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Abstract The photorefractive properties of optical planar
waveguides in Fe:LiNbO3 crystals fabricated by O3* ion
implantation are investigated. Two-wave mixing experi-
ments are carried out for both the waveguide and the bulk.
The results show that the measured gain coefficients are al-
most identical for the waveguiding layer and the substrate.
In the waveguide, the response time could be reduced by
one order of magnitude, with respect to the bulk, at the same
power level of the incident light.

PACS 42.82.Et - 61.80.Jh - 42.70.Nq

1 Introduction

Photorefractive (PR) materials, in which rather large light-
induced refractive index changes can be obtained at low op-
tical power levels, have attracted great attention for their
potential applications in holographic storage and optical
communications [1-3]. Waveguides, as the basic compo-
nents for integrated photonics, confine light in very small
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volumes, with transverse dimensions of the order of mi-
crometers [4]. Consequently, many properties of the sub-
strate materials can be considerably improved through
waveguide structures because of their higher optical inten-
sities compared to bulk materials [4-8], which leads, in
general, to much faster response times. In addition, such
compact configurations could make waveguide devices eas-
ily connectable with optical fibers that have been widely
applied in modern telecommunications [9]. Therefore, PR
waveguides received considerable attention due to the com-
bination of micro-sized dimensions and abilities to tailor re-
fractive index changes, which could be used for many pho-
tonic applications, such as optical phase conjugation, optical
switches/interconnections, and reflection filters [5, 10-13].
Lithium niobate (LiNbO3) crystals are well known for
excellent performance in electro-optical, nonlinear optical,
and acousto-optical applications [14]. When doped with
metal ions, e.g., Fe or Cu, large PR index changes can
be obtained in this material [1, 5, 15]. Usually two well
established techniques were applied to fabricate optical
waveguides in LiNbO3 crystals, metal-ion in-diffusion us-
ing, e.g., titanium (Ti) or zinc (Zn) [16, 17], and proton
exchange [18] (or annealed proton exchange [19]). Re-
cently, ion implantation has been proved to be a success-
ful method to form waveguide structures in numerous op-
tical materials, including crystals, glasses, semiconductors,
and organic materials [20-29]. Ion-implanted waveguides
in LiNbO3 have been realized by using ions of both light
species (e.g., H or He) [20, 22] and heavy elements (e.g.,
C, O, (I, etc.) [23-25] for multiple applications, such as
second harmonic generation [26], laser operation [27], and
photonic gratings [28]. The PR properties of He-implanted
LiNbO3 waveguides have been investigated by two-wave
mixing (TWM) [29], whilst there is no report on re-
lated light-induced effects in heavy-ion-implanted LiNbO3
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waveguides. In this work, we report on planar waveguides
in Fe:LiNbO3 produced by 6 MeV oxygen ion implantation,
and investigate the PR effects in both the waveguiding layer
and the substrate using the TWM technique.

2 Experiments in details

The x-cut Fe:LiNbO3 samples used in this work are doped
with 0.1 mol% Fe, and cut to pieces with dimensions of
2(x) x 5(y) x 10(z) mm> (the z-axis points along the
c-direction of the crystal). The samples are oxidized in pure
O, atmosphere at 1000°C for several hours, in order to in-
crease the concentration cpg3+ of filled electron traps. One
optically polished facet (with size of 5 x 10 mm?) of the
wafer is implanted by O3* ions at an energy of 6 MeV and
a dose of 2 x 10'* jons/cm? at room temperature, using the
2 x 1.7 MV tandem accelerator at Peking University, China.
The beam direction is set to be titled 7° off the normal plane
of the sample surface in order to minimize channeling ef-
fects during implantation. After the implantation, the sam-
ples are annealed at 260°C for 30 min in air. Finally, input
and output facets (with sizes of 2 x 5 mm?) are polished to
allow for coupling light into and out of the sample.

Transmission spectra are measured by a spectropho-
tometer (Jasco U570, China, with resolution of 1 nm) for
the as-implanted and annealed samples to investigate pos-
sible modifications of surface absorption due to anneal-
ing effects. The guiding properties (dark mode spectra) of
the waveguide are characterized by the well-known m-line
method [30] (linearly polarized He—Ne laser, wavelength
632.8 nm) by using a prism coupler (Metricon Model 2010
with a rutile prism, refractive index resolution of +2 x
10—*). Propagation loss of the sample is determined by mea-
suring scattered light intensity on top of the waveguiding
layer versus propagation length.

Figure 1 shows a schematic plot of the TWM experiment.
An extraordinarily polarized light beam from a He—Ne laser

Fig.1 A schematic plot of
experimental TWM setup and
crystal configuration. Here the
full intersection angle 26 ~ 16°
is measured inside the
waveguide
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at wavelength 632.8 nm is split into two parts, through a
beam splitter, to form the signal and pump beams, respec-
tively. An attenuator is used to control the power of the
signal beam. Both two beams are passing through a cylin-
drical lens, in order to minimize the light broadening due
to the diffraction, and focused by a 20x microscope ob-
jective (NA = 0.65). The focused beams are coupled into
the waveguide, and out-coupled by another 10x microscope
objective (NA = 0.3). A powermeter is used to periodically
measure the output light powers of the two beams through a
chopper.

3 Results and discussion
In Fig. 2, a comparison of the transmission spectra in the

wavelength range 300-800 nm for the as-implanted and an-
nealed sample are given. As one can see, after annealing the
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Fig. 2 A comparison of transmission spectra for the as-implanted and
annealed (at 260°C for 30 min in air) Fe:LiNbO3 samples
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transmittance of the sample is significantly enhanced. Ob-
viously, implantation-induced color centers, which mainly
contribute to the additional damping of visible light in the
waveguiding layer in the as-implanted sample, can be re-
moved by the performed annealing treatment, thus reducing
the induced disorder in the lattice.

Figure 3 depicts the dark mode spectra for both trans-
verse electric (TE) and transverse magnetic (TM) modes of
the waveguide at the wavelength of 632.8 nm. Here the TE
and TM polarizations correspond to the extraordinary (n¢)
and ordinary (n,) refractive index of the crystal. It should
be noted that the first (fundamental) TE( has a higher ef-
fective refractive index negr than the substrate value ne sub,
which results from an enhanced index well formed in the
implanted waveguide region due to electronic damage [24].
On the other hand, all TM modes have a lower neg than
the bulk value n, qub. We reconstruct the index profiles of
both n and n, of the waveguide through a computer code
based on the reflectivity calculation method (RCM) [31], see
Fig. 4. As one can see, the profile of n. has the expected
“well+barrier” distribution whilst the n, profile is of the typ-
ical “barrier” type. In both cases, the barrier depth of ~3 um
coincides with the calculated end-of-range (nuclear) dam-
age peak obtained by TRIM simulation. Low propagation
loss of ~0.5 dB/cm for the TE mode is obtained, which is
mainly due to the non-leaky confinement of the extraordi-
narily polarized light. On the other hand, no transmission of
light of TM modes is observed from the output facet of the
waveguide, which is usually due to the poor light confine-
ment of such “barrier” type n, profile. Therefore, the O3+
ion-implanted Fe:LiNbO3; waveguide guides only n. polar-
ized light.

The dependence of incident beam power ratio Sy on the
TWM gain factor yy at wavelength of 632.8 nm is monitored
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Fig.3 Dark mode spectra of TE and TM modes for the O3+ implanted
waveguide in Fe:LiNbOj3 after annealing at 260°C for 30 min. Vertical
dotted lines show the position of ordinary and extraordinary bulk in-
dices

in Fig. 5 for both the waveguide and the bulk crystal. Here
Bo and yy are defined as follows [1]:

Bo= -~ ey

I (with pump)

Yo @

- I; (without pump)’
where Ps and P, are the powers of signal and pump beam
in the waveguide and the bulk, respectively. The values P;
and P, inside the sample are obtained by measuring the out-
coupled power, corrected by Fresnel losses inside the crys-
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Fig. 4 Refractive index (n,, green line; ne, red line) profiles of the
Ot implanted waveguide in Fe:LiNbO3 after annealing at 260°C for
30 min
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Fig.5 TWM gain y; as a function of beam power ratio Sy measured at
a wavelength of & = 632.8 nm in the waveguide (open circles) and bulk
(filled circles). The intersection angle inside the sample is 26 ~ 16°,
and the grating spacing is A = 1.03 um. A numerical fit (solid green
line) to the experimental data results in an exponential gain coefficient
of I' ~ 18 cm~! for both waveguide and bulk
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Fig. 6 Measured TWM response time 7 versus total incident
power P (a) and ! versus intensity / (b) in both the waveguide
(open circles) and the bulk (filled circles)

tal of ~14% and assuming a coupling efficiency out of the
waveguiding layer (due to defects on the crystal’s endfacet)
of ~70%. For simplicity, the accuracy of the power values
inside the sample is estimated to be about 20%, while power
ratios are assumed to be accurate within 10%. To calculate
the exponential gain factor I", also known as the TWM gain
coefficient, we perform a numerical simulation of the exper-
imental data, which was first raised by Fluck et al. for two-
dimensional analysis of focused Gaussian beams [32]. As
we can see, the waveguide and bulk possess almost the same
properties. When the full intersection angle 26 of the beams
inside the waveguide is ~16° (effective interaction length of
the two beams is L¢gr & 1.3 mm in this case), the best fit to
the experimental data results in a gain of I" ~ 18 cm™!.
Figures 6(a) and 6(b) depict the measured TWM response
time t evolution versus total incident power P and inten-
sity I in both the waveguide and the bulk, respectively. For
the latter, the cross section of the waveguide is 3 um (ob-
tained from the waveguide’s index profile) times 800 wm
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(measured FWHM of lateral Gaussian intensity profile of
the beam), leading to an area of 2.4 x 10~3 mm?, while the
respective cross section in the bulk is 0.27 mm?. The relative
errors of these cross sections are estimated to be about 20%.
As one can see, at comparable total incident power, the built-
up time of the induced gratings in the waveguide is reduced
by more than one order of magnitude, with respect to that of
the bulk. However, as shown in Fig. 6(b) where the inverse
time constant 7! is plotted versus intensity / inside the
sample, for the same intensity values the t values are almost
the same in the two regions. The inverse of the (Maxwell)
time constant T is proportional to the product of specific
photoconductivity oph,0 and intensity /:
IOy 3)
£0€33
where ¢ is the dielectric constant in vacuum and £33 = 32
is the static dielectric constant for LiNbO3. A linear fit
to the complete set of experimental data (including both
waveguide and substrate) yields the (specific) photoconduc-
tivity opno = 1 x 1071 mV~2. Thus, within the accuracy
limits of our measurements, we find the same value for
both the implanted layer and the substrate. This observa-
tion is different from earlier results on PR waveguides in
some other crystals, such as KNbO3 [33], SBN [34], and
BaTiO3 [35, 36], where the TWM response times were re-
duced by one to three orders of magnitude (i.e., photocon-
ductivity was increased), compared to the respective bulk
values, for the same impinging light intensity. Thus, from
our results it is reasonable to conclude that the PR proper-
ties of the LiNbO3 bulk material are well-preserved in the
waveguides and not altered due to the implantation process.
By comparing these measured parameters of O3 ion-
implanted LiNbO3 waveguide with those in Ti-diffused or
proton-exchanged waveguides, we can make the following
conclusions: (1) oxygen implantation does not affect the PR
properties (for example, by chemical oxidation/reduction of
PR centers due to the implanted ions), and the waveguide
has comparable PR features as Ti-indiffused samples (but
does not show an increase of Fe>* concentration as observed
in the surface layer of Ti in-diffused LiNbO3); (2) the 03t
ion implanted waveguide has higher PR sensitivity than (an-
nealed) proton-exchanged waveguides, where the PR prop-
erties are strongly degraded also in annealed samples by the
induced lattice disorder and an increase of dark conductiv-
ity [5]; (3) the low-loss oxygen-implanted waveguide has a
relatively large refractive index change of Ane =~ +0.0035
and an almost rectangular index profile, leading to strong
light confinement. The index increases is comparable to that
obtained for annealed proton-exchanged guides (i.e., sam-
ples with a-phase where the electro-optic and PR proper-
ties are well preserved), but only slightly larger than those
obtained for typical single-mode waveguides using Ti in-
diffusion. However, in both latter cases, light confinement
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is weaker (lower intensity for fixed optical power) due to the
broader, diffusion-type Gaussian index profiles.

4 Conclusions

We report on, to our knowledge for the first time, the PR pro-
perties of an O3* jon-implanted waveguide in a Fe:LiNbO3
crystal. The implanted waveguide has low propagation
losses of 0.5 dB/cm for TE polarized light, which is due to
the non-leaky light confinement of the “well+barrier”-type
refractive index distribution. Two-wave-mixing experiments
reveal that the PR properties, in terms of exponential gain as
well as build-up time of light-induced gratings, are well pre-
served in the waveguide.
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