime (ESR). If the electronic stopping
power is above a certain threshold , amorphous (latent)
ion tracks of several nanometers in diameter are formed along
the ion path [15]–[17]. With a sufficient ion flux, highly amor-
phous regions can be formed in the crystal at well-controlled
depths, using ion fluences that are orders of magnitude lower
than light ion implantation techniques operating in the nuclear
stopping regime (NSR). It is possible to choose the ion irradia-
tion energy to have the maximum electronic stopping power at
a certain depth in the crystal, allowing the formation of amor-
phous regions away from the surface of the crystal, which is ad-
vantageous for fabrication of buried or three-dimensional (3-D)
waveguiding structures. Refractive index profiles of KGW ir-
radiated with fluorine, carbon, and oxygen have been reported
using a standard m-line technique [18]. However, the nature of
the ion beam interactions with the crystal structure in the SHI
process can induce defect formation in areas outside of the de-
sired region. It is therefore important to ensure that the crys-
tals’ laser host, nonlinear refractive index , and Raman char-
acteristics are preserved in the waveguide, ensuring optimum
waveguide device performance. This requires careful tailoring
of the implantation parameters along with the choice of op-
timum implantation species. We present in this paper a more
complete characterization of the KGW crystals’ refractive index
and Raman properties in the waveguiding regions, in order to
validate the SHI method of waveguide formation of Raman-ac-
tive integrated devices using KGW. These techniques prove to
be important in revealing additional information on the damage
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Fig. 1. (a) Crystal orientation of the ion irradiation process and (b) the stopping
powers versus depth for the carbon, oxygen, and fluorine ions.

processes of the SHI in terms of showing features through mi-
croreflectivity not previously revealed with m-line characteri-
zation, as well as showing changes in Raman properties around
the waveguiding region.

II. EXPERIMENT SETUP

A. Ion Irradiation

KGW is a monoclinic crystal with the three refractive indexes
, and at 633 nm. In our

experiments, irradiations were performed normal to the and
crystal plane, as illustrated in Fig. 1(a). High-energy irradi-

ations using a 5-MV tandetron accelerator were performed with
several ion species and fluences [12], with the electronic stop-
ping power of these ions in KGW calculated using the Stop-
ping and Range of Ions in Matter (SRIM) software and shown
in Fig. 1(b). The samples were tilted 8 relative to normal inci-
dence in order to avoid channeling, and the current density was
kept below 100 nA/cm to minimize charging and heating. The
m-line measurements were carried out using the prism-coupling
method with an HeNe laser for the carbon, oxygen, and fluorine
irradiations [18]. In our initial m-line characterization, we iden-
tified the most promising results for waveguide devices being
the 14-MeV carbon ions with fluence of atoms/cm
and 25 MeV oxygen and fluorine irradiations with fluences of

and atoms/cm , respectively. The results were
assessed based on the refractive index profiles generated from
the m-line measurement, with strong refractive index modifica-
tion regions detected, useful for formation of highly confined
waveguides. Samples were then diced and polished for mea-
suring the properties of the cross-sectional regions influenced
by the ion irradiation as a function of depth from the crystal sur-
face.

B. Microreflectivity Setup

The microreflectivity technique uses the principle of Fresnel
reflection relating the refractive index change of a material to

Fig. 2. (a) Refractive index profile and (b) variations in Raman mode parame-
ters across the crystal for a probe beam polarized along the � axis, (c) for the
14-MeV carbon ion irradiated sample.

its change in reflectivity [19]. The microreflectivity measure-
ments were carried out using a setup consisting of a 632.8-nm
HeNe laser focused through a objective with an NA of 0.8,
giving an effective spatial resolution of approximately 400 nm
and refractive index variation sensitivity of .
A combination of a polarizer and waveplate was used to control
the probe beam polarization. The sample was placed on an XYZ
piezo-scanner, and measurements were taken along the polished
facets over a 10- or 15- m area of the sample with 512 512
sampling points and a scan rate of 3 Hz.

C. Raman Spectroscopy

Micro-Raman measurements of the facets were taken using a
JY Horiba LabRAM micro-Raman instrument in confocal con-
figuration (100- m confocal aperture, 100- m slit, 1200-l/mm
grating). The excitation source was a doubled Nd:YAG laser at
532 nm, with 24 mW power, focused through a objec-
tive with a numerical aperture of 0.9. The polarization of the
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Fig. 3. Refractive index measurements of barriers formed by (a) the 14-MeV carbon ion irradiation and (b) the 25-MeV oxygen ion irradiation for different probe
beam polarizations for the facet normal to the � -axis.

probe beam was aligned with the crystal’s axis, as it pos-
sesses both a strong 901-cm and 768-cm mode, ideal for
SRS applications. The sample was placed on a motorized stage
where the cross section of the ion irradiated region was mea-
sured over a 20 20 m area with 0.5- m step size and a cap-
ture time of 1 s per measurement point. The polarized Raman
spectrum was measured for each step, and the intensity, width,
cross-sectional area, and frequency shift of the Raman modes
for this crystal orientation was recorded.

The peak Raman intensity of these modes can be denoted by

(1)

where is the cross-sectional area and is the
linewidth of the Raman mode [20]. This peak intensity
is directly related to the steady-state Raman gain through

(2)

where are the pump and Stokes wavelengths, is the
number of scattering centers, and is the refractive index at the
Stokes wavelength. By comparing the intensity of the Raman
mode in the irradiated regions of to those of bulk unmodified
KGW, (2) can be used to directly predict the expected change

in steady-state Raman gain across the waveguiding region. The
Raman mode linewidth is also used to estimate the Raman
dephasing time , which indicates the shortest
pump pulse possible for steady-state Raman gain operation [21].
In the transient regime where the pump pulse is much shorter
than , the transient Raman gain is proportional to the square
root of the cross-sectional area and not the peak in-
tensity [22]. Thus, changes in the mode area in the waveguiding
region alone can be related to a change in the device gain in the
transient regime, which is important for ultrafast SRS applica-
tions where high transient Raman gain is desired.

The frequency shift of Raman modes as a function of position
in a material can be used as a measurement of localized stress on
the lattice of the crystal. The prominent Raman modes in KGW
arise from the WO group of the crystal, with similar frequency
modes arising in other tungstate crystals with the same sublat-
tice arrangement [22]. Stress measurements were performed on
PbWO crystals, where its similar 902-cm mode was found
to shift to higher frequencies for compressive stress and lower
frequencies for tensile stress [23]. This behavior was also found
for channel waveguides fabricated in KGW using femtosecond
laser processes that use compressive stress to form core waveg-
uiding regions [10]. In addition, the measurement of Raman fre-
quency shifts in the waveguide core region through either stress
or damage will directly indicate the subsequent shifts of the
output Stokes wavelength in SRS-based devices.
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III. RESULTS AND DISCUSSION

Figs. 2 and 3 illustrate the microreflectivity and micro-Raman
spectroscopy measurements of the 14-MeV swift carbon ion
irradiation with a fluence of ions/cm . The microre-
flectivity measurement for all three polarizations reveals a
high-refractive-index guiding region just below the crystal
surface followed by a strong reduction of the refractive index,
correlating well to the m-line measurements previously per-
formed [18]. However, the microreflectivity technique offers
the additional information on the barrier width, where the
microreflectivity scans show the refractive index beginning to
decrease at a depth of 2 m from the surface, and recovering
at a depth of 6 m, with an amorphous region formed between
4 and 5 m from the crystal surface. This characterization
of the barrier width is an important parameter in determining
waveguide performance, as it determines mode leakage into the
substrate of the waveguide. The microreflectivity technique also
reveals previously undetected features appearing intermittently
in the planar waveguide core. These intermittent changes in
the refractive index are found approximately 2–2.5 m from
the crystal surface and are not detected in the previous m-line
experiments [18]. The top image in Fig. 3 shows a 3-D profile
of the microreflectivity measurement for the carbon irradiation
over a 10 10 m area, illustrating these intermittent changes
of refractive index. For the polarization of the microreflectivity
probe beam oriented along the -axis direction, both posi-
tive and negative refractive index changes are measured. The
associated variation was approximately to .
The polarization of the probe oriented along the polariza-
tion direction showed only reduction in the refractive index.
This refractive index variation can have detrimental effects
on scattering loss which scales with the square of the change
in refractive index. The root cause of this phenomenon is not
yet known, however, continuous positive index of refraction
values for one polarization have been previously observed in
other crystalline insulators after light ion implantation damage
events due to ionic motion, bond compaction, or modified bond
rearrangements [24].The polarized micro-Raman spectroscopy
measurements shown in Fig. 2 for the carbon irradiation illus-
trate good correlation between the Raman intensity evolution
of the 901-cm and 768-cm modes and the refractive index
profile from the microreflectivity measurement, where the
barrier reveals a reduced Raman intensity suggesting strong
amorphization. The intermittent feature found 2–2.5 m from
the surface shows a reduction in Raman intensity for both
modes, suggesting that these positive and negative refractive
index changes exist in a region where the crystal has become
amorphous in nature. The first two micrometers from the sur-
face of the crystal constituting the guiding region of the planar
waveguide shows no lattice damage, having a high intensity
count of the Raman modes comparable to nonirradiated KGW.
The cross-sectional area is also seen to be recovered in the
guiding region, and thus the Raman steady-state and transient
gains are expected to be preserved for waveguiding devices
using SRS processes. There is a slight negative Raman fre-
quency shift of about cm observed in the guiding region
for the 901-cm mode, suggesting a tensile stress following
previous results on tungstate crystals [10], [23]. Annealing may

Fig. 4. (a) Refractive index profile and (b), (c) variations in Raman mode pa-
rameters across the crystal of 25-MeV oxygen ion irradiated KGW.

help eliminate these stress effects, which will otherwise cause
an output wavelength shift in SRS-based devices.

Figs. 3 and 4 show the irradiation of the KGW crystal by swift
oxygen ions at 25 MeV and a fluence of ions/cm , re-
vealing the formation of a 3- m-wide amorphous region located
approximately 4 m from the surface of the crystal. The refrac-
tive index profile measured with the microreflectivity technique
also shows an unexpected refractive index feature located about
3 m from the surface. As seen in the bottom image of Fig. 3,
the refractive index measurement for the oxygen ion irradia-
tion does not show the intermittent positive and negative index
variation found in the carbon irradiation, instead exhibiting a
constant refractive index decrease for both polarizations. The
micro-Raman spectroscopy measurements reveal the guiding
region near the surface to have more lattice damage than was
seen with the carbon ion irradiation, with the peak intensity of
the 901-cm mode in the core region less than half of the in-
tensity of undamaged KGW. The 768-cm mode shows better
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Fig. 5. Refractive index measurements of barrier formed by the 25-MeV fluorine ion irradiation, showing a highly amorphous region extending from the surface.

preservation of the peak intensity, measured to be approximately
80% in the center of the guiding region. Using (2), it can then
be inferred that the steady-state Raman gain will be reduced
by the same percentage as measured by the intensity profiles
of each mode in Fig. 4. The cross-sectional area of the mode
is also reduced slightly, suggesting the transient Raman gain
will also be affected, but to a lesser degree than the steady-state
Raman gain. The shifts of the Raman modes reveals some in-
teresting characteristics, where the 901-cm mode is found to
shift by cm in the guiding region, while the 768-cm
mode shifts by approximately cm . This suggests this
768-cm mode to be a sensitive stress indicator for KGW, as
was also reported in [10]; however, here the presence of lattice
damage can also be a factor in producing frequency shifts in
addition to stresses. This strong Raman shift in the waveguide
core region can have an impact on the output wavelength of
SRS-based devices. This was found previously in Raman gain
experiments performed on waveguides fabricated by compres-
sive stress through femtosecond laser writing, where a similarly
shifted 768-cm mode in these waveguide cores produced SRS
output at wavelengths which correlated strongly with these mea-
sured Raman mode shifts [10]. Overall, although strong waveg-
uides are formed using oxygen irradiations as seen by the re-
fractive index profiles, the Raman performance in the guiding
regions is significantly reduced, suggesting that damage to the
crystal lattice and thus device performance is expected to de-
crease for Raman conversion applications.

For samples irradiated with 25-MeV fluorine ions at a fluence
of ions/cm , previous m-line measurements reported
a predominantly amorphous region extending from the crystal
surface. The microreflectivity measurements of the fluorine-ir-
radiated sample shown in Fig. 5 reveal a more detailed profile of
the damaged crystal, where the microreflectivity measurement
shows two distinct weakly guiding regions, separated by a small
dip in refractive index around 2 m. Micro-Raman spectroscopy
measurements revealed no Raman signal in the damage region,
indicating the region to be amorphous in nature.

For each of these ion irradiation species, the use of annealing
could improve the Raman performance of the devices. Routes
forward based on this work are to explore various annealing
techniques on both eliminating the irregular refractive index fea-
tures found in the carbon and oxygen irradiated samples, as well
as potentially improving the Raman performance in the guiding
region of the oxygen irradiated sample.

IV. CONCLUSION

This paper has shown features of planar waveguides formed
by SHI in KGW crystal that are not revealed through standard
m-line measurement techniques. The carbon and oxygen ion
irradiation results show strong potential for the SHI technique
for use in fabricating planar waveguides in KGW. The carbon
ion irradiation shows better preservation of the crystal Raman
characteristics in the guiding region, although exhibiting ir-
regularities in the refractive index profile. The oxygen ion
irradiation showed crystal damage in the guiding region of
the crystal, although annealing the crystal may help restore
the crystal structure. The fluorine ion irradiation creates an
amorphous layer up to 7–8 m from the crystal surface, and,
when used in conjunction with a carbon or oxygen irradiation
and masking, shows good promise for the creation of 2-D
waveguide structures in KGW. The measurement techniques
used in this paper prove to be valuable in revealing important
information such as Raman gain characteristics and small
refractive index fluctuations, which are important for device
fabrication based on the KGW crystal. As well, these character-
ization techniques can be useful for more completely exploring
the damage formation mechanisms of the SHI process in KGW.
Overall, the SHI process of waveguide formation in KGW
shows excellent potential for use in rapid fabrication of Raman
and Kerr-active planar waveguide arrays. Future work lies in
developing multiple SHI irradiation processes with masking
and annealing towards fabricating 2-D or 3-D integrated,
Raman-active waveguide structures.
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