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The features of the proton exchange process during the formation of
planar waveguides on lithium niobate crystals in the presence of
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The experimental work has studied the effect of thermogravitational convection on the depth and phase
composition of planar waveguides formed on crystals of lithium niobate during proton exchange. The properties
of the waveguides were determined using structural and optical methods. The impact of hydrodynamic flows was
assessed by counting the number of protons penetrating into the crystal. It has been experimentally demonstrated
that the presence of convective flows positively affects the rate of proton exchange. The reduction in the thickness
of the layer with an increased concentration of lithium ions, which forms in the acid melt at the surface of the
crystal, may be one of the proposed reasons for the observed effect.
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Introduction

Presently, the whole world is involved in intensely design-
ing and producing high-precision sensors and monitoring
system with extended operating properties. Some of basic
elements of these devices are phase modulators that are
also widely used in fiber-optic communication lines, along
which the major part of data is transmitted today [1-6].
Components of integral and fiber optics are widely used
in science and technology [7-11]. Most often, assembly
of the modulators includes channel waveguides, whose
quality determines accuracy and efficiency of operation
of optoelectronic instruments. Planar waveguides are also
in great demand, since they are characterized by stable
parameters with a wide range of variation of the optical
properties. Gradient planar waveguides are manufactured by
ion implantation methods [12], effusion [13], solid-state [14]
and electrostimulated diffusion [15] and by means of ion
exchange [16,17].

Most often, when the waveguides are manufactured
by the ion exchange method, lithium niobate crystals
(LiNbO3) [18,19] are used, and on their surface ions
are substituted with donor atoms of salts and acids.
From appearance of a proton exchange technology, the
main efforts have been directed at designing methods
that would allow producing the waveguides with a pre-
defined phase composition [20-22]. As shown in the
studies [20-26], inside a the crystal proton exchange can
result in formation of separate submicron-thick sublayers
with mutually different crystal phases, whose formation
depends on parameters such as crystal-lattice orientation of
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a substrate, a rate and temperature of the process, etc.Seven
different crystal phases of H,Li;_,NbO3 were identified in
total. The studies [23-26] have experimentally determined a
crystal structure, refractive index, proton concentration and
ferroelectric properties of the layers in a dependence on a
type of the phase formed in the waveguide. As shown in
the studies [27,28], deep protonation degrades electrooptical
properties of the waveguide layer, thereby resulting in high
losses and instability of the waveguide parameters over time.
Melt buffering, annealing and other methods of stabilization
of a proton concentration make it possible to eliminate the
said drawbacks [29-33].

All the above-described studies are dedicated to investi-
gating formation of optical phases, but they do not describe
a behavior of melts of salts or acids that are involved in
the proton exchange process. Proton exchange is a surface
process that proceeds in a thin “melt-crystal” layer, whose
rate depends not only on a rate of ion diffusion in a sample,
but on a rate of ion supply from a melt volume to the
sample surface and their removal from exchange locations.
Theoretical studies [34,35] have shown that during exchange
of lithium ions with benzoic acid protons a boundary ion
layer is formed near the crystal surface. Products of a proton
exchange reaction, namely, the lithium ions and benzoate
ions recombine, thereby resulting in origination of a lithium
benzoate impurity in the melt. In turn, it presence can
cause reduction of the protonation rate [33]. Potentially,
a thickness of the boundary layer can be controlled by
creating thermogravitational convection or thermoelectric
convection in a reactor, affecting by flows stratification of
horizontal layers that slightly mix with each other. A typical
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value of the thermal expansion coefficient S of benzoic acid
at the temperature of 473K is 1.14 - 1073 1/K and surface
tension’s temperature heterogeneity or is estimated to be
9.10°>N/(m-K) [36,37]. The high values of B and or
indicate that the acid melt is sensitive to temperature drops.
Even the small gradient of T in the reactor when heating it
up at a side will result in excitation of a convective flow that
initiates active mass transfer [38,39]. The studies [40,41]
clearly demonstrate an effect of influence of thermo-
and concentrationally-capillary convection on a shape and
intensity of bulk fluxes. These tasks must take into account
an action of Marangoni surface forces that largely affect
motion of a liquid in the volume.

As a rule, the protonation process proceeds in a tightly
closed reactor arranged in a isolated thermal chamber, in
which the system is heated as per a pre-defined program
of heating, holding and cooling with stabilization of an
operating temperature of £1K. It is assumed that in
this situation the reactor’s internal volume is uniformly
heated and the system has not large-scale convective fluxes.
Inhomogeneous heating of the walls or a bottom of the
reactor can result in formation of the temperature gradient,
which will, in turn, excite thermogravitational convection in
the benzoic acid melt [38,42-46]. Presence of a washing
flow can prevent accumulation of lithium benzoate near
the crystal surface, which, in turn, also affects a rate of
formation of an proton-exchange layer.

In order to check a hypothesis of formation of the
boundary ion layer, the present study has experimentally
checked the effect of thermogravitational flow that is
excited in the benzoic acid melt when inhomogeneously
heating the reactor bottom, on optical characteristics of the
planar waveguides that are formed on the lithium niobate
crystals during two-hour exchange at the process’s average
temperature of 463K. In order to estimate typical rates
of convective mass transfer in the benzoic acid melt, the
present study has numerically simulated a problem in a two-
dimensional formulation.

The performed research requires deep understanding
of processes that proceed at an interphase boundary of
reacting media. The studies in this field are at the
junction of two scientific fields — physical chemistry and
hydrodynamics. Difficulties that arise when studying multi-
phase systems require complex investigation of the process
both theoretically and experimentally. In this case an
experiment will well verify the theoretical model, while the
theory will provide deeper understanding of the processes
and mechanisms that proceed in the experiment.

1. Materials and methods of
experimental study

The effect of the thermogravitational flow on the char-
acteristics of the planar waveguides that are formed on the
lithium niobate crystals / during proton exchange when they
contact the benzoic acid melt 2 was experimentally studied
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(Fig. 1) in the titanium reactor 3 AN-0034 manufactured by
LLC ,,Kontsept-Lab“ (Moscow). An internal volume of the
reactor was a cylinder of the diameter of 50 mm and the
height of 20 mm. Temperature measurement and estimation
of intensity of the convective flow in the acid melt was
conducted by means of six thermocouples input into the
reactor via an L-shaped tube of the diameter of 6 mm, which
was coupled to an upper bowl. After the thermocouples
were input, prior to proton exchange, a working hole was
treated with a temperature sealant for cutting off the internal
volume of the reactor from an external medium.

The thermocouples of two chromel-alumel threads were
manufactured by carbon welding without using a solder. In
order to protect against oxidation, the threads were drawn
through PTFE tubes, whose butt ends were treated with
a chemically-resistant high-temperature sealant Permatex
(USA). Inside the reactor, the thermocouples were fixed
at a pre-defined distance from each other by means of an
aluminum plate that did not contact the acid during proton
exchange. A different position of the thermocouples relative
to a reactor center made it possible to judge intensity and
a structure of the flow washing the crystal surface. Besides,
studies by means of additional thermocouples included
measurement of the temperature of a gas phase inside
the thermal chamber. Readings of the temperatures were
recorded in real time to a personal computer by means of a
multi-channel recorder with accuracy £0.05K.

In order to select a proton exchange mode realized in
the titanium reactor under effect of the washing flow, the
study included experiments with temperature control in
three different variations. Depending on an executed cycle,
the acid-filled reactor was placed either into an isolated
thermal chamber, which is a classical method for proton
exchange, or, to the surface of an energy source with a
constant heat-release density to create convection in the
melt. For more local heating, the reactor was installed to a
copper cylinder 4 of the diameter of 30 mm and the height
of 20mm. The reactor position in relation to a heat source
center made it possible not only to adjust a value of the
maximum temperature drop, but to pre-define a shape of a
convective vortex as well.
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Figure 1. Geometry of the system: a side view in the middle
section (on the left), a plan view of the reactor’s lower bowl (on
the right), / — the lithium niobate crystals, 2 — the benzoic acid
melt, 3 — the titanium reactor, 4 — the heater, 5 — the aluminum
mask, 6 — benzoic acid vapor.
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During proton exchange in the thermal chamber, the L-
shaped tube was inside it for 90% of its length. During
the experiments using the surface energy source, the entire
structure was in direct contact with the air medium of a
working room. In this formulation of the experiment, it
can be assumed that the observed temperature gradients in
the acid melt are not related to a specific feature of the
reactor structure, but rather induced by presence of external
temperature drops.

The temperature was detected during proton exchange in
the thermal chamber to show that the internal volume of
the reactor was heated more slowly than a heating rate pre-
defined by a controller program. In the studied heating
mode at the rate of 3K/min to 7 = 463K the samples
shall be at the temperature of T = 463K for 2h and then
be cooled at the rate of 0.6 K/min. But the benzoic acid
was at the temperature pre-defined by the mode for 1h
instead of two pre-defined ones. The recorded time and
temperature differences demonstrate that is necessary to
actually measure the temperature when changing materials
and dimensions of the reactor as well as conditions for
proton exchange. Thus, replacing the zirconium reactor
with the thermal conductivity coefficient A = 21.4 W/(m-K)
at 500K with the titanium one with A = 19.7W/(m-K)
at 500K [47] can change a pace of acid heating and
result in variations of the characteristics of the waveguides
being manufactured. One’s own contribution can be made
by a variation of wall thicknesses and the reactor bowl
geometry. In our case, the temperature measurement
was a prerequisite for the experiment to further verify
and compare data obtained at the various proton-exchange
cycles. In order to correct a growth pace and two-hour
holding of the acid volume at the required temperature
T = 463 K during proton exchange in the thermal chamber,
the study included pre-defining the cycle of heating at
4.5K/min to T = 493K, holding at 7 = 493K for 16 min,
T = 463K for2h and cooling at 0.6 K/min.

A capability of temperature measurement during the
process cycle made it possible to select programs for proton
exchange realized using the surface energy source with
the constant heat-release density, with the similar pace of
heating, holding and cooling the internal volume of the
reactor during proton exchange in a closed space of the
thermal chamber. At the same time, the reactor bottom
was locally heated to create the temperature drop up to
AT = 0.5K/cm while maintaining the average temperature
of 463 K.

The study included proton exchange on the surface of the
bulk lithium niobate samples of Z- and X-transects of the
thickness 7 = 1 mm. The samples of the size 10 x 15 mm
were produced by disc cutting of a Fomos-produced
substrate with a roughness degree R, < 1nm. Before
the experiment, all the samples were washed in dimethyl-
sulfoxide and isopropyl alcohol (7' = (296 + 0.5) K) using
an ultra-sound bath for 5min in each substance. After
cleaning, the crystals were placed to the reactor bottom
and covered with a uniform layer of crushed benzoic acid

dried by holding it in a desiccator with calcined CaCl,. The
characteristics of the produced waveguides were studied to
show that the optical properties significantly depend on
an initial position of the crystals inside the reactor. They
were fixed by placing an aluminum mask 5 (Fig. 1) of the
thickness of 0.8 mm to the bottom, which had sample holes
that were symmetrically arranged relative to the systems
center. Fixation of the samples makes it possible to prevent
their displacement along the reactor bottom when it is filled
and to compare in the future detected heterogeneities of
the proton-exchange layer along the crystal surface with
the shape and intensity of convective torrents. In order
to estimate the phase composition of the proton-exchange
waveguides, the produced crystals were studied by X-
ray diffraction analysis (XDA) in an X-ray double-crystal
diffractometer DRON-UM1 (Russia). A monochromator
was a silicon single crystal without dislocations, which
was installed in a position of reflection of the Kg-line
of Co radiation (the wavelength 1 = 1.62075A) from the
lattice plane (111). All the measurements were at the
room temperature 7 = (296 £0.5)K. In order to limit
dimensions of an X-ray beam, two slits were installed
downstream of the crystal monochromator: a vertical one
of the size of 1.0mm and a horizontal one of the size
of 0.2mm. A vertical slit of the width of 0.05mm was
installed upstream of a counter. The XDA method allows
determining integral intensity of the beam / in a dependence
on an orientation angle 0.
Using the Bragg—Waulff condition

2d - sin@ = ni,

for a crystal’s interplanar spacing d in the manufactured sam-
ples a direction of elastic scattering diffraction maximums
was calculated when n = 1. For qualitative comparison
of the results, the integral intensity was normalized to the
maximum value /p,x and a dependence of the magnitude
I/Inax on strain € = Ad/d was constructed. The obtained
dependences were decomposed into separate peaks using
the Fityk software. It was followed by determining types
of the phases formed on the crystal surfaces based on
structure-phase diagrams of the proton-exchange waveguide
layers [26]. In order to estimate homogeneity of the
characteristics of the experimental samples over the surface,
the study included XDA determination of the phase com-
position of the proton-exchange waveguides in five different
points. In addition to the point in the center, the integral
intensity was additionally measured at the distance of 1 mm
from an edge of the samples in the middle of their facets.
An increment of unusual beam’s refractive index An, was
experimentally measured on the samples by a method of
prismatic input. A measurement technique is based on
excitation of waveguide modes, which were input in the
study by using a bismuth germanate prism and a laser with
the radiation wavelength of 4 =633 nm. The increment
of unusual beam’s refractive index An, was determined
by a Wentzel—Kramers—Brillouin method. The study [48]

Technical Physics, 2026, Vol. 71, No. 1



The features of the proton exchange process during the formation of planar waveguides on lithium... 165

describes a numerical method, which provides the same
accuracy of reconstructing a refractive index profile of the
diffusion waveguides of both a parabolic and an exponential
type. From three to four orders of the waveguide modes
were fixed in the studies described by us after proton
exchange at the wavelength of 633nm. And from six to
eight orders thereof were recorded after a post-annealing
procedure. This number of the modes make it possible
to quite precisely reconstruct the refractive index profile
of the waveguide and determine its depth §. A function
An, was approximated in the MatLab software program
by an algorithm specified in the study [48]. According
to the study [26], when the waveguide includes at least
two beta-phases, the increment of unusual beam’s refractive
index nonlinearly depends on the proton concentration
in the phases. However, due to narrowness of their
existence, when restoring the profile An, on § in the first
approximation one can use a linear dependence of n, on the
proton concentration.

After determining the optical properties, the crystals were
annealed at the temperature of 643 K in the dry atmosphere
for 5h and were studied again by means of XDA and mode
spectroscopy. If there were still kappa-phases detected in
the waveguide after annealing, the samples were annealed
up in stages until their complete disappearance.

2. Numerical solution of the simulation
problem

In addition to the full-scale experiments, the present
study also included numerical simulation of convection of
the benzoic acid melt in the two-dimensional formula-
tion [42,49]. It allows estimating rates of convective transfer
and demonstrating the structure of the flow that is formed
in the benzoic acid melt when inhomogeneously heating the
reactor bottom. The problem geometry is shown in Fig. 2.

When the problem is numerically solved, an upper
boundary of the melt 7/ is considered to be free and
unstrained. It can be assumed since when taking into
account a layer height 2 = 8 - 10~ m under the gravitational
acceleration g = 9.8m/s?> and with the characteristics of
benzoic acid v = 5.89 - 107" m?/s — kinematic viscosity,

yA
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Figure 2. Problem geometry: / — the benzoic acid melt, 2 —
the lithium niobate crystals, 3 — the titanium reactor, 4 — the
heater, 5 — the aluminum mask.
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x =6.1-10"8m?/s — thermal diffusivity, which are taken
at the temperature of 463K, a gravitational parameter
u=vy/gh®is 7-107° [36,37]. According to the study [38],
irrespective of the value of surface tension, the liquid
boundary can be considered to be flat when the values
u < 1073, At the lower boundary, the melt / contacts
the lithium niobate crystals 2. Below and at the edges,
the ,,melt-samples system borders with walls of a heat-
conducting array of the titanium reactor 3. The system
was heated by transfer of heat from the heater 4 and the
reactor’s external wall. A heat flux was described by means
of thermal conductivity equations. Convective transfer in
the benzoic acid melt when reaching the temperature of
463K was described by Navier—Stokes equations in the
Boussinesq approximation. It was simulated for two cases:
with the aluminum mask 5 and without it.

Thus, the heat- and mass-transfer processes in the
reactor can be described by the following system of
equations [38,50]:

9 1
a_: + (VW)v = —p—Vp—i—UAV-l-gﬂ(Tl —Ta)f(t), (1)

1

aT;
Plel (8—; —+ (VV)T1> - ﬂleTh (2)
oT;

P1Cpi o ALAT;, (3)
divv =0, (4)

where v, T, p are fields of the rate, temperature and
pressure in the melt; p, 8, 1, v, ¢, — a density, the ther-
mal expansion coefficient, thermal conductivity, kinematic
viscosity and heat capacity at the constant pressure. 7,
and g are the melting temperature of benzoic acid and a
gravitational acceleration vector directed against the axis y.
Values of the index i correspond to numbering of the arrays,
which is shown in Fig. 2.

The melt borders solid walls of the arrays, at which the
rate values were assumed to be zero: v|g = 0. In turn, the
free boundary rate was determined via tangential stresses
that are related to a dependence of surface tension on the
temperature [38,51]:

a
y=H:on =—or — [(1), (5)
where n = vp; and o7 is dynamic viscosity and a coefficient
that determines surface tension’s temperature heterogeneity.
When calculating the fields of the temperature, the fourth-
order conditions were set at all the internal boundaries:
aT; oT;

Lt =21

M BT ©

The upper boundaries of the area 2 had the thermal
insulation condition 97;/dy =0 set. The other external
boundaries had the heat transfer condition set:

oT; Ao

li% = W(To—Ti), (7)
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where A9, Tp and & are thermal conductivity and the
temperature of air as well as a typical size of the space,
into which heat is released. In the area where the reactor
and the heater contact each other, the temperature was fixed:
T =T,.

A boundary value problem (1)—(7) was solved using the
mathematical software package Comsol Multiphysics 6.1.
The problem was solved using the MUMPS algorithm
(MUTtifrontal Massively Parallel sparse direct Solver). When
solving, an uneven computational grid was generated,
whose elements were condensed near boundaries of com-
putational areas. Totally, the grid included the 350000
elements.

3. Results and their discussion

When solving the boundary value problem (1)—(7), the
following values of governing parameters were used:

p1 = 1050kg/m®, p, = 4640 kg/m>, p3 = 4540 kg/m°,

ps = 2712kg/m?, B = 1073 1/K, v = 105 m62/s,
cp1 = 2000J/(kgK), ¢ o = 627J/(kg-K),
3 = 523J/(kg:K), c,5 = 897 J/(kg-K),
A1 = 0.15W/(mK), 1, =40 W/(m-K), 13 =21.9 W/(mK),
A5 = 237 W/(m-K), A9 = 0.03 W/(m-K),
T,, = 396K, T;, = 398K, o7 = 9 - 107> N/(m-K),

g = 10m/s? [36,37,52]. At the free boundary Ty = 396K,
h =0.01m. At the other external boundaries Ty = 293K,
h=0.1m. At the initial moment of time, the temperature
in all the areas was assumed to be 293K, while the
rate in the area / was zero. The system dimensions
were pre-defined as follows: L =0.055m, H = 0.015m,
h1 =0.001m, hy =0.014m, /; =0.005m, [, =0.015m,
I3=0.01lm, l4 =0.005m, /s = 0.015m.

As mentioned above, the magnitudes 8 and o7 have quite
high values, which potentially lead to numerical instability.
Therefore, in order to stabilize the count, summands that
are responsible for a mass force in the equation (1) and a
thermocapillary force in the boundary condition (5) were
additionally multiplied by a specially pre-defined function

T 1 1 — 10000
£ =3 (erf<W> + 1). 8)

Using this function makes it possible to omit effects
related to a phase transition in this problem. Its kind
was selected so that the thermal conduction problem was
exclusively solved at the initial moments of time and only
after continuously heating up all the all the areas the
convective mechanisms were ,,included®.

Results of simulation for the selected values of evolution
parameters of the temperature and the rate are shown
in Fig. 3. As shown by the calculations, heating of the
reactor resulted in origination of the stationary flow that

398K

397K

S = N W
mm/s

Figure 3. Field of the temperature (above) and the rate (below)
in case of solving the problem without a fixing mask.
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Figure 4. Field of the temperature (above) and the rate (below)
in case of solving the problem with the fixing mask. The arrows
mark a direction of the main flow.

was symmetrical relative to the center. Despite a small
temperature difference, the rate of convective transfer of the
benzoic acid can be up to ~ 4mm/s at the free boundary.

Special attention should be paid to the shape of the
flow near butt-end facets of the crystal. A bottom profile
significantly affects a process of formation of small vortices,
which can nucleate in an area in front of the crystals or
in a cocurrent trail behind the samples. The problem was
solved taking into account the fixing mask to show that
its presence almost unaffected intensity of convective mass
transfer and the kind of the main flow (Fig. 4). However,
in case of a more even profile of the bottom the flow near
protonated plates becomes more uniform and the system
does not include vortices near the lithium niobate crystals.
A shape and size of large-scale vortices are determined
by the rate of the main flow, which depends on a value
of the applied temperature gradient. In case of the small
temperature drops, a weak creeping flow is formed and by
onflowing to the sample it more heavily washes a crystal
part that is nearer to a fore front of the flow. During
formation of intense convection, when a shear stress at the
sample boundaries exceeds a certain critical value, the melt
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flows catch up and take away reaction product the more the
higher flow rate.

It is important to note that the values of the temperature
inside the benzoic acid melt, which are obtained in the
count, differ from the values detected by the thermocouples
during the experiment. Thus, the temperature difference
per the layer of the benzoic acid melt is much higher in
the experiment, thereby making convective transfer more
intense than that obtained during numerical simulation.
It shall result in much higher rates of convective trans-
fer. Along with the cylindrical geometry of the reactor,
these complicating factors will result in significant three-
dimensionality of the flow. Likewise, this flow can no longer
be considered to be a creeping one [53] and its description
will require improving the system of equations (1)—(4).
Moreover, in case of large temperature differences, the flow
can lose stability and stationarity [54], but at the same time,
with high supercriticalities the melt will homogenize in the
system more intensely.

It was found when processing results of XDA and
the method of prismatic input of the samples produced
under different conditions of the full-scale experiment that
depending on intensity of the convective flow the crystal
surface formed the planar waveguides, which are different
in the depth and the value of the increment of refractive
index at the same pace of heating and cooling down the
reactor as well as at the same time of holding the system
for 2h at the average temperature of 463 K. In this case,
the process can be estimated by the value of § only when
comparing the samples with the same An,, which is difficult
when there is a large variety of the produced waveguides.
Calculating an area under a curve of distribution of the
increment of unusual beam’s refractive index will neither
provide a comprehensive picture, since this magnitude can
widely vary when annealing the samples [55]. In our
situation, this value varied from 5% to 30 % from sample to
sample before and after the annealing procedure. Therefore,
it was decided to estimate a degree of the effect of the
convective flow on the protonation process by calculating a
number of protons N, which replace the lithium ions in the
lithium niobate crystal during proton exchange. According
to conclusions given in the study [26], when annealing in
the dry atmosphere this magnitude shall be preserved in the
sample, since the ions H* are just redistributed along the
depth of the waveguide layer.

The number of protons in a volume under a waveguide’s
unit area of 1cm? was calculated by the formula

N=TC 9)
where N, is the Avogadro’s number, p is a density of the
waveguide, V is a volume of the waveguide, M is a molar
mass of the solid solution H,Li;_,NbO3 with the proton
concentration C in the waveguide. In order to estimate N in
the first approximation, we neglect variation of the density of
the waveguide relative to the initial value p = 4700 kg/m? of
the lithium niobate crystal [52]. Knowing An, by the results
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of the prismatic input measurements and using the graph
of the dependence of the increment of refractive index on
the proton concentration in the waveguide, which is given
in the study [26], we determine the value of C.

It was shown by analyzing the graphs of the dependence
of relative strain of the crystal lattice on displacement to
the peaks and comparing the results with the structure-
phase diagram of the proton-exchange waveguide layers [26]
that after proton exchange the crystal surface formed the
waveguides containing ;- and B,-phases. Estimation of the
area under the curve I/l on strain ¢ for each of the
phases made it possible to determine that in the crystals
of the X-transect approximately 45% of the total depth
of the waveguide was occupied by the fB;-phase, so was
55 % thereof in the Z-transect, whereas 55 % and 45 % of
the waveguide depth in the X- and Z-transect respectively
was allocated for the B,-phase. A phase volume ratio was
also taken into account when calculating the number of
protons, which was done for post-annealed crystals as well.
The results of calculation of N on the applied temperature
difference are shown in Fig. 5.

It is clear from the graphs that with the temperature drop
per a unit length ~ 1.5K/cm the number of protons pen-
etrating the crystal during protonation obviously decreases.
This effect can be explained as follows. Under effect of the
washing flux, by removing lithium ions from a subsurface
layer, the flow brings in a fresh reagent — pure benzoic acid,
whose protons start actively penetrating into the crystal with
intensity that is comparable with the initial proton-exchange
stages, thereby forming the waveguide.

As demonstrated in the study [56], the free-proton
concentration within the temperature interval 413—473 K
in the benzoic acid melt is quite low, since a degree of
dissociation of its molecules is small. With the low free-
proton concentration in the acid melt, more probable is a
mechanism of proton exchange by means of dissociative
adsorption of the benzoic acid molecules with generation
of participating protons directly on the surface on lithium
niobate. In this scenario, locations near the crystal surface
form an ion boundary layer made up by lithium ions and
benzoate ions, which form the lithium benzoate impurity by
recombining. When accumulating near the crystal surface,
this impurity complicates adsorption and dissociation of the
acid molecules, thereby resulting in an increase of activation
energy. Presence of hydrodynamic fluxes makes it possible
to divert the lithium ions and the benzoate ions from the
lithium niobate surface and to bring the reagent molecules
thereto. The low free-proton concentration in the acid melt
will not result in their significant stratification by the density,
whereas presence of intense mixing of the subsurface layers
will just increase homogenization of the melt, which will
result in leveling of the impurity concentration across the
volume.

At first sight, the more intense the flux, the more protons
shall enter the sample volume. However, with the high
surface proton concentrations in the surface layer of the
waveguide diffusion does not have enough time to transfer
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Figure 5. Number of protons that penetrated the crystal in a dependence on the temperature difference and are calculated after proton
exchange (the solid curve) and after five-hour annealing at the temperature of 643K (the dashed curve): a — X-transect, b — Z-transect.

the hydrogen ions deep into the crystal. The surface crystal
layer with the increased proton concentration can result in
formation of an electric field that prevents adsorption of
new acid molecules. Another one of possible mechanisms
of reduction of the proton exchange rate with intense fluxes
in the system is reverse adsorption of lithium ions on the
crystal surface to vacant locations still unoccupied by the
hydrogen ions.

This result indirectly indicates that during proton ex-
change, there is possibly a layer being formed above the
crystal surface within the benzoic acid volume, which has
a high lithium-ion concentration and whose thickness can
be controlled by means of the convective fluxes. At the
same time, the melt-source-crystal system forms a certain
balance for a rate of penetration of hydrogen protons
into the sample and their diffusion drift into the crystal
volume. It is assumed that in the performed experiments the
characteristics of the layer above the crystal surface change,
thereby resulting in variation of the proton exchange rate.
The demonstrated effect of proton exchange acceleration
with presence of thermogravitational convection can be
used for reducing a process cycle time when producing
the waveguides with characteristics that are identical to
the waveguides produced as a result of proton exchange
in the thermal chambers. In this case, the time and
the post-annealing temperature mode will be the same,
since the proton penetration depth after proton exchange
will be the same for the waveguides with equal An, and
6. Presence of thermogravitational convection makes it
possible to reduce the first stage time — protonation,
without changing the post-annealing time when producing
the identical waveguides. Besides, leveling of the lithium-ion
concentration within the melt volume can be useful during
soft proton exchange, whose duration is quite significant
and requires high temperatures [57,58], or during high-
temperature proton exchange [59].

The observed increase of the number of proton after an-
nealing is most likely related to inaccuracy of determination
of the proton concentration in the waveguide by a graph
given in the study [26]. A divergence of the curves in
Fig. 5, which demonstrate the number of protons in the
waveguide before and after annealing can be also affected
by an error of determination of the depth of the proton
exchange layer, wherein the dependence of the increment
of unusual beam’s refractive index on the concentration did
not take into account presence of the ;- and B,-phases in
the crystal in the first approximation when finding it.

Two pairs of the samples of the X- and Z-transects,
which are produced during proton exchange in the thermal
chamber with holding at the temperature of 463 K for 2h as
well as with availability of the source of the constant heat-
release density when holding the crystals for 1 h with the
temperature drop of 2.0 K/cm were compared to show that
in terms of the magnitude An,(0) § and N the waveguides
had similar values (see Table). It can be concluded from the
Table data that presence of thermogravitational convection
made it possible to accelerate the protonation process
relative to the process in the thermal chamber.

The characteristics of the samples after annealing at the
temperature of 643 K were studied to show that completely
transforming the waveguides on the samples of the X-
transect, which were produced when using the source of
the constant heat-release density, from the f3,- into a-phase
requires 7 to 10h versus 5h for the waveguides produced
on the samples of the Z-transect. Subsequent disappearance
of intermediate phases during annealing results in formation
of the waveguides with An, ~ 0.03 and the depth of about
9 um. It was found when comparing the number of protons
N that in the samples of the X-transect a value thereof
exceeded the value of N for the crystals of the Z-transect
approximately in 1.5 times. This result also agrees with
a conclusion that the structure of the X-transect is more
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Figure 6. Dependence of normalized integral intensity on the value of strain on the lithium niobate crystals of the X-transect, which
is determined after proton exchange without (on the left) and with (on the right) the fixing mask. The temperature drop in the reactor,
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permeable for moving ions of lithium and hydrogen [60],
thereby resulting in higher efficiency of proton exchange in
the samples of the X-transect.

Results of determining normalized integral intensity on
the value of strain, which is detected after proton exchange
in five points on the surface of the samples for the crystals of
the X-transect, which are produced at the various conditions
of the experiment, are shown in Fig. 6. Similar dynamics is
shown by the waveguides produced on the crystals of the
Z-transect, but with a smaller variation of the magnitude

Technical Physics, 2026, Vol. 71, No. 1

I/Imax. The graphs I/1,,x on € in Fig. 6,a,b correspond to
a case of proton exchange in the thermal chamber without
(Fig. 6,a) and with fixation of the samples (Fig. 6,b). It
is clear from the data presented that in a point on one of
the side facets of the crystal (the solid curve) a higher value
of integral intensity of the beam is detected than in a point
in the sample center — the curve / and in a point at the
distance of 2 mm from the edge in the center of other three
facets — the curves 2—4.
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Increment of refractive index on the surface An,(0), the waveguide depth §, [um], the number of protons in the waveguide N, [a.u,]

Transect E;l(,pzs]l‘lrlz/gr:e After proton exchange After annealing 5h, T = 643K
An,(0) £ 0.0002 ) N-10" An,(0) £ 0.0002 ) N-10"
X 1,20 0.1174 1.8 1.9 0.0353 7.1 23
2,02 0.1166 1.9 20 0.0383 6.9 24
z 1,20 0.1162 14 L5 0.0322 79 2.1
2,02 0.1172 14 1.5 0.0318 8.0 20

Presence of the fixing mask amplified the effect of
heterogeneous protonation in the said point, simultaneously
reducing a difference between readings of the other areas
(Fig. 6,b). Presence of the thermocouples during the full-
scale experiment made it possible to explain a cause of a
difference in the values of I/I,x, Which are determined on
the surface of one sample. Thus, during proton exchange
in the thermal chamber the thermocouples input into the
reactor were used to record the temperature drop from
0.1 to 0.25K/cm in a dependence on a reactor position
relative to the system center after the system reached
the operating temperature of 463 K. The data from the
thermocouples measuring the air temperature inside the
chamber were analyzed to show that after heating up the
various areas between furnace walls exhibit a temperature
value divergence of about 5K. It is assumed that the volume
temperature gradient in the thermal chamber is so small
that convective flows shall not be formed in the reactors
during proton exchange. In the full-scale experiment, air
was heated in the thermal chamber by thermal elements
in its side walls. Additional mixing of an air volume was
not designed. Presence of temperature heterogeneity in the
air environment can result in nonuniform heating of the
reactor and formation of weak thermogravitational convec-
tion inside the benzoic acid melt [38,39,50]. Comparison
of a convective flux pattern and positions of the points,
in which integral intensity was measured, is schematically
shown in the insert of Fig. 6,f The point, in which the
highest value of I/1,,x was recorded, was on a crystal facet
that was the nearest relative to the onflowing flux. The
obtained experimental data well agree with the conclusions
made during numerical solution of the simulation problem
that the weak creeping flow onflowing to the sample more
heavily washed the crystal part that was nearer to the fore
front of the flux.

With the more intense flow washing the samples, a case
of proton exchange using the heat source of the constant
heat-release density exhibited the difference in the value of
I/Imax already for a larger number of the areas (Fig. 6, ¢, e).
Unlike the case of proton exchange in the thermal chamber,
on the contrary, using the fixing mask allowed neutralizing
this effect. It also agrees with a conclusion that bottom
planarity results in the more uniform protonation process,

since the system has more intense mixing of the melt and
lacks vortices near the crystals at the same time.

Conclusion

We note in conclusion that despite a fine-tuned process of
manufacturing the planar waveguides in the lithium niobate
crystals by the proton-exchange method, this technological
process still has multiple physical-chemical effects that
require explanation. Thus, an installation was created in
the study to observe dynamics of the temperature increase
inside the reactor in real time, thereby enabling to correct a
proton-exchange program when conditions of the process
cycle were replaced as well as to trace a process of
formation of the convective fluxes within the volume of the
benzoic acid melt when the bottom and the walls of the
reactor were inhomogeneously heated. The experimental
studies that agree with the results of solution of the
simulation problem indirectly confirm that near the crystal
surface there is an ion boundary layer that was theoretically
predicted before, whose formation directly affects the
optical characteristics of the produced waveguides. The
results of XDA and the method of prismatic input of the
waveguides produced at the various modes are analyzed
to indicate a positive effect of convection on the rate of
exchange of lithium ions with benzoic acid protons. The
obtained results make it possible to extend understanding of
the mechanisms that play a big role in the proton-exchange
reaction and to propose additional capabilities for its control
and intensification.
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