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ABSTRACT The formation of high-temperature phases in low-
doped H:LiTaO3 waveguide layers in Z-cut LiTaO3 has been
observed both by refractive-index and IR-spectra measure-
ments. This permits us to correlate the index jumps to the
changes of the OH bonds in the crystal lattice. Reversible
phase transitions were detected in the temperature interval
T =50-200°C over a wide range of hydrogen content in-
cluding as-grown LiTaO3. The high-temperature phases are
metastable close to room temperature. This was demonstrated
by tracing the time evolution of the refractive-index change.
It was shown that the high-temperature phases are responsible
for the long-term refractive-index instabilities in both H:LiTaO3
waveguides and virgin LiTaO3.

PACS 82.Et; 77.84.D

1 Introduction

Lithium tantalate, LiTaO3 (LT), is a well-known
ferroelectric crystal widely used in electro-optics and in-
tegrated optics as a substrate material. Proton-exchanged
waveguide layers in lithium tantalate (H:LT), with chem-
ical composition H,Li;_,TaO3, are a promising waveguide
medium for electro-optical modulators, integrated lasers,
and frequency converters [1, 2] because of the apparent sim-
plicity of their fabrication and the comparatively low tem-
peratures of the reaction, far below the Curie temperature
of LT (~ 600 °C). The applicability of any waveguide sys-
tem, however, is defined in many respects by the stability
of its optical properties, refractive index in particular. At the
same time, refractive-index instabilities were occasionally
detected in H:LT waveguides [3—7]. In [5] the supposition
was made that a possible cause of the index variations with
time is the existence of high-temperature phases, similar to
the H,Li;_,NbOj3 system [8]. Recently, this hypothesis was
confirmed experimentally. The conditions of the high tem-
perature phase formation, the magnitudes of the refractive-
index jumps, the relaxation times, and other parameters were
determined for highly doped H:LT layers [9—11]. In par-
allel, a similar study was performed for the H,Li;_,NbO;
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system [10], and it was shown that the evolution of the
refractive-index increase An. correlates well with the num-
ber and the temperatures of the phase transitions recognized
earlier for H,Li;_,NbO3 powders in the f-phase concentra-
tion region [8]. Regrettably, H:LT layers with low hydrogen
concentrations, which are most valuable for practical appli-
cations, were not investigated. It is reasonable to point out
that the phase diagram of H,Li;_,TaO3 compounds has not
been determined up to now. The ‘structural phase diagram’
of H,Li;_,TaO3 layers on Z-cut LT, correlating the refrac-
tive indices to the crystal cell expansion, has been reported
recently [12]. Five phases have been discovered in the layers.

In this report we treat the problem of the sources of the
refractive-index instabilities in H:LT layers with low hydro-
gen content. Following the refractive-index change as a func-
tion of the quenching temperature, transitions between equi-
librium and high-temperature phases have been observed. In
addition, the quenching effect was observed for the first time
in the IR-absorption spectra. This is evidence that there is
a direct correlation between the variations of An. and the
changes of the OH-bond parameters.

2 Experimental techniques

H:LT waveguide layers were formed in Z-cut LT
by ion exchange in pure benzoic acid at 7 = 240°C. After
this, annealings were applied to decrease the hydrogen con-
centration in the layers to a level which belongs to the range
of the desired equilibrium phase. As a criterion of phase as-
signment, the surface value of the refractive-index increase
Ane(0) was used. The intervals of the refractive-index values,
corresponding to the equilibrium phases at room tempera-
ture, were taken from [12]. In the following text the notations
of the equilibrium phases are kept the same as in [12]. To
search for metastable-phase formation the samples were sub-
jected to annealings for 10 min at various temperatures up to
400 °C. After this, two cooling regimes were applied: slow
(s)-cooling for 2-3 h in the furnace and quick (q)-cooling for
5-7 min (quenching) by taking the samples out of the furnace
into room temperature. Waveguide-mode effective indices Ny,
were measured by the prism-coupling method at a wavelength
A = 0.6328 wm with a possible error of +0.0002. Then, tak-
ing the N, values as a basis, the profiles of An. over the
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waveguide depth were reconstructed with the inverse WKB
method [13].

The IR-absorption spectra were recorded with a Perkin-
Elmer 1430 spectrometer in the frequency range 3000—
4000 cm™! with a resolution of 1 cm~'. The measurements
were taken in air at room temperature. The light fell perpen-
dicular to the sample face, i.e. we recorded the absorption due
to OH bonds oriented in the plane perpendicular to the Z-axis,
for Z-cut samples, and oriented both in and out of that plane,
for Y-cut samples.

The LT substrate birefringence was measured with an
LEF-801 ‘Microscan’ ellipsometer (home-made, ISP) at . =
0.6328 pm in transmittance configuration. A wide laser beam
(1 mm) was used to average the index fluctuations over the il-
luminated area. The parameter A = 2nd(n. — n,)/A, where d
is the sample thickness and n. and n,, are the extraordinary and
ordinary refractive indices, respectively, was measured. Con-
sidering the influence of the beam-positioning irreproducibil-
ity, the absolute accuracy of the measurement was estimated
to be §A = 40.1°. This gives an error of 1 x 107> in the bire-
fringence variation, possible temperature variations having
been taken into account.

3 Results and discussion

3.1 H:LT waveguide layers

The dependences of An.(0) on the quenching tem-
perature 7 in low-protonated LT layers are shown in Fig. 1. It
is evident that at 7 = 100-200 °C a high-temperature phase
with an increased value of An.(0) is formed. For all the sam-
ples the transition is totally reversible — the initial surface
index level and profile can be restored by applying s-cooling
after annealing at the highest temperature used in the quench-
ing experiment. Therefore, the refractive index profile mod-
ifications caused by diffusion are negligible, the hydrogen
concentration profile is not changed during the heating pro-
cedures, and in the phase diagram we move only along the
temperature axis. An empirical rule can be deduced that the
refractive-index jump induced by the transition is nearly 30%
of the An.(0) level of the H,Li;_,TaO3 equilibrium phase
under room-temperature conditions. As one might expect, the
magnitude of the index jump decreases on decreasing the hy-
drogen concentration in the layer, and in the o’-phase [12] the
sensitivity of the prism-coupling method is not high enough
to measure solidly the index variations. The curve with ini-
tial value An. = 0.004 shows a two-step transition. This value
of An¢(0) exactly corresponds to that of the upper boundary
of the o’-phase [12]. It seems that the layer is a combination
of two equilibrium phases, o’- and residual a-phases. In such
acase, the two-step curve is a result of two superimposed tran-
sitions to the related high-temperature phases with slightly
shifted transition temperatures.

In Fig. 2 a diagram, in which the H,Li;_,TaO3 phases in
Z-cut layers are correlated to the index increase, is demon-
strated. The index-increase values, corresponding to the
boundaries of the equilibrium phases, were taken from [12].
The temperature intervals of the transitions from equilib-
rium to high-temperature phases, including those found in the
present study, are sketched by vertical segments. So, the ex-
istence of high-temperature phases is detected over a wide
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FIGURE 1 Surface refractive-index increase vs quenching temperature in
low-doped H:LT waveguides

range of hydrogen concentrations, including the o'-phase
which is a solid solution of H in LT. These high-temperature
phases are metastable at room temperature and the variation
of the refractive index is induced by the continuous transition
to the corresponding equilibrium phase. The temperatures at
which the high temperature phase formation begins are rela-
tively low, 60—100 °C in all the cases, and are in the range of
the usual operating temperatures of high-frequency electro-
optical modulators [14]. Therefore, initiation of the process
is possible by technological heat treatments or due to fluctu-
ations of the device working temperature.

The stability of the high-temperature a-phase at nearly
room temperatures was tested experimentally. To do this an
a-phase layer was quenched from 300 °C and the variation
of An.(0) with time was traced. The results are presented
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FIGURE 2 Temperature intervals (vertical segments) of the transitions
from equilibrium phases at 7 =20°C to high-temperature phases in
H,Lij_,TaO3 layers. Data from literature: a [5]; b [9]; ¢ [11]. Marks ‘x’
mean only the existence of a transition has been detected [7]
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in Fig. 3. The reduction of An(0) can be well described by
a monotonic function without any periodic bulges as those
observed in [3]. It is seen that at room temperature the re-
laxation of the high-temperature phase is very slow and the
index jump created by the quenching procedure decreases
only to half of its value after two months of storing. Earlier,
a similar relaxation time was measured for an a-phase layer
with a higher equilibrium value of An.(0) =0.0166 [11]. So,
the high-temperature a-phase exhibits a long relaxation time
over a wide range of hydrogen concentrations. For compar-
ison, complete relaxation of the high-temperature states in
H,Li;_,NbO;3; (H:LN) layers takes as little as 300 h of storing
at T =20°C [10]. For H:LT layers, the transition in equilib-
rium state can be greatly accelerated if the sample is stored
at higher (up to 100 °C) temperature. At such temperature the
relaxation process can be completed in one day. So, a special
heat treatment at a temperature slightly below 100 °C fol-
lowed by s-cooling could be used as a final stage in a device-
fabrication process in order to stabilize the index value in
H:LT waveguides.

It can be supposed that index variations, induced by
quenching, are correlated to a transformation of the OH bonds
in the crystal lattice. The influence of the g-cooling on the IR-
absorption spectra of a Z-cut waveguide is shown in Fig. 4.
The sample had An.(0) = 0.008 after s-cooling and we as-
sume it to be in the a-phase. It is seen that after quenching the
OH band is ~ 2 cm™~! shifted to lower frequencies, keeping its
intensity the same. After along enough low-temperature treat-
ment and s-cooling, it returns to its initial position. Thus, the
quenching effect leads to changes in both the refractive-index
values and the structure of the OH-absorption band.

It is worth testing the refractive-index stability in H:LT
waveguides produced with s-cooling. In this case the pres-
ence of equilibrium phases only should be supposed. Two
waveguides with very different hydrogen contents, assigned
to §- and a-phases, were subjected to annealing at 400 °C,
followed by s-cooling. The refractive-index dependences on
time for these samples are shown in Fig. 5. There is no in-
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FIGURE 3 Relaxation of the refractive index in an a-phase H:LT wave-
guide after quenching from 7' = 300 °C. Dotted-dashed line marks the An(0)
level of the equilibrium phase at room temperature
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FIGURE 4 OH-absorption spectra of a H:LT layer: a initial a-phase; b after
quenching from 7 = 300 °C; c after annealing at 7 = 100 °C for 15 h and
s-cooling
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FIGURE 5 Surface refractive-index increase vs. time at 7 = 65 °C in H:LT
waveguides, formed with s-cooling. Point ‘a’ shows the restoration of the
initial state
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dex variation in the §-phase layer. On the contrary, a strong
index variation was detected in the a-phase layer. It is inter-
esting that in the latter case the period of time can be divided
into two intervals of index stability: less than 50 h and more
than 200 h. So, this is a curve of different type compared to
the one that was observed earlier for the relaxation process of
the metastable a-phase (Fig. 3). Further, after next heating to
400 °C and s-cooling, the high level of the refractive index and
the profile shape were restored. This guarantees the absence
of noticeable hydrogen diffusion during the long-time relax-
ation. To understand this strange behavior, it is reasonable to
point out that the equilibrium value of An(0) of this layer is
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FIGURE 6 Supposed structure of the boundary between a- and B-phases in
H,Li;_,TaO3 layers

near the boundary between the a- and B-phases. So, we sug-
gest the following explanation of the effect. It seems that the
topology of the a-p boundary is more complex than a simple
vertical line along the temperature axis (Fig. 6). It can be sup-
posed that at this hydrogen concentration and at 7 = 400 °C
the layer has a p-phase structure. During the s-cooling for
3 h the transition to the a-phase was not fully completed and
additional treatment for 200 h at 65 °C was necessary to fin-
ish the process. Correspondingly, the refractive-index level,
measured after the long-time treatment at 7 = 65 °C, is the
true index level of the equilibrium a-phase. Formation of the
B1-phase extending into the lower concentration region after
an increase in the exchange temperature was reported recently
for H:LN layers [15]. Thus, the complex topology of the in-
terphase boundaries is a new source of possible long-term
refractive-index instabilities in H:LT and H:LN waveguides.

3.2 Virgin LT substrates

It is well known that the waveguide-mode con-
finement is governed by the difference between the refrac-
tive indices of the doped layer and the substrate. Typically,
the so-called ‘pure’ LT contains a certain quantity of hy-
drogen atoms, incorporated into the lattice during the high-
temperature crystal growth. The hydrogen presence can be
routinely detected by IR spectroscopy [16—18]. Thus, the vir-
gin LT should be classified as a solid solution of hydrogen in
lithium tantalate or, in other words, as a low-doped o/-phase
of the H,Li;_,TaO3 compounds. So, it is reasonable to test
the dependence of the crystal properties of virgin LT sub-
strates on quenching. The phase diagram of the Li,O-Ta,Os5
system is known only roughly [19]. Nevertheless, it should
be emphasized that there was no low-temperature transition
in the LiTaO3 phase field detected by X-ray analysis. Also, to
our best knowledge, there are no reports in the literature on
the instabilities of virgin LT crystal properties at nearly room
temperatures.

The IR-absorption spectra of two samples of Z- and Y-cut
virgin LT were recorded; first, before any heat treatment and
then after quenching from 7" = 300 °C (Fig. 7). The tempera-
ture from which the samples were quenched was estimated
(see Fig. 1) to be high enough, completing the supposed tran-

sition into the high-temperature state. It is seen from the figure
that for both cuts measured, after quenching the position of
the OH band is shifted to lower frequencies by 8 cm~!. To test
the reversibility of the variations both samples were annealed
at T = 60°C for 36 h with slow cooling. After this proced-
ure the spectra exhibit only ~ 1 cm™! and ~ 0 cm™! shifts to
higher frequencies of the OH-band maximum position for Z-
and Y-cuts respectively. Full restoration of the initial spectra
was achieved by three months relaxationat 7 = 65+ 5 °C. So,
the formation—relaxation process of a high-temperature phase
is obvious.

Now it is reasonable to consider the source of the OH-band
shift observed earlier due to quenching in the a-phase wave-
guide layer. Indeed, the band shown in Fig. 4 is a superpo-
sition of two components, the first from proton-doped layers
on the upper and lower surfaces of the sample and the sec-
ond from virgin LT bulk. The intensity of the latter compon-
ent is ~ 25 times lower and the magnitude of the frequency
shift of the maximum position due to quenching is nearly ten
times higher than those of the integrated signal. In princi-
ple, the combination of the relations permits the hypothesis
that the shifts shown in Fig. 4 are governed by the substrate-
component variations. But in this case the OH-band relaxation
characteristics for quenched virgin LT and the sample with o-
phase layers should be the same. Contrary to that the available
experimental data reveal a noticeably higher stability of the
high-temperature state of virgin LT. So, it seems that the shifts
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FIGURE 7 OH-absorption spectra of virgin LiTaO3: solid — initial state;
dotted — induced by quenching from 7 = 300 °C; dashed — after 3 months
relaxation at T = 65 °C
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Sample A, degree A, degree S(ne —ng)
before quenching  after quenching

S1 20.6 151.4 0.00013

S2 74.5 248.9 0.00018

TABLE 1  Virgin LT substrate parameters before and after quenching

in the OH-band position demonstrated in Fig. 4 should be re-
lated, at least dominantly, to the formation—-relaxation cycle of
the high-temperature a-phase layers on the sample surfaces.

Our attempts to measure the related variations in the re-
fractive indices by the prism-coupling method were not suc-
cessful because the indices variations on quenching, if any,
are lower than the sensitivity of the technique. That is why,
in order to detect the expected small effect, the ellipsomet-
ric method was applied. Two X-cut samples of virgin LT (cut
from the same bulk crystal) with d = 1.73 mm were analyzed.
The samples have different prehistories: S1 was initially an-
nealed in air at 800 °C for 9 hand at 1100 °C for 21 h, followed
by s-cooling and S2 was not subjected to any heat treatment.
Both S1 and S2 were heated to 200 °C and then quenched.
Their characteristics, before and after the quenching, are pre-
sented in Table 1. The birefringence variation §(n. — n,) was
evaluated from the variation of A on quenching, supposing the
sample thickness to be constant. One can see that the jump in
the birefringence due to quenching is higher for S2. It could
be supposed that in S1 the smaller magnitude of §(ne —n,) is
because of the lower hydrogen content reduced slightly by the
initial heat treatments. So, the existence of a high-temperature
phase was detected even in virgin LT. The birefringence jump,
due to such a transition, is relatively small but should be taken
into account when precise adjustment of the refractive indices
is necessary.

4 Summary

The index variation with time in H:LT layers is re-
lated to the process of relaxation of a high-temperature phase,
frozen by quick cooling to room temperature. Three possible

sources of refractive-index instabilities in hydrogen-doped
LT layers have been revealed experimentally: high tempera-
ture phase formation; complex structure of the boundary be-
tween H,Li;_,TaO; phases; and substrate-indices variation
on quenching. The former two sources are dominant in magni-
tude. To avoid these effects either a very slow cooling should
be applied after any heat treatment or a special annealing
procedure at 7 = 100°C for ~ 20h followed by s-cooling
(~ 10 h) to room temperature should be carried out.
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