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Abstract

All stages of vapour Zn-diffused waveguide fabrica-
tion on different cuts of lithium niobate crystals have
been structurally characterised by single- and dou-
ble-crystal X-ray diffractometry. Immediately after
diffusion the zinc niobate phase ZnNb,Og was formed
on the sample surface. After annealing the ZnO phase
appeared with the ZnNb,Og on the surface of the
Zn-diffused waveguides. Both these phases completely
disappeared after light polishing. The lattice defor-
mations in vapour Zn-diffused waveguides were
found to differ from Zn-substituted solid solutions of
lithium niobate. Dark mode measurements have been
used to determine the refractive-index profiles of the
planar waveguides. Changes in refractive index
higher than 0-05 have been obtained. ©) 1999 Elsevier
Science Limited. All rights reserved

Keywords: niobates, diffusion, X-ray methods,
crystal structure.

1 Introduction

Lithium niobate (LiNbOj) crystals have been
widely used in photonics because of their excellent
ferroelectric, piezoelectric, electrooptic, and non-
linear optical properties. Optical waveguides in
LiNbO; have been intensively studied for applica-
tions including integrated and nonlinear optics,
telecommunication systems and fiber sensors.!
Several methods are now widely used for fabricating
low-loss waveguides in this material,! the most
popular being proton exchange and titanium in-
diffusion. However, neither method produces
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waveguides with ideal performance for all applica-
tions. Ti-diffused waveguides guide both polariza-
tions but suffer strong optical damage in the visible
region. On the other hand, PE waveguides are
much more resistant to photorefractive damage but
guide only the extraordinary polarization.

Recently the possibility of fabrication of optical
waveguide in LiNbO;z has been demonstrated by
Zn-diffusion from the vapour phase.?* The planar
waveguides support propagation of both TE and
TM-modes, and the relationships between refrac-
tive index increase and diffusion parameters have
been established.>? Moreover, divalent zinc is the
second (besides magnesium) damage-resistant
impurity in LiNbOs. It was reported that the damage
resistance of LiNbOj is increased by a factor 102
when the crystals are heavily doped with Zn.*
Furthermore, Zn:LiNbO; crystal did not suffer any
darkening under intensive laser radiation, in con-
trast to Mg:LiNbO;.# Doping with Zn has been
also attempted to improve the nonlinear optical
properties. Therefore Zn-diffusion in LiINbOj3 from
a vapour phase is a new prospective technique for
fabricating waveguides which can guide both
polarizations and exhibit high resistance to photo-
refractive damage.

However, much remains unknown about the
structural and optical properties of the Zn-diffused
layer. The knowledge of structural phase behaviour
of Zn-diffused material is quite important for the
development of highly efficient waveguides, as it
has been demonstrated for proton exchanged
LiNbO; and LiTaO; waveguides.!->®

The aim of the present study is to identify and
characterise structurally, by using single- and dou-
ble-crystal X-ray diffraction techniques, all phases
appearing on the different stages of optical wave-
guide fabrication by Zn-diffusion from the vapour
phase. Dark mode technique is used to character-
ise the refractive-index profiles of planar vapour
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Zn-diffused waveguides. From these measure-
ments, the dependence of the ordinary (n,) and
extraordinary (n,) refractive index changes on dif-
fusion time and diffusion temperature has been
inferred.

2 Preparation of Samples and Their
Characterisation

Samples with basic X, Y and Z-cuts, as well as
specially rotated Y- [(02-10), (018) and (014)] cuts
were prepared from optical grade congruent LiNbO;
crystals, and then polished up to optical quality.

Zn diffusion from vapour phase has been per-
formed using the set-up proposed and described in
Ref. 2. One of the advantages of the system used to
perform the diffusion is that the temperature and
the Zn pressure can be controlled independently, in
contrast to the conventional method of the sealed
ampoule. The diffusion process was the same for
all the samples studied, and was performed at a
temperature of 700°C and a buffer pressure of 10
Torr for 4 h. The samples had peak values for a Zn
concentration at the surface of ~4-7% and diffu-
sion depths of ~3-0 um.?

Structural phase characterisation of the zinc-dif-
fused structures formed on different LiNbOj3 cuts
was performed by the X-ray diffraction method.
The phases were identified by using X-ray diffraction
patterns obtained on all samples using Rigaku.
Denki D-2 diffractometer with Ni-filtered Cu K,
radiation. Pure silicon powder was used as an
internal standard. Calculation of the lattice para-
meters was carried out using a least-square method.

The deformations in diffused waveguiding struc-
tures were examined by analysing the rocking
curves recorded by a double-crystal diffractometer
DRON-3 (Si (333) monochromator, Cu K, radia-
tion) according to the method proposed.’

3 Results and Interpretation

A study of the ternary system of lithium, niobium
and zinc oxides was undertaken by Nalbandyan
et al.'® and subsolidus phase equilibria in the
Li,O-Nb,Os—ZnO pseudo-ternary system were
studied by X-ray diffraction method. The regions
of solid solutions based on LiZnNbO, and most of
the binary oxides were found. No solid solutions
based on zinc niobate are observed in the LiINbO;—
ZnNb,Og cross section.

The growth and some properties of Zn-substituted
LiNbOj; solid solutions sintered by the usual solid-
state reaction technique at 1100°C were investi-
gated by Kawakami er al.'' A nonstoichiometric

phase was identified with the formula (Li;..Zn,/)
NbO; (at 0<x<0-25) and a LiNbO; structure.
The continuous change in the lattice parameters
indicated the formation of cation vacancies pro-
duced by the substitution of a Zn>* ion for two
Li* ions in the LiNbOj lattice. Cation vacancies in
these solid solutions occur at the Li-site, and the
defect structure was still stable at high tempera-
tures.!! The solid solubility of Zn ions in LiNbO;
was half that in LiTaO;, which takes place at
x=0-512

Figure 1 shows the diffractograms after the
initial stage of Zn-diffused waveguide fabrication,
that is immediately after diffusion from the Zn-
vapour. They correspond to the surface plane
(parallel to the surface) of zinc-diffused structures
formed on basic X-, Y- and Z-cuts of LiNbO;5. The
first characteristic that can be identified from these
diffractograms and from similar recorded from
inclined planes is the appearance, besides the
LiNbOj; peaks, of the characteristic peaks corre-
sponding to the zinc niobate (ZnNb,O¢) phase.
Similar features are obtained on (02-10), (018) and
(014) rotated cuts. No peaks corresponding to
LiZnNbOy (as reported by Young et al.'3 in wave-
guides fabricated in LiNbOj; substrates by diffusion
of a ZnO film) and LiNb;Og were observed. These
results clearly show the formation of the zinc
niobate phase at the surface of the diffused sample
at this stage.

The structure of ZnNb,Og belongs to orthor-
hombic system (space group Pnca) and has the
crystal lattice parameters: a=5-026 A, b=14-183 A
and ¢=5-727A.'%!15 An inspection of the dif-
fractograms, in Fig. 1 and of reflections from the
inclined planes shows that there are the following
epitaxial relationships between orientation of the
substrate and that of grown zinc niobate layer:
(006)11(060) 2 (110)1x1(200)2x, (030)x[|(004) 1
(Fig. 2). For the structures on the rotated cuts,
the additional reflection from the surface plane
exists only for (03-12) plane ((014)-cut): (03-12). ||
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Fig. 1. Diffractograms of zinc-diffused structures formed on
basic X-, Y- and Z-cuts of LiNbO3 immediately after diffu-
sion, (LN, LiNbO;; ZN, ZnNb,Oy).
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Fig. 2. Orientation of the topotaxially grown zinc niobate
layer.

In general, including the rotated cuts:

hzn = hin + kin,

kzn = hin,  Izn = (N — kin)-2/3,

where (hkl); and (hkl),y are the Miller indices
of parallel (equivalent) planes in the substrate
LiNbO; (LN) and grown ZnNb,Og (ZN) layer,
respectively.

The next step needed for waveguide fabrication
is to perform a sample annealing in open atmo-
sphere (standard annealing conditions: 650°C, 4 h)
in order to recover the transparency of the optical
waveguides.” After this annealing, the X-ray dif-
fractograms exhibited additional peaks corre-
sponding to the formation of ZnO phase on the
surface of Zn-diffused structures, which can be
seen in Fig. 3. The peaks of ZnNb,Og phase were
still present (with reduced peak intensities after
annealing) (Fig. 3).

The formation of this relatively low refractive
index layer of ZnO hinders the observation of dark
modes by using the standard prism coupling tech-
nique at this fabrication step. In order to be able to
couple light into the waveguide, it is necessary to
remove this layer by light polishing.

After the polishing, the above mentioned phases
completely disappear, and the X-ray diffraction
patterns are all very similar to that of pure
LiNbO;, except for a small broadening of the
peaks, which are completely indexed on the basis
of hexagonal unit cell. This corresponds to the
formation of zinc-containing solid solutions with
LiNbOs-like structure.

In the present study the strained state in
annealed and polished vapour Zn-diffused LiNbO;
structures was examined according to the method
described previously’ by analysing the double-
crystal X-ray rocking curves recorded in symmetric
reflection for surface plane and in two asymmetric
reflections from different inclined planes for each
cut investigated. From the experimental diffracto-
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Fig. 3. Diffractogram of annealed zinc-diffused waveguide on
Z-cut LiNbO3.

metric data it was calculated that Zn:LiNbO;
waveguides on X- and Z-cuts have only one non-
zero component &4, of the deformation tensor in
the technological coordinate system appropriate to
the substrate (with the axis 3” normal to the sur-
face plane of the plate, and 1”7 and 2” orthogonal
axes lying in this plane). On Y- and rotated (02-10),
(014) and (018) cuts it is found that there are two
non-zero strain components &3, and &5, in this
coordinate system. Therefore, it can be concluded
that the zinc-diffused layers are coherent, that is,
having zero in-plane deformations &/, &/, and &%,.

To calculate the lattice parameters for unstrained
Zn:LiNbO; solid solutions we have performed the
experiments and calculations similar to those
reported for describing the H,Li; ,TaO5 and Zn,,
,Li;.,TaOj5 solid solutions.>® The method is based
on the analysis of the strained state in the struc-
tures on the Y-rotated (0k,/;) cuts [(02:10), (018)
and (014) in our case] using the obtained relation-
ships>® between deformations &}; and &};, and
stress-free deformations S, and S, of crystal lattice
cell, where S, = (ap —a)/a , S, = (¢L — ¢)/c and
ar, ¢y and a, ¢ are the unstrained (stress-free) lat-
tice parameters of surface layer and substrate,
respectively.

It has been found that the corresponding values
for the lattice parameters range from a=3—
4.5x107* and S, =1-7—2-5x 1074, depending
on the cuts. The relationship observed between the
stress free deformation parameters S./S, ~ 0-55 in
Zn-vapour diffused layers is substantially lower
than that found in Zn-substituted solid solutions,
prepared and described by Kawakami er al.!!
where S./S,~ 0-93. The value of S./S, char-
acterises the relative tension (S./S, > 1) or com-
pression (<1) of the lattice cell along ¢ axis as
well as the predominant deformation in the basal
(oxygen) plane (along «a axes, S./S, < 1) or per-
pendicular to this plane (along ¢ axis, >1).
Although the origin of this difference is still
unknown, it could be related to a different location
of the zinc ions in the LiNbOj; lattice in Zn vapour
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diffused and Zn-substituted solid solutions, as it
has been found in nonstoichiometric solid solutions
of Zn in LiTaOs crystals,® where different phases
with different S./S, values have been reported.

We may therefore conclude that waveguide for-
mation by the Zn diffusion from vapour phase is
due to the formation of a lithium niobate-like
structure with Zn incorporated predominantly in
or near a basal (oxygen) plane. The diffused layers
are characterised by low stress values and also by
S./S, value lower than Zn-substituted solid solu-
tions, which suggests an interstitial location for the
diffused Zn ions.

Optical characterization of the waveguides was
performed by a prism coupling technique for both
TE- and TM-polarized light from a He-Ne laser
(4 = 633 nm). From the measured mode angles the
corresponding effective indices were calculated. An
inverse WKB analysis of the calculated effective
indices was used to calculate an index profile for
the planar waveguides. Measurements have shown
in all cases the formation of planar waveguides in
both ordinary and extraordinary refractive indices,
the increase of n, being slightly greater than that of
n,, in accordance with previous results® (An, =
2-3% and An, = 1-9% for Zn-diffused waveguides
on X-cut LiNbOj). These increases are at least
twice as large as those obtained for Ti indiffused
LiNbO;, and are an order of magnitude higher
than the changes in refractive indices reported for
Zn-diffused LiNbO; from a ZnO source. From
optical measurements the dependences of the n,
and n, refractive index changes on diffusion time,
diffusion temperature, and buffer pressure were
obtained.® This has been possible because of the
flexibility of the system used for the Zn diffusion
from the vapor phase, which allows independent
control of temperature, time and pressure. Both
An, and An, increase with increasing temperature.
Nevertheless, even at the lowest fabrication tem-
perature tested (550°C), the waveguide shows a
rather high index increase for n,(An, = 1-8%).3
The dependence of the waveguide depth on diffu-
sion temperature was also plotted.? The calculated
activation energy for vapor Zn diffusion in LiNbOj;
(E, = 1-4 eV?) is close to that found for Zn diffu-
sion at higher temperatures from Zn oxide. It is
important to note that although the diffusion
coefficient is small at low temperature [D
(550°C)=0-02 um>h~"' (Ref. 3)], the change in
refractive index is still high, indicating the possibi-
lity of fabricating monomode waveguides at low
temperatures m convenient periods of time (~1h).

As has been shown, the increase of #, is slightly
higher than that of n,, regardless of diffusion time.
Figure 4 depicts An, versus An, for X- and Z-cut
samples studied.®> As can be seen in that figure the
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Fig. 4. Relationship between An, and An, for X- and Z-cut of
LiNbO; waveguides fabricated by Zn vapor diffusion.

relationship between An, and An, shows a linear
behaviour for values of An, > 0-5% with a slope
of ~0-9.

The waveguide losses were measured for the dif-
fused samples by use of the standard end coupling
technique. Taking into account the transmission of
the objective lenses, losses due to Fresnel reflec-
tions at the interfaces, and coupling mismatch los-
ses, a value of 1-2dbem™! for TE and 1-0dbcm™!
for TM both at 633 nm, were obtained for 1-5cm
long-X-cut sample, with light polarized along the Y
direction.?
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