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Abstract

The purpose of this study was the investigation of the influence of water impurities in benzoic acid, used as a source of
protons during proton exchange on lithium niobate crystals, on the process of formation of proton exchange waveguides,
their structure and phase composition.

To carry out the research, prism coupling method, X-ray diffraction analysis, IR absorption spectroscopy, and optical
microscopy in polarized light were used. It was established that an increase in the moisture content in benzoic acid affected
the optical characteristics of the waveguides and slightly increased the stress (strain) of the proton exchange layers.
Subsequent annealing significantly equalized the characteristics of the waveguides.

When performing proton exchange, the moisture content of benzoic acid must be taken into account to obtain reproducible
and stable performance of integrated optical devices with proton exchange waveguides.
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1. Introduction

Proton exchange (PE) is one of the main
modern technologies for producing optical
waveguides in lithium niobate (LN) crystals for
the manufacture of various integrated optical
devices [1, 2]. The most widely used source of
protons in PE is benzoic acid (BA) [3-5]. When LN
is immersed into the molten BA part of the lithium
ions in the surface layer of the LiNbO, crystal is
substituted by hydrogen ions, and an H Li, NbO,
solid solution is formed. Proton penetration depth
into LiNbO, depends on conditions, it ranges from
fractions of a micron to several microns. As a
result, the refractive index n, of the surface (proton
exchange) layer of the crystal increases [3, 6-9],
which is a prerequisite for the appearance of the
waveguide properties of this layer.

Immediately after proton exchange and
subsequent annealing, depending on the value
of normalized concentration x of protons, seven
different H Li, NbO, phases can form [3, 8] The
formation of a-phases (x < 0.12) during post-
exchange annealing ensures the stable optical
characteristics of waveguides and restoration of
the electro-optical coefficient.

Despite the fact that PE is a widely used
technological process, its individual aspects
continue to be actively researched [10-12].

To obtain reproducible characteristics of
waveguides, it is not enough to strictly control
the duration of processing and annealing, as
well as the temperature regime. The process of
formation of optical waveguides is influenced by
the chemical composition of lithium niobate [13].
In congruent lithium niobate, commonly used for
integrated optical devices, the ratio Li,0:Nb,O
may vary among different manufacturers [13,
14], therefore the characteristics of the formed
waveguides will also differ.

The proton exchange process is also affected
by the presence of impurities in benzoic acid,
including water impurities. The moisture content
in BA varies among different manufacturers; the
moisture content of BA is also affected by the
conditions and duration of storage of benzoic
acid. The influence of moisture impurities in
BA on the PE process was noted in a number of
studies [15-18].

It was previously shown that benzoic
acid in melts is present predominantly in an
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undissociated state in the form of dimers [19].
Moisture impurities increase the electrical
conductivity of benzoic acid melts, promote its
dissociation and somewhat accelerate proton
exchange [20].

This study is a continuation of a previously
conducted research into the electrical
conductivity of benzoic acid melts with a
controlled content of moisture impurities
[20]. The goal of the study was to establish the
influence of controlled moisture content in BA
on the process of proton exchange, the phase
composition of proton exchange layers and the
optical characteristics of PE waveguides.

2. Experimental

To evaluate the effect of moisture impurities
on the PE process, several samples of benzoic
acid were used: 1) benzoic acid, analytical grade
as-received (hereinafter this sample is called
unprocessed BA (NBA)); 2) BA after drying in a
desiccator over anhydrous calcium chloride for
7 days (DBA); 3) BA after exposure to conditions
of relative humidity of air of 100% for 5-7 days
(WBA). When dried over anhydrous CaCl, the BA
weight decreased by approximately 0.02%; when
exposed to conditions of 100% moisture, the BA
weight increased by ~0.02%.

For the study, samples of congruent lithium
niobate (X-cut) produced by CQT (PRC) with the
size of 15x10x1 mm were used. Proton exchange
was carried out in a melt of benzoic acid at a
temperature of 175 °C for 6 h, which led to the
formation of a multi-mode waveguide. After PE,
the reactor with the samples was removed from
the furnace to cool to room temperature. Post-
exchange annealing was carried out in an air
atmosphere at 370 °C.

For the obtained planar waveguides, the depth
profiles of the extraordinary refractive index n (x)
were determined by the prism coupling method
using the inverse Wentzel-Kramers—Brillouin
method [21] and An (0) values at the surface of
the waveguide at wavelength A = 0.633 um were
determined.

For the detection of changes on the surface
of the proton-exchanged layer of the LN crystal
caused by phase transformations, the optical
microscopy in polarized light (Olympus BX 51)
was used.
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X-ray diffraction studies of lithium niobate
samples were carried out using DRON-UMI1
double crystal diffractometer in Co-anode
radiation (wavelength A, = 1.62073 A). The
0/26-curves were registered and used for the
determination of ¢,, strain in the direction of
the normal to the surface according to Bragg
equation:

€., = Ad/d = -ABctgo,

where Ad is change in interplanar spacing d, A®
is the angular distance between the diffraction
reflection maxima from the lithium niobate sub-
strate and from the corresponding PE phase, 6 —
Bragg reflection angle.

Lithium niobate samples after PE were also
studied using IR absorption spectroscopy on a
Hewlett Packard Spectrum Two spectrophotometer
in the range 400-6000 cm™..

3. Results and discussion

The refractive index profile of the waveguides
after PE has a stepwise character (Fig. 1). In all
three cases, the An (0) had similar values, which
probably indicated a qualitatively identical
phase composition of the uppermost layer of
the proton-exchanged region. The depth of
the waveguide layer obtained in the WBA was
noticeably higher than for the other two BA
samples. This indicated a more intense PE in the
presence of water impurities.

In the IR spectra of the samples after proton
exchange (Fig. 2), the following pattern can
be noted: a wide peak at 3200-3400 cm™!,
corresponding to interstitial protons (presumably
the B,-phase), was the most intense for the proton
exchange layers obtained in the WBA, and in
the DBA the peak intensity was the lowest. The
same is true for the narrow peak corresponding
to absorption at 3500 cm~!. Measurements of
IR spectra indicated a natural increase in the
concentration of protons in the PE layer on
lithium niobate with an increase in the moisture
content in benzoic acid used for PE.

After PE, regardless of the amount of impurity
water in the BA, two peaks were recorded on the
0/20- curves (Fig. 3). It should be noted that after
PE in the melt of dried benzoic acid, the intensity
of these peaks was maximum. Decomposition of
the obtained curves allowed to identify a larger
number of peaks corresponding to different
proton-exchange phases (Table 1).

The lithium niobate peak had a shoulder on
the right, due to the presence of the a-phase,
formed at the PE-layer/LiNbO, interface and
characterized by the lowest proton concentration
[3]. There were three phases in the proton
exchange layers (the B,-, B,-phases and probably
the x,-phase). With the increasing ordinal
number of the B-phase, the concentration of
protons increased [3]. The phase with a higher
proton concentration was located closer to the
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Fig. 1. Refractive index profiles in proton-exchanged waveguides, PE 175 °C, 6 h in different samples of ben-

zoic acid: 1 - DBA, 2 - NBA, 3- WBA
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Fig. 2. IR absorption spectra of lithium niobate after PE 175°C, 6 h: 1 - DBA, 2 - NBA, 5- WBA
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Fig. 3. 6/20 curves for proton-exchanged layers on
lithium niobate after PE 175 °C, 6 h. (0) in DBA, (A) in
NBA, (O) in WBA. Reflection from (110) planes

crystal surface [3, 22]. Although, according to the
authors of [3], the formation of the x,-phase is
possible only as a result of annealing, according
to the results of [23], the x,-phase, probably, can
form immediately after PE (in the 175 °C, 6 h
mode).
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As the moisture content in BA increased,
the proportion of the B -phase also increased,
and increase in the strains of the most stressed
B,-phase was observed. In [3, 8] it was stated
that the B, -phase is the most stressed on the
X-cut of LiINbO, (under PE conditions at 240 °C).
However, the results of a study [23], in which
a gradual etching of the PE layer obtained at
175 °C was performed, indicated that the etching
off a B,-phase located on the surface decreased
the intensity of the peak with the highest strain
values.

The decrease in the intensity of the peaks
corresponding to proton-exchange phases
with increasing moisture content in the BA
was possibly due to higher stresses and higher
structure imperfection of these phases. A similar
ratio of intensities of proton-exchange phases
occurred when comparing the 6/26-curves of
lithium niobate without treatment and with pre-
treatment of the crystal surface with Ar plasma
before proton exchange [24]. Plasma treatment
significantly increased the structure imperfection
of a thin surface layer of lithium niobate, led to an
increase in strain in proton-exchange phases and
a decrease in the intensity of the corresponding
peaks on the 6/26-curves. The results obtained
may indicate an intensification of proton
exchange as the content of water impurities in
benzoic acid increases.
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Table 1. Decomposition of the peaks in 6/26 curves for proton-exchanged layers obtained in different

samples of benzoic acid

Benzoic acid Peak Re‘lative P eak €103 Full W.idth at half Relative peak area, %
(phase) intensity 33 maximum-103
1(LN) 0.95 0 0.74 42.7
2(ct) 0.48 0.42 0.51 14.8
DBA 3(x,) 0.058 3.10 3.06 10.7
4B) 0.022 6.05 2.00 2.7
5, 0.12 9.21 4.09 29.1
1(LN) 0.82 0 0.51 43.6
2(00) 0.45 0.33 0.57 26.5
HEK 3(x,) 0.022 3.20 1.34 3.0
4B) 0.012 4.10 9.96 12.8
5, 0.073 9.49 1.86 14.1
1(LN) 0.91 0 0.61 49.8
2(0t) 0.37 0.47 0.64 21.4
WB 3(x,) 0.033 3.18 2.32 6.9
4B, 0.029 7.98 3.93 10.3
5(8,) 0.058 9.86 2.24 11.7

Anincrease in the benzoic acid moisture led to
anincrease in the concentration of protons in the
PE layer. This can explain the slower decrease in
the refractive index (Fig. 4) for samples obtained
in the WBA during annealing at the initial
stage. The observed changes correspond to the
literature data [15, 16].

Annealing for 2 h changed the phase
composition of the PE layers (Fig. 5, Table 2). The
results of decomposition of 6/20-curves obtained

0.15

Ang(0)

0.00 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7
tann / h
a

for two orders of reflection are shown in Table 2.
The presence of the k,-phase was more clearly
visible on the 6/26-curves of the second order of
reflection (Fig. 5b).

During annealing the B-phases located at
the surface of the PE layer turned into the x,-
and x,-phases; the presence of the x -phase
was confirmed by micrographs of the surface
of protonated layers (Fig. 6). The resulting
modulated structures represented the formations

10 -

0 I I I I I I ]
0 1 2 3 4 5 6 7
tann / h
b

Fig. 4. An (0) (a) and waveguide depth (b) as functions of annealing duration. (0) PE in DBA, (A) PE in NBA,

(O) PE in WBA
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Table 2. Decomposition of the peaks in 6/26 curves for proton-exchanged layers obtained in different

samples of benzoic acid, after annealing 370 °C, 2 h

Benzoic acid Peak Relative peak e -10° Full width at half Relative peak
(phase) intensity 33 maximum -103 area, %
Reflection from (110) planes
1 (LN) 0.93 0 0.58 52.1
2 (o) 0.48 0.83 0.44 20.1
DBA
3 (x,) 0.31 1.32 0.59 17.8
4 () 0.17 3.53 0.60 10.0
1 (LN) 0.87 0 0.42 37.4
2 (o) 0.54 0.44 0.43 23.8
NBA
3 (x,) 0.48 0.93 0.60 28.7
4 () 0.16 3.67 0.62 10.1
1 (LN) 0.83 0 0.47 42.4
WBA 2 (o) 0.55 0.74 0.48 28.0
3 (x,) 0.31 1.21 0.66 22.0
4 (x,) 0.11 3.85 0.63 7.5
Reflection from (220) planes
1 (LN) 0.97 0 0.33 60.0
2 (o) 0.24 0.67 0.30 13.7
DBA
3 (x,) 0.23 1.20 0.50 21.7
4 () 0.04 3.97 0.61 4.7
1 (LN) 0.96 0 0.36 65.9
2 (o) 0.16 0.69 0.23 7.0
NBA
3 (x,) 0.26 1.13 0.46 22.6
4 () 0.04 3.95 0.65 4.5
1 (LN) 0.99 0 0.36 67.4
2 (o) 0.19 0.67 0.23 8.2
WBA
3 (x,) 0.25 1.13 0.45 214
4 (1) 0.03 4.03 0.58 2.9
/T max
1.0 %
0.8 fi
Lﬁ !
0614
0002 0004 0,008 0.004 0.0'0.000 0.002  0.004 : 0.6 0,008
Ad/d

a

b

Fig. 5. 6/20 curves for proton-exchanged layers on lithium niobate after PE 175 °C, 6 h and annealing 370°C, 2
h. (0) PE in DBA, (A) PE in NBA, (O) PE in WBA. Reflection from the planes: a — (110), b — (220)
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Fig. 6. Micrograph of lithium niobate sample after
proton exchange (175 °C, 6 h) and annealing (370 °C,
2h)

of ¥ -phase as a result of relaxation of high
internal stresses in proton-exchange layers [25].
Phase «,, which was formed during PE under the
B-phases, upon annealing was transformed into
the x, and o phases.

An analysis of the results shown in Table 2
indicated an increase in €., values, corresponding
to the x,-phase, with increasing content of
moisture impurities in benzoic acid. It also
follows from the decomposition of reflections
from (110) planes that an increase in moisture
content increased the total intensity of proton-
exchange phases (x,-, x,- and a-phases). In the
case of reflection from the (220) planes, which
contain information about the structure of deeper
layers, an increase in the moisture of the BA led
to an increase in the intensity of reflections from
lithium niobate, while the total intensity from the
«,- and k,-phases changed slightly.

As the annealing duration increased, the
differences in the characteristics of the waveguides
obtained in the DBA, NBA, and WBA decreased
(Fig.4). The An_value is determined by the phase
composition and concentration of protons in the
PE layer. For each phase the dependence of An,
from normalized x concentration in H Li, NbO,
is different. The strongest dependence of An (0)
on x was observed at average x values (about
0.4), and at high x and especially at low x the
dependence was weak [4]. Upon annealing >4 h,
the transition to the a-phase (low x) begins,
and the dependence of An (0) on x significantly
weakened. The maximum difference An (0) for

DBA and WBA was observed at an annealing time
of 1-2 h (Fig. 4a), when the main phases were
K,- and x,-phases (x = 0.12-0.44 [26]), for which
dAn (0)/dx had the highest values. The reduction
of differences in the depth & of waveguides with
an annealing time of more than 4 h (Fig. 4b) can
be explained by the fact that the effective proton
diffusion coefficient D, in the PE layer on lithium
niobate depends on x. In the a-phase region this
dependence was quite strong, and with increase
inx the D, magnitude in X-cut crystals decreased
[27]. Since the hydrogen concentration in the
PE layer obtained in the WBA was higher, the
diffusion coefficient in it was lower and weakened
the possible increase of 6 due to the higher x in
the layer adjacent to the surface of the crystal.

Thus, the presence of small amounts of water
in BA accelerates proton exchange. This may
be due to the fact that water impurities in the
benzoic acid melt promote both the transition of
BA dimers into monomers and the dissociation
of benzoic acid. This indicates an increase in
the electrical conductivity of benzoic acid melts
with increasing impurity water content [20].
The relatively small effects were due to the low
concentration of water, even in the acid with the
highest moisture content there was one molecule
of water per about 300 molecules of benzoic
acid. However, to obtain reproducible optical
characteristics of integrated optical devices that
use proton exchange, the moisture content of
the benzoic acid used for proton exchange must
be controlled.

4. Conclusions

The presence of moisture in benzoic acid used
for proton exchange on lithium niobate crystals,
affects the optical characteristics of waveguides
and slightly increases the stress (strain) of the
proton exchange layers. Subsequent annealing
significantly equalizes the characteristics of the
waveguides.

When performing proton exchange, the
moisture content of benzoic acid must be taken
into account to obtain reproducible and stable
performance of integrated optical devices with
proton exchange waveguides.
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