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Absiract. Proton exchange process in benzoic acid with 19, lithium benzoate added
is used lo fabricate planar waveguides in LiNbO,. The surface quality of the wave-
guides oblained is compared with that of samples exchanged in pure benzoic acid.
Planar waveguides in Z-cut substrates fabricated al three different temperatures :
210, 220 and 230°C for 7 hours were systematically studied. The diffusion constant
Do> and activation energy FEain the diffusion equation were calculated from the
measured effective indices neif and compared with those obtained by other au-
thors in the case of TIPE process and for exchange in pure benzoic acid. The wave-
guide stability with time is investigated. IR - spectra of virgin LiNbOy as well as
of exchanged layers were recorded and considered as an indicator of the wavegui-
ding effect, waveguide opltical quality and parameter stability.

Pestome. IIpoTonnbiM 06MenoM B GeH30iHON KuCAOTe ¢ noGaBieHuen 19/, Gensoara nu-
THS TIOZY4eHbl NIaHAPHble ONTHYECKHe BOAHOBOABI B LiINbO, Kauwecrso MIOBEPXHOCTH
NONYYEHHBIX BOIHOBOLOB CPaBHEHO C KaYeCTBOM MOBEPXHOCTH 06pasuoB X - cpeaa, 06-
paboTaHHbIX YHCTOH GeH30HHOH KHCAOTOH. [IpoBeeHO CcHCTEMaTHUeckoe HCC/Ie J0BaHMe
BOMHOBOJIOB B 06pasuax Z-cpesa, NONYYEHHLIX TPH Tpex TeMrnepatypax pacnjasa —
210, 220, 230°C u mpomomKUTEIBHOCTH 06MeHa 7 wacos. M3 M3MEPeHHBIX 3HAaueHHl 3¢-
(eKTHBHBIX TMOKasaTelell 7ieff NMOJYYCHbl BEAHUHHBI A ysuonHoil KoHcTautel Doz u
SHeprHM aKTHBaUWM Fa B ypaBHeHMW IuP(Y3HH, KOTOpBIC CpPaBHEHBI C BeJIMYHHAMH, T10-
Ay4EHIbIMH ADYTHMH aBTOPaMH B CAy4asX OOMeHa B 4uCTOil GeH30iiHOIN kucaore B TIPE.
HccrenoBana ycToduMBOCTH BOJHOBOAA BO BpeMeHH. Perucrpuposansi UK - cnekTpsi
He06pa6oTaHHOro 06pasua M NPOTOHHO-OGMEHHBLIX C10eB. STH CIIEKTPbl  PaCcCMOTPEHBI
B KayecTBe MHAMKATOpa HaMHYMsi BOAHOBOAHOTO 3heKkTa, KauecTBa BOJIHOBOAAd M YCTOMH-
YHBOCTH €ro napaMeTpoB.

1. Introduction

In the present report we describe our first results in the field of a
new very promising technology for fabrication of planar optical waveguides — proton
exchange (PE) in LiNbO,. The process takes place when the crystal is immersed in a
liquid medium — electrolyte, as protons source (usually acid or hydrate melt), which
ensures exchange of Li-ions from the crystal with protons. One of the preferred
sources of protons for the PE-process is benzoic acid, characterized by low acidity
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and toxicity -and low- price. It is:used as a ' melt (melting point is at 122°C, boiling
point ~ at:249°C), the working temperature for.proton diffusion being between 160 -
300°C. This makes the process more -favourable: for LiNbOj rcrystals ‘than the high
temperature ' Ti - diffusion in:the: conventional technology of Ti:LiNbQOg rwaveguide
fabrication!: Li-ions in - the :crystal: lattice are'very movable and may be easily re-
placed by: other: cations (pretons=in the icasé considered). As a result of thiss two-di
rectional: diffusion -pro¢ess; Lit«H#+> exchdnge occurs in the surface ldyer of the crys-
tal (Fig~1). Depending, oit: the ‘duration and temperature, the protons penetrate -to dif-
ferent depths d. This exchanged layer of depth & is characterized by a strong wave-
guiding effect due to the much higher refractive index (Ane = 0.12 at A=632.8 nm,
i. e. an order of magnitude higher than that in the case of Ti:LiNbO; waveguides [1, 2]).
Another substantial feature of the waveguiding layers, fabricated by proton exchange,
ifsb the step-like profile of Az, which lightens the waveguide connection to optical
ibets.. . b —Bethes T —_—

_--+ Lhe,chemical: composition of:the exchanged layer is -described: as Lis.;H NbOs,
where. .x, expresses,, the  degree .of -Lit- H+ exchange.. Up to x =~ 709/, the  crystal
structure of the layer is.close ‘to .that of an as-grown crystal, whichis rhombohed-
ral. At x=1,a cubic perovskite structure of HNbQj (with cell dimensions greater. than
those of the rhombohedral structure) is formed [3, 4]. However, full exchange is un-
desirable because, it induces strains in the waveguiding layers and sometimes causes
cracks on the crystal .surface and in. that way . strongly deteriorating the  waveguide
properties. The HNbO;,; formation explains the main disadvantages of PE - wavegui-
des — parameter instabilities with time (particularly of An) [5], decrease in electroop-
tical coefficients(~>10"times) (6], relatively high losses and surface etching. The last
is valid especially in the case of Y-cut waveguides prepared in pure benzoic acid —
after about 10 min their surface is etched. That is why it is necessary to allow the
protons to penetrate deeply enoughinto thescrystal without full exchange of Li-
ions. Recently a solution of this preblem’ waszsuggested by adding small amounts (few
weight percents) of lithium benzoate, which ~suppres - Lit-H* exchange pro-
cess between crystal and ‘melt -[7]. Preliminary expetiments:{8] have shown that in
this case partial exchange .6t about 65— 75%,. takes place; which:prodiices layers with
a strong waveguiding effect and the: crystal structure is i ubstantially affected.
This allows to obtain waveguides with electrooptical parameters close to those of un-
changed LiNbQO; (about 2/3 of .their. value) [9], low losses and low photorefractive sus-
ceptibility (an order of magnitude lower than in the case of Ti:LiNbO;-wavegui-
des) [10, 11]. S :

Fig. 1. Schemafiéal c_ro's_‘s’-sect'ibn 6f Li+

H+ exchanged structure |
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A similar effect on waveguide properties is shown by the combination of proton
exchange in pure benzoic acid followed by temperature annealing. In such a case the
protons penetrate deeper into the crystal and the strains relax in the crystal .depth.
However, annealing itself substantially decreases the change in refractive index An and
influences its profile. Because of that the addition of lithium benzoate in the melt is
more accessible for fabrication of stable planar waveguides of high An and good qua-
lity, especially if step-like profile is required. The combination of the two methods pro-
vides possibilities to strong reduce the losses (up to 0.15 dB/cm) and for control of
the An-profile [12].

2. Experiment

This paper presents a systematic study of optical waveguides in
LiNbO, fabricated by the PE fabrication technique. An illustration of the situation des-
cribed above is Fig. 2, which represents surface photographs of three waveguide lay-
ers in X-cut LiNbOs, fabricated by us in three different regimes leading to a different
degree of exchange. The crystal surface was observed in a phase-contrast microscope

Fig. 2. Surface of X-cut LiNbOj; substrates exchanged under different condi-
tions. The pholographs are made with a phase-contrast microscope (40 x)
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under 40 times magnification. Taking into account the waveguide fabrication condi-
tions, it is possible to assume x~~! in the first case (Fig. 2a), 0.75<x<1 in the se-
cond (Fig. 26), and x=<0.75 in the third case (Fig. 2c). The first pattern is an exam- .
ple for drastic etching of the surface layer when full exchange takes place. The first
and second samples were fabricated in pure benzoic acid at 220°C and 200°C, respec-
tively, for 2 hours. The third sample was fabricated by immersing the crystal in ben-
zoic acid with 10/, lithium benzoate added during a time interval, that was long eno-
ugh to obtain a PE-layer with the same depth as in the second pattern (1.5 pm) —
7 hours at 230°C. It is readily seen that the islands of initial cracks on the surface,
which are observed with the second pattern, are absent in the third case; only some
streaks can be seen which are due to bad polishing of the crystal. Thus the addition
of small amounts of lithium benzoate in the melt prevents surface etching and as it is
shown later, it leads to the fabrication of waveguides having time-stable parameters.

2. 1. Waveguide measurements

The essential part of our experiment includes fabrication and investiga-
tion of planar waveguides on Z-cut substrates using benzoic acid with 19/, lithium
benzoate added and treatment for the duration of 7 hours at three different melt tem-
peratures: 210, 220 and 230°C. The experimental setup used is shown in Fig. 3. Thus
three waveguides of different depths 4 and more numbers were fabricated for which
the cffective indices 7.y were measured* at A=632.8 nm (Table 1). Assuming a step-
like index profile the increase in the refractive index of the substrates was estimated
to be almost equal for the samples (An,~0.11). In Fig. 4 the theoretical dispersion
curves (for layer depths up to 2.5 um) are represented. Triangle marked points in the
same curves represent measured values of n.. It is seen that they are situated very
close to the theoretical curves.

The values for the diffusion coefficient D, (T) at 220°C and for the parameters
in the diffusion equation -— the diffusion constant D,, and the activation energy E,,
which were estimated by us are summarized in Table 2. For comparison, the data
from other authors calculated for substrates treated in pure benzoic acid, as well as
for a process of Ti-in-diffusion followed by proton exchange (TIPE) are given, too.
Apparently a small amount of lithium benzoate in the melt reduces considerably the

Table 1. Effective mode indices measured at A=632.8 nm
and waveguiding layers depths for Z-cut PE-waveguides
in LiNbOj fabricated for 7 h at different temperatures

] Sample Tempfg‘mre' Mode neft d, pm

PEZ10 210 TM, 2.2891 0.82
™, 2.9222

PEZI9 220 TM, 2.2999 1.10
™, 2.2529
T™, 2.2008

PEZ6 230 ™, 2.3016 1.23
ot 22639
TM, 22162

# Accuracy of measurements is 5 10—4 .
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Fig. 3. Experimental set used for proton exchange :
3, 4 — heating spirals, 5, 6 — thermocouples, TR, TR2 —
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Fig. 4. Theoretical dispersion curves for PE LiNbOjy - waveguides (A — experiments)

Table 2. Comparison of the diffusion coefficients D, (T) at 220°C, constant D,, and
activation energy E, for different proton exchange processes

[

\ PE in benzoic acid )
PE in pure : Linalige
; : : with 19/ lithium TIPE-process
Z-cut LiNbOg benchQc] acid Buroate: mided [16]
[this work]

D. (220°C), pm/h 0.207 0.043 0.161
Doz, ym/h 1.84¢ 109 0.547 %109 0.542 109

E;, 4 1.57 x 10—19 1.60< 10—19 1504 10—19 ‘

diffusion coeificient D,. Also, D, (and variations of An, 87) at room temperature  are
reduced. As a result stable waveguides can be produced. !

Combining D,,, £, and the dispersion curves from Fig. 3 we were able to progno-
sticate the process, i. e. to choose the duration and temperature of the process in or-
der to produce waveguides supporting a desired number of modes (An and layer
depth, respectively).

The next Figure (Fig. 5) illustrates the waveguide stability with time following
Ry of the fundamental mode. The effective indices were measured for 80 days after
the guide layer was formed. Their IR-spectra have been recorded parallel to the index
measurements and spectroscopic results are included, too. They will bediscussed later.
Usually the first two weeks after the proton exchange are considered to be critical for
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Fig. 5. Long-term stability of effective index (fundameatal mode) and OH - absorbance of PE - wa-
veguides in LiNbOg (Z-cut, 7 h, 230°C): O — absorbance, A — neff

the waveguide parameter variations. After this period their values remain constant for
at least 8 months [8].

2. 2. IR-spectra

Another very sensitive indicator for optical quality and properties of
the PE-waveguides are their IR-spectra. The IR-spectroscopy is a very convenient
method for the investigation of the hydroxyl groups which are present in such a type
of thin layers.

The IR-spectrum of LiNbOj in the range of OH vibrations exhibits a dependence
of absorption on light polarization: for virgin as well as for proton exchanged crystal.
In both cases the main absorption is observed in the case when the polarization of
incident light is in the plane perpendicular to the optical (Z) axis (Fig. 6). The struc-
tural studies of pure LiNbOj single crystals show that the oxygen anions are situated
in these planes at three different distances from each other: 2.72, 2.88 and 3.35 A.
According to some authors [13] the hydrogen ions are positioned at the shortest dis-
tance to the oxygen ions. In the later works the OH-band structure in IR-spectrum of
virgin LINDOj is interpreted as due to three energetically different proton sites [14].
The central peak is attached to 0-0 distance of 2.88 A. It should be noted that the
ratio of the band intensity depends strongly on the crystal stoichiometry.

The OH-band of virgin crystals (Fig. 6@) consists of three lines at 3471,3482 and
3487 cm—!, which corresponds to a crystal grown from the nearly stoichiometric melt.
After proton exchange the appearance of a strong peak at 3504 cm~! is observed (Fig.
6c) corresponding to at least one new type of O-H band. Namely, this hydroxil group
is connected with the waveguiding effect. For comparison IR-specira of two wavegui-
des produced at different temperatures and for different, durations of proton exchange
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Fig. 6. OH — absorption spectra of Z-cut LiNbO3; — samples:
(@) virgin, (b) and (c) PE-samples

are shown in the Figure. Both spectra were recorded a month after the waveguide
fabrication. The first waveguide, initially single-mode one (Fig. 6b) was found to be
degraded but the second (initially three-mode), was unchanged (Fig. 6c). Apparently
the amount of OH-groups in the first case is insufficient for lightguiding. Thus the
integral intensity of the OH-band in PE-waveguides can be used as a criterion for the
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waveguiding effect. In addltnon the OH-band intensity can be used to examine the
evolution of the waveguiding properties with time. In the period of time during which
the measurements of n.; were performed, the OH-band integral intensity of the stable
waveguides remained practically constant (Fig. 5). It means that the structure and even
the composition of the exchanged layer do not change with time ; this fact supports
the nearly constant value of An.

Another important information provided by the OH-spectra of proton exchanged
LiNbD, is on the degree of lithium/hydrogen ion exchange. More exactly the spectra
indicate whether HNbD, is formed (with all resulting consequences for the waveguide
quality) or not. When the proton exchange was performed in pure benzoic acid or in
a medium of higher acidity a broad depolarized peak was observed in the IR-spectrum
at 3280 cm—L It is assigned to the formation of a new crystal phase HNbO; with pe-
rovskite structure [15]. In the spectra of our waveguides this band is strongly redu-
ced. If this peak is really ch‘rq to the HNbO,; formation, its presence or absence in the
spectrum is an important critévion for structural and optlcal propettles of PE-wave-
guide layers — losses, stability, electrooptic parameters, etc.

Obviously the exact mechanism of proton' exchange in LiINbO; “is not yet clear.
Further investigations are necessary concerning the relationship between structure
changes of waveguiding layer and its optical properties. In that ‘way predictable and
high accuracy reproducible results could be obtained.
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