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Abstract. In this work we present a study of Er3+-doped LiNbO3 ion-implanted planar
waveguides by laser spectroscopy and Rutherford backscattering spectrometry (RBS). RBS
measurements for both random and channelling conditions were carried out in order to investigate
the crystal quality of the original crystals and their respective waveguides. The angular
dependences of the Nb and Er yields were compared and a non-substitutional fraction of Er3+
ions was found in both the bulk crystal and the waveguide. Some deterioration of the crystal
quality in the waveguide compared to that in the bulk was also detected. Laser spectroscopy was
used to obtain information about the optical properties of the Er3+ ions within the waveguides
and to compare them with the properties of the Er3+ ions in the bulk. The results obtained show
that the spectroscopic properties of the waveguide Er3+ ions are essentially the same as those
of the Er3+ ions in the bulk, except a slight broadening of the bands and some changes in the
relative intensities.

1. Introduction

Lithium niobate offers a great variety of potential applications in the field of integrated optics
since it exhibits very important non-linear properties, such as high electro- and acousto-optic
coefficients, and also offers the possibility of doping it with optically active ions to obtain
laser action. Moreover, the use of a waveguide configuration increases the efficiency of
non-linear processes and the laser gain due to the strong power confinement [1–6]. Among
the different laser dopants, the erbium ion is especially useful because its 1.55µm emission
corresponds to one of the low-loss optical windows, and its absorption bands at around 800
and 970 nm are compatible with laser diode pumping.

During the last few years, the optical characterization of LiNbO3:Er3+ has attracted
considerable interest, and several investigations [7–15] devoted to the spectroscopic study
of Er3+ ions in LiNbO3 have been published. In addition, recently the utility of Er3+-doped
LiNbO3 as a waveguide laser material has been demonstrated, and several active devices
[16–20] based on this combination have been reported.

Although the most popular methods for producing waveguides in LiNbO3 (metal in-
diffusion [21, 22], proton exchange [23] and ion implantation [24]) are based on a change
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in the refractive index of the substrate induced by modification of its structure, little attention
has been focused on the effects that such changes in the material might have on the
spectroscopic properties of the rare-earth ions in the waveguides.

In this work we present a study of Er3+-doped LiNbO3 planar waveguides, with different
Er3+ doping levels, fabricated by the ion-implantation technique [25]. In order to determine
the degree of crystallinity of the waveguides after the ion implantation, the Rutherford
backscattering spectrometry (RBS) technique for both random and channelling geometries
was used. Furthermore, we also carried out photoluminescence measurements to obtain
information about the optical properties of the Er3+ ions within the waveguide and their
possible changes with respect to those of the ions in the original substrate.

2. Experimental procedure

The Er3+-doped LiNbO3 crystals used for this work were grown at the Autónoma University
(Madrid) by the Czochralski technique from grade I Johnson–Matthey powders. These
crystals were doped with Er2O3 and MgO which were added to the congruent melt at
different doping levels. One crystal was singly doped with 0.2 mol% of Er3+ in the melt,
another one with 0.5 mol% Er3+ and 6 mol% MgO and a third one with 1 mol% Er3+ and
5 mol% MgO, all of the percentages being referred to that of Nb5+. From each crystal a
rectangular sample was cut perpendicular to thec-axis and carefully polished.

Each of the substrates was implanted at the Van de Graaff accelerator of Sussex
University with He+ ions of 2 MeV to define planar optical waveguides on one of its
surfaces. The ion dose was 2×1016 ions cm−2 with an average beam current of 1µA cm−2.
From the value of the He+-beam energy used for the implantation, the depth of the
waveguides can be estimated [26] to be of the order of 4µm. The samples were held
at a temperature of 77 K during the implantation to ensure an efficient retention of damage.
After the ion implantation the samples were annealed in air at a temperature of 250◦C for
30 min to remove colour centres formed during the implantation process. Subsequently, the
ends of the waveguides were carefully polished to allow end-fire coupling of light.

The luminescence measurements were accomplished by using an Ar-ion laser(λ =
488.0 nm) as an excitation source. The experimental set-up employed to carry out the
emission measurements in the waveguide at room and low temperature has been described
elsewhere [27]. The emissions were detected by means of a silicon detector (Telefunken
BPW-34) and a photomultiplier tube (EMI QB558), according to the spectral range.

The RBS/channelling experiments were performed at the 3.1 MeV Van de Graaff
accelerator of Instituto Tecnológico e Nuclear at Sacavém (Portugal). A He+ beam of
1.6 MeV was used, the typical He+-beam current being below 1 nA, in order to minimize
radiation damage and electronic pile-up. The samples were mounted on a two-axis
goniometer which allowed two rotations, and the backscattered He+ particles were detected
with two surface barrier detectors at 140◦ and 180◦ relative to the beam direction, the latter
being an annular detector. For the initial energy of the incident beam, the accessible depth
is limited to about 2µm, which is smaller than the total waveguide thickness. Thus it is
ensured that the waveguide signal only carries information about the waveguide.

3. Results

Figure 1 shows several emission spectra for the bulk (continuous line) and the ion-implanted
waveguide (dotted line) of the LiNbO3:0.2% Er3+ sample corresponding to different Er3+
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Figure 1. σ -polarized emission spectra at RT and LHeT (upper and lower part, respectively),
underλ = 488.0 nm excitation, for the bulk (continuous line) and the ion-implanted waveguide
(dotted line) of the LiNbO3:0.2% Er3+ sample corresponding to the transitions4S3/2→ 4I15/2

(≈550 nm), 4S3/2→ 4I13/2 (≈860 nm) and 4I11/2→ 4I15/2 (≈980 nm).

transitions. The upper part of figure 1 shows the spectra at room temperature, whilst the
lower part displays the same emissions at low temperature. In order to compare waveguide
emissions to those of bulk, it is advisable to use polarized emissions to avoid the effect
of possible differences in losses for the TE and TM polarizations inside the waveguide.
This ion-implanted waveguide exhibited lower losses for TE than for TM and, hence,σ -
polarized emissions had a better signal-to-noise ratio; that is why the study has concentrated
on σ -polarized spectra. The spectra are normalized to the same area under the curve for
display purposes.

The Ar+-laser excitation atλ = 488.0 nm populates the state4F7/2 of Er3+ ions (see
figure 2 for a partial energy level diagram) from which a rapid non-radiative de-excitation
down to the4S3/2 state takes place. Among the different emissions that can be observed
from this state, the4S3/2→ 4I15/2 (≈550 nm) and the4S3/2→ 4I13/2 (≈860 nm) transitions
are the most intense ones, their branching ratios being 70% [12] and 25% [12], respectively.
The 4I11/2 state is also populated, mostly from non-radiative paths, and from this state the
4I11/2→ 4I15/2 (≈980 nm) transition can be detected.

When comparing the bulk and waveguide spectra of figure 1, it is difficult to see any
change at room temperature due to the large band widths, but by inspecting the spectra at
LHeT it can be appreciated that there is a slight broadening of the bands for the waveguide
together with some changes in the relative intensities. All of the waveguide spectra show
essentially the same structure as for the bulk, and both types are consistent with the
reported [28, 29] incorporation of Er3+ into the Li+ octahedron showing C3 symmetry.
The polarization characters of the bands are also preserved in the waveguide and are also
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Figure 2. A partial energy level diagram for Er3+ ions in LiNbO3.

Figure 3. LHeT π -polarized emission spectra, underλ = 488.0 nm excitation, for the bulk
of samples LiNbO3:0.2% Er3+ (continuous line), LiNbO3:MgO:0.5% Er3+ (broken line) and
LiNbO3:MgO:1% Er3+ (dotted line) corresponding to the4S3/2→ 4I15/2 transition.

consistent with the selection rules for C3 symmetry.
As regards the observed spectrum broadening, it was detected that in bulk crystals

there also exists a broadening of the bands with increasing Er3+ concentration prior to ion
implantation. This can be observed in figure 3, where a comparison of the4S3/2→ 4I15/2 π -
polarized emission spectra at LHeT for the bulk crystals of the samples under study is
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Figure 4. LHeT π -polarized emission spectra, underλ = 488.0 nm excitation, for the bulk
(continuous line) and the ion-implanted waveguide (dotted line) of the LiNbO3:MgO:1% Er3+
sample corresponding to the4S3/2→ 4I15/2 transition.

presented. For the waveguide luminescence, figure 4 shows the same emission spectra
for the bulk (continuous line) and the ion-implanted waveguide (dotted line) of the
LiNbO3:MgO:1.0% Er3+ sample. When comparing the waveguide spectra to those for
the bulk, it was detected that the broadening of the waveguide spectrum increases with
increasing Er3+ concentration for all of the samples under study.

Figure 5. Random and〈0001〉- (c-axis-) aligned spectra for the bulk (continuous line) and the
waveguide (dotted line) of the LiNbO3:MgO:1% Er3+ sample.

In order to study the crystal structure and defect distribution, we have performed RBS
measurements on both the bulk and the waveguide of the three samples. Backscattering
energy spectra for a beam incident along the〈0001〉 crystallographic axis (c-axis) are
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shown in figure 5 for the bulk (continuous line) and the waveguide (dotted line) of the
LiNbO3:MgO:1.0% Er3+ sample. Also included is the random (non-channelling-direction)
spectrum of the virgin crystal (bulk), which was perfectly coincident, within the noise
scatter, with the random spectrum for the waveguide. The〈0001〉 axis for the waveguide
was found to be the same direction as for the substrate, indicating that the ion implantation
has preserved the crystallographic orientation in the waveguide.

As can be seen in figure 5, the aligned spectra of the bulk and the waveguide are quite
similar, although it can be observed that the aligned yield for the waveguide is higher than
that for the bulk. In fact, the minimum yield,χmin, defined here as the ratio of the Nb
average yield in the depth region from the surface to 1500Å (excluding the surface peak)
of the aligned and the random spectrum, was found to be 7% for the virgin crystal and
13% for the waveguide, indicating that the crystal quality of the ion-implanted waveguide
is lower than that of the virgin crystal.

Figure 6. The angular dependence along the〈0001〉 axis of the normalized backscattering yield
of 1.6 MeV He+ ions from Nb and Er for the bulk (upper part) and ion-implanted waveguide
(lower part) of the LiNbO3:MgO:1% Er3+ sample.

Since Er has a higher mass than Nb, the backscattering signals due to niobium and
erbium can be well separated from each other (see the inset in figure 5) and can be evaluated
separately. The angular dependences of the normalized yield for Nb and Er corresponding
to the 〈0001〉 axis for the LiNbO3:MgO:1% Er3+ sample are depicted in figure 6. The
upper part of figure 6 corresponds to the bulk, and the lower part to the waveguide. These
angular scans were obtained by monitoring the scattering yields of Er and Nb over two
windows that are narrow and very near the surface (excluding the surface peak) in the
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backscattering spectrum, which correspond to the same depth within the sample. The yields
were normalized to the integrated random value over the same window and plotted as a
function of the angle between the beam direction and the axis.

As regards the Nb angular scans of figure 6 (full symbols), no changes either in shape
or in width are observed when comparing the waveguide and the bulk, the only difference
being a higher value of the Nb minimum yield for the waveguide. As regards the Er signal,
supposing that all of the Er ions in the crystal were located along the Li–Nb strings parallel
to the c-axis, the Er angular scan should be almost identical, both in magnitude and in
width, to that for Nb. The angular scans in figure 6 show that the Er signal follows that
of Nb but with a significantly higher minimum yield, indicating that, besides a fraction of
Er ions aligned along thec-axis, there is also another fraction of Er ions present, which
occupies random positions or is forming precipitates, which show no angular dependence
in the yield curve (random fraction). This is in agreement with previous work [30] where
Er ions were found to occupy displaced Li sites together with a random fraction, in contrast
to other rare-earth ions which have been reported to occupy displaced Li sites without the
presence of any random fraction for a similar concentration range.

Figure 7. The Er3+ concentration dependence of the Er3+ random fraction for the samples
studied.

For the other two samples, a random fraction of Er3+ ions was also detected, which
was always comparable for the bulk and the waveguide of each sample. These results are
presented in figure 7 where it can be observed that such a random fraction increases in size
with increasing Er3+ concentration.

4. Discussion

Ion-implanted waveguides are expected to preserve most of the properties of the original
host since the guiding layer corresponds to the region confined between air and the nuclear
damage region, and it has only suffered from the electronic damage that leads to the
appearance of colour centres, which are easily removed by annealing.

This behaviour is confirmed by the optical data that we have obtained, showing that the
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spectroscopic properties of Er3+ are mostly preserved in the waveguide. The broadening
of the emission bands is not very important, and the fact that the number of bands and the
polarization characters are preserved indicates that the symmetry of the local environment
of the optically active Er3+ ions in the bulk and the waveguide is maintained.

As regards the RBS data, they show that the ion-implantation process has had a
deleterious effect on the properties of the virgin crystal in the guiding region, since the
change ofχmin from 7% (bulk) to 13% (waveguide) is significant and cannot be simply due
to electronic damage. In contrast, preliminary studies [31, 32] performed on Nd3+-doped
and Tm3+-doped LiNbO3 ion-implanted waveguides fabricated under similar conditions
have shown that the crystal quality was not altered by the ion implantation and no random
fraction was detected for these two ions.

No significant changes can be noticed between the Er angular scan of the bulk and
that of the waveguide, and in both cases an increase of the size of the Er random fraction
with increasing Er concentration is observed, pointing to the possible existence of some
kind of precipitate or cluster both in the bulk and in the waveguide. On the other hand, the
relative broadening of the waveguide emission spectra with respect to the bulk ones increases
with increasing Er3+ concentration. Therefore, we would suggest that the non-substitutional
fraction of Er3+ ions in LiNbO3 favours damage production during the waveguide formation
process, either during ion implantation or during the subsequent annealing.

In conclusion, we have shown by means of two different techniques, optical spectroscopy
and RBS/channelling, how the structural properties of Er3+-doped LiNbO3 are mostly
preserved after He+-ion implantation at a dose of 2× 1016 ions cm−2 and at an energy
of 2 MeV, suggesting ion implantation as a good method for fabricating waveguide lasers
in Er3+-doped LiNbO3.
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