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a b s t r a c t

We report the fabrication of a planar optical waveguide in a Ca0.4Ba0.6Nb2O6 crystal by irradiation with
6.0 MeV oxygen ions. We measured the guiding mode by the prism-coupling method at 633 nm and
1539 nm. The near-field intensity distributions were measured by the end-face coupling setup at a
wavelength of 633 nm. The reflectivity calculation method (RCM) was used for reconstructing refractive
index profiles. SRIM was used to simulate the electronic and nuclear stopping power caused by oxygen
ion irradiation, and the finite-difference beam propagation method (FD-BPM) was used to simulate the
near-field intensity distributions. Micro-Raman spectra were measured at room temperature in air to
study the differences between the substrate and waveguide region.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recent decades have witnessed the rapid development of meth-
ods for transmitting optical information. Integrated optical devices,
particularly those based on new types of optical materials, are
playing an increasingly crucial role in this context. Ferroelectric
materials with a tungsten-tetragonal bronze (TTB) structure are
outstanding for applications in integrated optical devices due to
their excellent electro-optic, pyro-electric, piezo-electric, photore-
fractive properties and non-linear optical properties [1]. Strontium
barium niobate (SrxBa1�xNb2O6, SBN) crystal, as the ferroelectric
material with a TTB structure, exhibits prominent optical proper-
ties such as a large electro-optic coefficient and excellent photore-
fractivity. The properties of rare earth doped SBN as a kind of laser
material are great, and it is so attractive as a light source for optical
memories, color displays, and multi-wavelength scanners because
of the low threshold power, lack of harmful speckle patterns, and
high quality of colors generated [2–4], which have motivated
widespread study of this material. However, the low Curie temper-
ature (25–120 �C, depending on the composition) of SBN limits its
use under high-temperature conditions [5]. Fortunately, calcium
barium niobate (CaxBa1�xNb2O6, CBN) crystals, which exhibit a
higher Curie temperature (approximately 200 �C), are quite similar
to SBN crystals in terms of their optical properties, allowing for

their broad applications [6–8]. CBN is a type of crystal with a TTB
structure belonging to the P4bm and 4 mm point groups and has
a wide spectral transparency range, covering the ultraviolet, visible
and infrared bands. As a type of TTB niobate crystal, CBN features
an abundance of vacancies; thus, ion implantation and dopants
can be used to improve or modify the properties of CBN by choos-
ing the appropriate processing conditions [9].

The waveguide structure is a basic component in integrated
photonics whose performance is very important to the operation
of integrated optical devices [10]. Optical waveguides are defined
as having a high-refractive-index region surrounded by low-index
regions. When light travels through a waveguide region, the light
could be confined within the high-refractive-index region due to
the phenomenon of total reflection. The propagation of the light
can be confined within small volumes in a one-dimensional planar
waveguide or in a two-dimensional channel or ridge waveguide,
the latter of which has broader practical applications in devices
such as optical switches, splitters, and amplifiers [11–13]. Several
methods for waveguide fabrication have been developed in recent
decades, such as ion irradiation, proton exchange, metal ion indif-
fusion, and direct femtosecond laser writing [14–18]. Ion irradia-
tion is one of the most mature and successful methods for
fabricating waveguides due to the ion species, energy, fluence,
temperature and many other factors associated with the irradiated
ions can be precisely controlled; furthermore, because the Curie
temperature of CBN-40 is approximately 180 �C, ion irradiation is
one of the most appropriate techniques for fabricating waveguides
on CBN crystals.
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2. Experimental details

A CBN-40 (Ca0.4Ba0.6Nb2O6) crystal, with dimensions of
8 � 10 � 1.85 mm3, was optically polished and cleaned before ion
irradiation. 6.0 MeV oxygen ion irradiation was performed using
the 1.7 MeV tandem accelerator at Peking University, and the flu-
ence of the oxygen ion irradiation was set to 6 � 1014 ions/cm2.
To avoid the channeling effect, the sample was rotated 7� relative
to the ion-beam direction. Stopping and Range of Ions in Matter
(SRIM 2013) was used to simulate the distribution of electronic
and nuclear stopping power, which could indicate the energy
transfer between the incident oxygen ions and the CBN-40 crystal.
The prism-coupling method was used to measure the dark-mode
spectra at visible (633 nm) and near-infrared (1539 nm) wave-
lengths in the m-line configuration with the Model 2010 Prism
Coupler (Metricon). The end-face coupling method was used to
measure the near-field intensity distribution of the waveguide
with a He–Ne laser at 633 nm. The RCM [19] was used to recon-
struct the refractive index profile of the waveguide region at
633 nm, and the FD-BPM [20] was used to simulate the modal dis-
tributions of the waveguide and compare those distributions with
the experimental results. A micro-Raman spectrometer was used
to record the Raman spectra of the waveguide and substrate at
an excitation wavelength of 473 nm at room temperature.

3. Results and discussion

Fig. 1 shows the measured relative intensity of transverse elec-
tric (TE) and transverse magnetic (TM) polarized light reflected
from the prism versus the effective refractive index of the CBN-
40 waveguide formed by 6.0 MeV oxygen irradiation with a fluence

of 6 � 1014 ions/cm2. A lack of reflected light will result in a dip in
the dark-mode spectrum when the laser beam is coupled into the
waveguide region, which can provide the data regarding the wave-
guide mode and the corresponding effective refractive index. The
waveguide modes along different axes of a sample can be deter-
mined by adjusting the electric field vector of the light along differ-
ent cut directions. Two lasers, the 633 nm He–Ne laser and the
1539 nm diode laser, were used to study the characteristics of
the CBN waveguide in a visible and near-infrared telecommunica-
tion bands. As shown in Fig. 1, several resonance dips were
detected. Generally, a single narrow and deep dip in the guide
mode profile indicates that there is a real guided mode in the pla-
nar waveguide. For instance, the three left-most dips in Fig. 1(a)
are very sharp and most likely correspond to the real guided
modes; thus, it can be concluded that the TM0, TM1, TM2, TE0,
TE1 and TE2 modes exist at the wavelength of 633 nm in the O-irra-
diated CBN-40 waveguide structure. On the other hand, at the
wavelength of 1539 nm, the waveguide can only carry the TE0

mode. The normalized waveguide width V, is given by

V ¼ 2pd
k
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k is the wavelength of light; d is the waveguide width; n1 is the
refractive index of the waveguide; n2 is the refractive index of the
substrate; V is a measure for the total number of waveguide modes
[21]. There will be more waveguide modes with the increasing of
the value of V, and this determines that the waveguide can carry
more modes at 633 nm than at 1539 nm which is in good
agreement with our data. Fig. 1(a) and (c) shows the TE mode with
TE-polarized incident light at wavelengths of 633 nm and 1539 nm.
We observed that the surface refractive index (nsur = 2.3050 at
633 nm and 2.2245 at 1539 nm of TE mode) of the CBN-40

Fig. 1. Relative intensity of incident light versus the effective refractive index of the CBN-40 waveguide for (a) TE mode at 633 nm, (b) TM mode at 633 nm, (c) TE mode at
1539 nm, and (d) TM mode at 1539 nm.
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