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Photorefractive planar waveguides in LiTaO3 are fabricated by a proton exchange and a successive
copper exchange from melts, containing either Cu™ or Cu?* ions. The influence of different fabri-
cation steps on refractive index profiles, hydrogen content, optical absorption, and waveguide
transparency is investigated. With holographic methods dark and photoconductivity, holographic
sensitivity, and light-induced refractive index change are measured. By the additional copper ex-
change the steady-state diffraction efficiency of holographic gratings in the waveguides is increased
from 0.005 to 81%. Here the crucial influence of both, Cu valence state and hydrogen concentra-
tion on the holographic sensitivity is demonstrated.

1. Introduction

Recently the fabrication and investigation of photorefractive waveguides in proton-ex-
changed LiTaOj; crystals has been reported [1,2]. The photorefractive properties of
these waveguides were considerably improved by an additional copper exchange. Such
nonlinear waveguides may be used as integrated optical switches, sensors, or memory
cells [3]. Therefore, in the last few years the investigation of new fabrication methods of
photorefractive waveguides has been considerably intensified. In the case of LiTaO;
crystals the combined proton and copper exchange is a new method, which has clear
advantages compared to other techniques [1,4,5]. Moreover, further improvement of
Cu:H:LiTaO3 waveguides should be possible by optimizing the fabrication conditions,
because the quality of the waveguiding layer may be further improved by annealing
treatments.

The formation of Cu:H:LiTaO; waveguides has been realized before [1,2,4] by a
treatment of the proton-exchanged LiTaOs; waveguides in melts prepared with copper
acetate, where the copper in the melt exists mostly in form of Cu?* ions. On the other
hand, for the fabrication of Cu:H:LiNbO; waveguides both, the same melt [6,7] and
melts prepared with Cu,O [5,6,7], have been used. In the latter case, Cu is present in
the state of Cut ions. The largest improvement of the photorefractive properties of
Cu:H:LiNbO; waveguides has been obtained by the use of Cu,O, because the photo-
refractive sensitivity is proportional to the ratio of Cu*/Cu?* in the waveguiding layer.
In this paper we report a new approach to increase the photorefractive sensitivity of
Cu:H:LiTaO3 waveguides by an optimization of the fabrication conditions.
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Table 1

Waveguide notation and parameters of the Cu exchange of the investigated samples.
The conditions of the proton exchange and the preliminary annealing are the same for
all samples. BA, benzoic acid; LB, lithium benzoate; CO, copper oxide (Cu,O); CA, cop-
per acetate

sample melt composition temperature [°C] exchange [min]
H1 _ - _
I-CuH1 BA + 0.84 mol% CO + 1.1 mol% LB 230 10
1I-CuH2 BA + 0.84 mol% CO + 1.1 mol% LB 230 60
I-CuH3 BA + 2.5 mol% CO + 1.1 mol% LB 230 60
1I-CuH1 BA + 7 wt% CA + 1.1 mol% LB 249 30
11I-CuH2 BA + 7 wt% CA + 1.1 mol% LB 249 60
1I-CuH3 BA + 7 wt% CA + 1.1 mol% LB 249 90

2. Waveguide Fabrication

For the fabrication of the waveguides we use polished z-cut LiTaO;3 substrates of nearly
congruent melting composition. The substrates are subjected to the following treat-
ments: 1. proton exchange in pure benzoic acid at 240 °C for 8h, 2. preliminary anneal-
ing in dry air at temperatures ranging from 265 to 350 °C and for 45 to 285 min, 3. Cu
exchange by two different methods: a) Cu(I) exchange in molten benzoic acid mixed
with CuO (from 0.84 to 2.5mol%) at 230 °C for 10 to 60min. In some cases 1 to
2mol% lithium benzoate (LB) is added to the mixture; b) Cu(Il) exchange in molten
benzoic acid mixed with 7 wt% copper acetate at 249 °C for 30 to 90 min. In a last step
(4) annealing in either dry air or argon atmosphere at 350 °C for 1 to 16h is per-
formed. The fabrication parameters for some waveguides, whose properties will be dis-
cussed in more detail, are shown in Table 1. The conditions for the Cu(II) exchange are
the same as in a previous study [1].

3. Waveguide Characterization
3.1 Content and valence state of Cu ions in the waveguides

The Cu content in the waveguides is determined by measuring the optical absorption of
the samples in the UV and in the visible region with the help of a Cary 17D spectrom-
eter. As can be seen in Fig. 1, depending on the method which has been used for Cu
doping (fabrication step 3a or 3b, respectively), different changes in the optical spec-
trum are observed: the Cu(I) exchange (step 3a) induces a new band in the absorption
spectrum at about 3.3 eV, which increases with the duration of the Cu exchange. Here
the maximum value of optical density of the band is 0.18, which is reached after a
treatment of the crystal for 60 min in a melt containing 2.5mol% Cu,O and 1mol%
lithium benzoate. On the other hand, the Cu(II) exchange (step 3b) induces another
absorption band at about 4 eV. Its optical density ranges from 1 to 2.3 at a variation of
the exchange duration from 30 to 90 min. A comparison with the optical spectrum of a
volume-doped LiTaO;3:Cu crystal allows to conclude, that the band at 3.3eV is con-
nected with Cut ions, and the band at 4eV is probably connected with Cu complexes.
We observe a strong transformation of the optical spectra of the Cu(II)-exchanged
waveguides during the final annealing (step 4) that does not depend on the used atmo-
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Fig. 1. Optical densitiy D of different Cu-exchanged LiTaO; waveguides as a function of photon
energy E. Curve 1, sample I-CuH3; curve 2, sample 1I-CuH1; curve 3, sample II-CuH2; curve 4,
difference spectrum of a volume-doped LiTaOs3:Cu crystal (Ccy = 0.02 mol%) and a nominally
pure LiTaOs crystal

sphere: the new band at about 4eV observed in the absorption spectrum becomes
asymmetric, and the “center of gravity” shifts to higher energy, see Fig. 2. The intensity
of this band decreases during annealing, and simultaneously the band at 4.2eV that
exists already in the undoped substrate [8] increases. Additionally, the analysis of the
difference spectrum between non-annealed and annealed Cu(II)-exchanged waveguides
shows the appearance of a weak band (optical density 0.01 to 0.02) at 3.3eV that is
created by annealing. Using data from [9] we find that in all Cu(II)-exchanged wave-
guides the Cu content is one to two orders of magnitude higher than in the Cu(I)-ex-
changed waveguides.
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3.2 Hydrogen content

IR spectra are measured with the help of a Specord M50 spectrometer in the frequency
range of the OH stretching band around 3500cm™! to determine the hydrogen content
in the waveguides. The intensity of the OH band is almost proportional to the hydro-
gen content [10]. Furthermore, this allows to determine the average value of proton
exchange degree x for Li;_,H,TaOj3 layers, because the frequency and shape of the OH
band depend clearly on x [10,11].

For Cu(I) exchange in melts that do not contain lithium benzoate (LB), the hydrogen
content increases up to 25%, and a shift of the OH band towards higher frequencies of
up to 6cm™! is observed. The latter points to a strong increase of the exchange degree x
in the Li;_,H,TaO; waveguiding layer. However, these results are in contradiction to
the weak changes in the hydrogen content (less than 3% for an exchange of 90 min)
during the Cu(II) exchange, that are again in accordance with data of [4].

The increase of the exchange degree x leads to a reduction of the photorefractive
effects in Cu:H:LiTaO; waveguides [1,2]. Therefore, we add some mol% LB to the
mixture that is used for Cu(I) exchange, see Table 1. The addition of 1.1 mol% LB
results in a frequency shift of the OH band of about 1.5 cm™!, and the proton content
increase has a small value of 7%. Furthermore, these results demonstrate the influence
of copper acetate on the acidity of the benzoic acid used for proton exchange, that is
similar to the well known influence of lithium benzoate [12].

3.3 Effective refractive indices

The effective refractive indices ner of the TM modes are measured by the method of
prism coupling (dark line spectroscopy) at A = 514.5nm. From the set of neg the profile
of the refractive index n. is reconstructed with the use of an inverse WKB method.
After annealing (step 4) for 1 to 16 h, in all samples five to seven TM modes can be
excited, where the number of observed TM modes depends on annealing time [11]. The
refractive index profiles have a nearly Gaussian form, and the refractive index increase
Ang near the surface is siginificantly increased when compared with the initial stage
after proton and Cu exchange. The magnitude of the increase of An. grows (up to
0.017) with increasing Cu content in the Cu(Il)-exchanged waveguides that are an-
nealed for 1h. However, this Cu-related increase decreases rapidly when the samples
are further annealed, and for samples annealed for 16h these values are lower than
0.005.

3.4 Waveguide transparency

The waveguide transparency is measured with the help of two rutile prisms which cou-
ple light of an argon ion laser (4 = 514.5nm) into and out of the waveguide. The dis-
tance between the coupling points of these prisms is 4.5 mm. To obtain the absorption
values the ratio of output to input power for the excitation of different modes is mea-
sured. A Cu exchange of both the Cu(I) and the Cu(II) type results in a decrease of
the waveguide transparency, its size depending on the duration of Cu exchange and the
Cu concentration in the melt. Therefore, the transparency of the heavily doped wave-
guides I-CuH3 and II-CuH3 is small, and such waveguides are not of practical interest
for integrated-optical devices working in the green-violet spectral range.
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The Cu-related decrease of transparency depends on the excited mode of the wave-
guide. A lower absorption is observed for modes with higher index, i.e., for modes that
propagate closer to the surface. This dependence has a rather step-like behavior, as the
characteristic depth of the Cu profile is small compared to the width of the refractive
index profile. The annealing of the Cu-exchanged waveguides at 350°C leads to a
broader refractive index profile, and at the same time the depth where a marked Cu-
related absorption is observed increases. This indicates the blurring of the initial Cu
profile, that becomes essential for annealing times larger than 6 h. However, the precise
determination of the Cu-related contribution to the decrease of the waveguide transpar-
ency, which is required for a Cu profile reconstruction, is not possible in this way, as
other damping contributions connected with light scattering and substrate losses still
exist. Moreover, the optical losses induced by light scattering do not change monoto-
nously with an increase of the annealing time, as it is observed in undoped LiTaOj3
waveguides [1], however, they reach a minimum value for annealing for 16 h. This is an
important advantage of strongly annealed waveguides.

The data of the waveguide transparency allow to determine the relative values of the
Cu-related absorption when we compare different Cu-exchanged waveguides with the
same degree of annealing. There is a significant difference between Cu(I)-exchanged
and Cu(Il)-exchanged waveguides, concerning changes of the Cu-related decrease of
the waveguide transparency when changing the laser wavelength from 514.5 to 488 nm.
A different ratio N of the magnitudes of the Cu-related absorption at 488 and 514.5 nm
is measured: in the Cu(I)-exchanged waveguides we find N = 2.6 £+ 0.5, and for the
Cu(Il) exchange N = 6.5 £+ 0.5. After annealing of the Cu(Il)-exchanged samples N
decreases significantly. This change is observed simultaneously with the transformation
of the optical spectra shown in Fig. 2. At the same time, in the Cu(I)-exchanged wave-
guides N keeps nearly constant for any annealing time. After annealing for a long time
(16 h and more) the value of N of the Cu(Il)-exchanged waveguides tends to that of
the Cu(I)-exchanged waveguides. This points to the creation of single-charged Cu ions
in the Cu(II)-exchanged waveguides, which seems to be caused by a dissociation of the
Cu complexes during annealing.

4. Photorefractive Properties
4.1 Holographic methods

For the investigation of light-induced refractive index changes An, holographic gratings
are written and erased by using an argon ion laser (wavelengths of 457.9, 488 and
514.5nm). Two slightly focused beams are coupled into and out of the waveguide using
two rutile prisms. Depending on the angle under which the light enters the prism, dif-
ferent extraordinarily polarized TM modes are excited. In the experimental set-up two
modes intersect at an angle of 2@ = 10°, and the interaction length / in the waveguides
is about 1.5mm. During the build-up of the refractive index grating, the diffraction
efficiency # is measured as a function of time by blocking one of the beams for a short
time (50ms), and measuring the ratio of diffracted and total light intensity of the out-
coupled beams. When the saturation value of the diffraction efficiency #* is reached,
one of the beams is switched off, and the continuous decrease of the diffracted light
intensity indicates the decay of the grating during readout.
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4.2 Saturation value of diffraction efficiency

In non-annealed (or in weakly annealed) waveguides, both undoped and Cu-doped, we
do not observe holographic grating recording at any level of input power P;, (measured
in front of the incoupling prism; the total coupling efficiency is about 1%) for all lines
of the argon ion laser. However, after annealing either in air or argon atmosphere at
350 °C, effective writing of phase holograms becomes possible.

The behavior of #* is well described by [13,14]

n* = exp (—al)sin’*[(w An® 1)/(A cos (0))], 1)

where An® is the steady-state value of light induced refractive index change, and a is
the absorption coefficient. For low copper doping and a corresponding low Cu-related
absorption, the diffraction efficiency increases monotonously with increasing input
power Pi, up to a maximum value 7} ,,, see Fig. 3 (curve 2). Furthermore, the size of
Monax correlates with the Cu content in the samples. For higher Cu doping and absorp-
tion coefficients, respectively, the value of 7} ,, decreases again with growing Cu dop-
ing. Because of the spectral dependence of the Cu-related absorption this behavior is
more pronounced for 4 = 488 nm than for 4 = 514.5nm.

There is a certain threshold value P! where the dependence #°(Pi,) changes qualita-
tively, i.e., at P, > P}n the value of #° decreases with larger input power Pjy,. This be-
havior, which can be seen in Fig. 3 (curve 3), is a result of the photo-induced scattering
or fanning of the guided light. The threshold value P!, is found to be inversely propor-
tional to the Cu content and increases with larger hydrogen concentration. In most
cases the maximum value 73, is observed at intermediate or low values of Pj,, and in
extreme cases fanning suppresses holographic recording at all. It has to be mentioned
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Fig. 3. Maximum value of diffraction efficiency #° as a function of the normalized input power
Pin/Py with Py = 1 W and at a wavelength of 514.5nm. Curve 1, sample H1 (TM; modes) an-
nealed for 1h; curve 2, sample I-CuH1 (TM3; modes) annealed for 6 h; curve 3, sample II-CuH1
(TM3; modes) annealed for 6 h. The lines are merely guides for the eye
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that there is a strong influence of a geometrical factor [15] on the fanning threshold,
i.e., with increase of the aperture of the recording beams the light intensity I is re-
duced, and therewith the fanning threshold P! increases significantly.

We observe significantly different values of 77 ,, for different TM modes of the same
sample. Earlier in [1], a crucial influence of the phase and composition of the waveguid-
ing layer has been found that depends on the hydrogen concentration x at a depth d of
the waveguiding layer, and the diffraction efficiency can be expressed as

7 = (e — ) (e — ), @)

where x, ~ 0.6 is the value for the lower boundary of a pure p-phase [11,12], and
x; ~ 0.26 is the threshold value for another phase transition, probably the upper limit of
a pure o-phase. This influence of x plays a dominating role for the photorefractive
properties of the waveguides, in particular for the samples annealed for less than 3h
[1,2]. Further annealing provides a decrease of x below the threshold of the above
phase transitions for all TM modes.

From our data we can conclude that the dependence of Ang on input power Py, (in
the absence of beam fanning) is clearly sublinear. This is in accordance with recent
results obtained for proton-exchanged and annealed proton-exchanged LiTaO; [16,17]
and LiNbO; [16,18] waveguides. In [18] it has been demonstrated that for large inten-
sity I, photoconductivity is proportional to I'/¥, where y > 1, and thus An® oc I-1/),

The largest improvement of the photorefractive properties of proton-exchanged wave-
guides is obtained using Cu(Il) exchange: in the waveguide II-CuH1 (annealed for
16h) we obtain values from 2.7 to 18.1% for the steady-state diffraction efficiency and
at a total input power from 40 to 230 mW. With the use of unfocused instead of focused
recording beams we obtain a maximum value for %, of 81%, see Fig. 4. Here holo-
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Fig. 4. Maximum value of diffraction efficiency #° and dark conductivity o4 as a function of the
propagation depth d of the excited modes for the sample II-CuH1 annealed for 16 h. The depth d
is defined as the “center of gravity” of the corresponding intensity distribution. The wavelength is
514.5nm and the input power is 20 mW. The lines are merely guides for the eye
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graphic recording is possible without any beam fanning. Using Eq. (1) and an interac-
tion length of / = 1.5 mm we get a light-induced extraordinary refractive index change
of An® =2.9 x 1073, a value that is much higher than for undoped proton-exchanged
LiTaOs waveguides [16,17,19].

4.3 Kinetics of dark and photoerasure

From the time constants 7 and 74 of erasure with and without illumination we deduce
the photo and dark conductivity, opn and o4, using the relations o =¢e /27,
04 = €6 /214, and 0 = Oph + 04, respectively. Both, dark and photo conductivity depend
on the propagation depth d of the excited mode. Dark conductivity decreases with
increasing annealing time, which may be related to the decreasing hydrogen concentra-
tion x during annealing, but o4 is found to be not simply proportional to x. This may be
connected with the influence of phase transitions of the waveguiding layer as described
in [12].

A comparison of the values of 74 and 7 shows that dark and photoconductivity have
similar values of some 1071 to 1073 (Q cm)~! (for typical intensities in our experi-
ments) in all samples, but photoconductivity still dominates. In some cases the high
dark conductivity, which is observed in particular for the lowest modes of a waveguide,
can result in a significant decrease of the maximum value of diffraction efficiency. As
an example, this behavior is shown in Fig. 4 for the sample II-CuHI.

We deduce the photoconductivity opp from the experimental data of 7 and 74. Beam
fanning limits these measurements to low input powers, where the light intensity / in
the waveguide is proportional to Pj,. Thus we can write

(TPin)71 X Oph/Pin = aaspecl/Pin 5 3)

where oy is the specific photoconductivity. When we split the absorption coefficient
into two contributions, absorption of the undoped sample and absorption that is related
to Cu doping, a = a, + acy, we can determine the relative changes of the Cu concen-
tration ccy in the waveguide:

Ccu = AjaCu X ("'—CuPin)_1 - (‘L'uPin)_1 ) @)

where 7¢, and 7, are the time constants for photoerasure in the Cu-doped and un-
doped waveguides, respectively. The coefficients A;, j = I, I, are different for the Cu(I)-
and Cu(II)-exchanged waveguides, A; > Ay, and Ay increases with annealing time,
while Ay keeps nearly constant.

From the measurement of photoerasure of the phase holograms recorded with differ-
ent TM modes and using Eq. (4), we determine that the Cu profile in all Cu-exchanged
waveguides has a nearly Gaussian form. We evaluate the diffusion constant D¢, for
the process of Cu exchange in proton-exchanged LiTaO; waveguides to be
Dcy(I) =0.35 mm?/h (without any LB) and Dc,(II) = 0.14 mm?/h for the Cu(I) and
Cu(IT) exchange, respectively. The distribution coefficient (i.e., the ratio between the
Cu concentration in the waveguide and that in the melt) for the Cu(I)-exchanged wave-
guides is more than one order of magnitude smaller than for Cu(Il)-exchanged wave-
guides. Furthermore, for strong annealing a significant blurring of the Cu profile is
observed.
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Table 2

Linear and quadratic part of holographic sensitivity, R; and Ry (in 1073 (Ws)~! and
1073 (W2s)~!, respectively), and the inverse product (tP;,)~! (in 1073 (Ws)™!) for differ-
ent samples and the two wavelengths 488 and 514.5 nm. Here ¢, is the time of annealing
(in h). In some cases that are denoted with an asterix strong beam fanning occurs

sample ta modes A =488 nm A =514.5 nm
R Rq @Puw) R Rq (TPi)”!
H1 3 TM3 0.35 0 4.0 <0.1 0 ~0.3
I-CuH1 3 TM3 52 0.19 43 1.6 0.07 16.5
6 TM; 1.4 0.05 15 0.72 0.03 9.5
[-CuH2 6 TM; 6.5 0.32 210 19 1.0 145
II-CuH1 1 TM3 0.37 1.4 22 ~0.1 0.2 6.0
6 TM; 2.4 41 273 10 550 170
16 ™, * * 3700* 1810 1200 8100

4.4 Holographic sensitivity

To compare the holographic sensitivity for modes of different samples, we determine
the value of the holographic sensitivity R from the rate of hologram build-up in the
initial stage,

R = A(V0)/APmD) - - ®)

Here R depends strongly on input power Pj,, and we can describe this behavior with a
good accuracy by the relation

R =Ry + RyP;, . (6)

The obtained values of R; and Ry are summarized in Table 2. The size of the ratio
Ry/R; is a measure for the contribution of two-photon processes to holographic record-
ing. In Cu(I)-exchanged waveguides this ratio is about 0.43 W, and this value remains
constant after annealing of the samples. On the other hand, the same ratio in the
Cu(Il)-exchanged waveguides strongly decreases during annealing treatment: for the
sample II-CuH1 annealed for 1 or 6h, the ratio is about 46 W™, and after annealing
for 16 h the value is decreased to 6.6 W~ This points to a principal transformation of
the photorefractive centers at strong annealing of the Cu(II)-exchanged waveguides.
Furthermore, from the experimental data we can conclude that the quadratic part of R
is almost proportional to the Cu-related absorption.

5. Conclusions

By an additional Cu exchange the photorefractive properties of annealed proton-ex-
changed LiTaO3; waveguides are considerably improved: the steady-state value of dif-
fraction efficiency of holographic gratings in the waveguides is increased from 0.005 to
81%. We find a strong difference between Cu(I)-exchanged and Cu(II)-exchanged
waveguides concerning 1. the spectral dependence of the Cu-related absorption, 2. the
changes of the effective refractive indices, and 3. the photorefractive properties. This
points to a crucial influence of the valence state of the Cu centers in the waveguides.
A strong dependence of the photorefractive properties of the Cu:H:LiTaO3; waveguides
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on annealing time is found. A transformation of the valence state of Cu complexes in
the Cu(Il)-exchanged waveguides during annealing is discovered. Limitations of the
maximum values of both, diffraction efficiency and holographic sensitivity, are caused
by strong absorption and beam fanning. The ability to vary the photorefractive proper-
ties enables the optimization of a waveguide for a given application.
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