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X-ray diffraction analysis of Ti-diffused single-crystal LiNbO3 
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Abstract 

Lattice changes due to Ti diffusion into single crystal LiNbO3 have been characterized by double crystal rocking 
curve measurements using the (220)h~x, (226)h~x, and (0012)hCx reflections. Narrow full width at half-maxima of 
these reflections observed at low Ti concentrations indicate a high degree of lattice uniformity despite a substantial 
intrinsic defect density. The a lattice parameter of LiNbO3 varies bilinearly with Ti concentration, while the c 
lattice parameter variation is nearly zero. This result is consistent with a concentration-dependent Ti site in 
LiNbO3. The break in the bilinear function of the a lattice parameter occurs between a Ti concentration of 3% 
and 6% of the Li or Nb lattice sites. This strongly suggests that the Ti, below a concentration of 6%, replaces 
the Nb which is located in approximately 6% of the Li sites of congruent LiNbO3. The maximum solubility of 
Ti in LiNbO3 (at 1050 °C) is deduced from the maximum change in a lattice parameter. 

I. Introduction 

The Ti:LiNbO3 system is commonly used in the 
fabrication of optical waveguide switches, modulators, 
and other devices. Several excellent references which 
review the physics and chemistry of congruent LiNbO 3 
are available [1]. The diffusion of Ti into single crystal 
LiNbO3 from a metallic film has been found to proceed 
in three basic steps: (i) oxidation of the Ti; (ii) reaction 
of the Ti with the LiNbO3 to form a "source compound";  
and (iii) diffusion from the "source compound" reacted 
layer into LiNbO3 lattice, accompanied by a small 
amount of LiNbO3 epitaxial regrowth [2]. A consensus 
on the "source compound" composition has not yet 
emerged [3]. 

Sugii et al. [4] performed X-ray rocking curve mea- 
surements on Ti-diffused single crystal y-cut LiNbO3 
and reported a lattice contraction along the a-axis: Aa/ 
a = 10 -3. As a result of the cut of their crystals, they 
were unable to measure Ac/c directly. Guenais et al. 
[5] have studied the phase equilibria and lattice pa- 
rameters of TiO2:LiNbO3 sintered powders. They de- 
termined a solubility limit of approximately 20% at a 
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temperature  of 1187 °C (18% at 1050 °C by interpolation 
of their data), and found that the lattice contraction 
A a / a =  1.9x 10 -3 (X=0.1, X being the mole fraction of 
TiO2). Guenais et al. were unable to determine Ac/c 

accurately within the error of their measurement 
(+0.01 °) owing to the small magnitude of Ac/ 
c~<0.5 )< 10 -3 (x=0.1).  Franzosi et al. [6], using X-ray 
rocking curve, X-ray topography, and transmission elec- 
tron microscopy methods, also observed a marked con- 
traction of the a lattice parameter  and related that to 
misfit dislocations. 

It is of particular interest to go beyond merely 
measuring a change in lattice parameters,  and relate 
the Ti lattice site to the change in optical indices. Sugii 
et al. [4] at tempted to do this, but their conclusion 
that the change in lattice parameter  was the source of 
the change in optical index did not seem consistent 
with other  data. In an earlier experiment, we used 
extended X-ray absorption fine structure (EXAFS) and 
X-ray absorption near edge structure (XANES) methods 
[7] on Ti-diffused LiNbO3 to characterize the local site 
of the Ti in the LiNbO3 lattice [8]. The local environment 
of the Ti site was found to be concentration dependent,  
and the resulting change in the local Ti bond orbitals 
was related directly to the bilinear behavior of the 
optical index. In the present investigation, we extend 
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the previous work to a systematic study of the LiNbO3 
lattice parameters (in the ferroelectric phase with C6v 
symmetry [1]) as a function of Ti concentration. 

2. Experimental details 

The source material consisted of x-cut and z-cut 
congruent single crystal optical quality LiNbO3 obtained 
from Crystal Technology, Inc. (Palo Alto, CA, USA). 
Ti was sputter deposited in Ar from an RF magnetron 
source. An accurate determination of the amount of 
Ti deposited was critical for this experiment. The ap- 
proach taken was to measure the film's average thickness 
in terms of the Ti atoms deposited per square centimeter 
(at cm -2) by a calibrated optical transmission method 
[9]. Calibration was performed using Rutherford back- 
scattering spectroscopy (RBS) with an absolute accuracy 
of 1%. Conversion of the thickness from Ti atoms 
deposited per square centimeter (at cm-2) to Angstroms 
(/~) was done by assuming a film density equal to the 
bulk density of 4.50 g/cm-3; the conversion factor is 
5.66 × 1014 Ti at cm -2/~. The film thicknesses ranged 
in steps from 38/~ to 1627/~. Ti diffusion was carried 
out in a quartz tube Lindberg furnace at 1050 °C. Since 
HaO is thought to suppress the loss of Li during diffusion, 
x-cut samples of the same Ti thickness were diffused 
for 2.5 h in either wet or dry oxygen ambients to assess 
the role of H20 in the Ti diffusion and incorporation 
into the lattice. Z-cut samples were diffused only in 
dry oxygen, for 3.5 h. These diffusions are only half 
as deep as the typical optical waveguide diffusion so 
that a substrate peak would be clearly visible in the 
diffraction data. 

The optical transmission method yielded a precise 
measure of the amount of Ti deposited, and therefore 
also gave a relative measure of the Ti surface con- 
centration after diffusion. Secondary ion mass spec- 
trometry (SIMS) was performed on samples with the 
most Ti deposited to calibrate the Ti near-surface atomic 
concentration and to determine if any reacted compound 
remained after the diffusion. SIMS depth profiles were 
obtained with a Perkin-Elmer (Physical Electronics 
Division) model PHI-300 with a 6 keV. 0.6 mA O2 ÷ 
primary beam rastered over a 500 x 500 nun area and 
change neutralized with a 12 mA electron beam. An 
average sputter rate of 150 /~ min -1 was achieved. 
Quantitation was made possible with a double-isotope 
implant of 48Ti and 5°Ti in LiNbO3. Normalization to 
the Nb matrix signal was used to determine the Ti 
signal both in the diffused region of the LiNbO3 crystal 
and in any remaining diffusion source layer at the 
surface. Thus the accuracy of diffused Ti atomic con- 
centration in absolute terms is limited by the accuracy 

of the SIMS quantitation, which is on the order of 
+50% of the measured concentration. 

Some confusion may arise as a result of the different 
conventions used for indexing X-ray diffraction beams 
and tensor properties of LiNbO3. Crystallographers use 
hexagonal coordinates (al aa C)hex to index axes and 
X-ray diffraction peaks. However, a cartesian coordinate 
system (x y Z)cart is used for tensor properties such as 
the linear electro-optic effect, and hence is the co- 
ordinate system used by researchers who fabricate 
optical waveguides (and by their crystal suppliers). The 
following convention is commonly used to assign carte- 
sian coordinates: the z axis is parallel to the c axis, 
the x axis is parallel to one of the equivalent a axes 
(al, a2, or a3), and the y axis is chosen such that the 
system is right-handed [1]. Those who are interested 
in device-related properties use the cartesian coordinate 
system exclusively, hence the reference to x-cut and y- 
cut crystals. Since both diffraction data and tensor 
properties are discussed below, we make reasonable 
efforts to identify which coordinate system is referred 
to in this paper - hexagonal coordinates, when referred 
to in the text below, are followed with a subscript hex, 
such as (220)h~x. The a lattice parameter of congruent 
LiNbO3 is given in the literature as 5.1483 A, and the 
corresponding c lattice parameter is 13.867/~. 

Cu Koq radiation was used for all diffraction mea- 
surements. The X-ray rocking curve measurements were 
performed using a double crystal spectrometer in the 
parallel ( + ,  - ) configuration. A nearly perfect LiNbO3 
crystal was used as the first crystal. Two reflections, 
(220)hex and (226)h~x, were used for analysis of x-cut 
crystals, and (0012)h~ and (226)hex for z-cut crystals. 
For the symmetric reflections (220)h,x and (0012)hex 
only one measurement was made. Two measurements 
were made for the asymmetric reflection (226)h,x. In 
one asymmetric measurement the angle of incidence 
was 0-~b while in the second measurement the angle 
of incidence was 0+ ~b, where ~b is the inclination of 
the near-surface Ti-diffused lattice planes with respect 
to the undiffused bulk crystal lattice planes. From these 
measurements, A0 (the difference in the Bragg angles 
of the substrate and the near-surface Ti-diffused region, 
due to differences in layer spacing) and A~b were 
obtained precisely. The minimum full width at half- 
maximum (FWHM) of reflections from undiffused sam- 
ples (samples without Ti) were 7 s for the (220)h~x 
reflection and 5 s for the (226)ne~ reflection. Therefore 
the resolution of the double crystal spectrometer in 
the parallel ( + , - )  configuration was estimated to be 
on the order of 5 s of arc or less, corresponding to a 
lattice parameter resolution of 0.00012 /~, using the 
(220)h~x reflection and a,c  lattice parameter resolution 
of 0.00037 /~ using the (0012)he~ reflection. However, 
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the peak separation resolution was found to be about 
2 s of arc based on the reproducibility of substrate and 
diffused-layer peak separation measurements. 

SIMS depth profiles of selected samples diffused in 
either wet or dry oxygen revealed a smooth gaussian 
diffusion profile with no evidence of a Ti-rich surface 
layer. The diffusion is regarded as complete as a result 
of the absence of a Ti-rich surface layer [8]. The selected 
samples were processed as follows: 3.48× 10 iv Ti at 
cm -2 (614 /~) was deposited on sample LNX-03 (x- 
cut LiNbO3) which was then diffused for 2.5 h at 1050 
°C in dry oxygen. This resulted in a Ti near-surface 
atomic concentration of 2.5X1021 Ti at cm-3 
(+1.3×1021 Ti at cm -3) in LNX-03, as measured by 
SIMS. 3.66x1017 Ti at cm -2 (646 /~) was deposited 
on sample LNX-19 (x-cut LiNbO3) which was then 
diffused for 2.5 h at 1050 °C in wet oxygen. This resulted 
in a Ti surface concentration of 3.0× 1021 Ti at cm -3 
(+ = 1.5 X 1021 Ti at em -3  in LNX-19, as measured by 
SIMS. Sample LNZ-44 (z-cut LiNbO3) was diffused for 
3.5 h at 1050 °C in dry oxygen, resulting in a Ti surface 
concentration of 1.6X10 21 Ti at cm -3 (4 -~0 .8X1021  

Ti at cm-3), as measured by SIMS. 

3. Results and discussion 

Diffraction data were first obtained using the (220)hex 
reflection (x-planes spaced a/2 apart) fromx-cut LiNbO3. 

Bragg reflections from undoped LiNbO3 crystals were 
quite narrow: 20 cm or less FWHM for the (220)h~x 
peak. Dry-oxygen Ti-diffused samples showed a second 
diffraction peak at increased diffraction angles (see Fig. 
1). At the lowest Ti surface concentrations this shifted 
peak was accompanied by a weak auxiliary structure 

4105 

3 I0 s 

x75 :, 

2 10 ~ ! ~'-.,-_~. ~ _  ",.,~LNX-0~ 

~ .X2 LNX-03 
~',,, ×z. ,,x-o4 

~ ~ , ,  LNX-05 
,05 , .~LNX-06 

1 , k . . . _ ~  L NX.O 7 

~ ._LNX-09 
k._LNX-! 1 

0 ~_N -13 

-100 0 100 200 300 400 500 600 700 

ANGLE (sec. of arc) 

Fig. 1. (220)h¢~ rocking curves (x-cut Ti:LiNbO3; dry). 

between the shifted peak and the substrate peak; this 
may be Pendellosung fringes. This second peak shifted 
toward larger diffraction angles and broadened as the 
surface concentration of Ti increased. The substrate 
peak also broadened as the surface concentration of 
Ti increased. Wet oxygen Ti-diffused samples showed 
very similar behavior (except for the sample having the 
largest Ti concentration). Similarly, a second peak 
appeared in the (226)he, rocking curve which broadened 
and shifted away from the substrate peak as the Ti 
concentration was increased (these data will be shown 
in a more lengthy paper), with no large difference 
between samples diffused in wet v s .  dry oxygen. 

The change in the LiNbO3 a lattice parameter was 
extracted from the (220)hex rocking curve data as a 
function of surface Ti concentration for the samples 
diffused in wet oxygen and those diffused in dry oxygen. 
The data show a decrease of the a lattice parameter 
as the surface Ti concentration is increased (see Fig. 
2). The a lattice parameter was never observed to fall 
below a value of 5.1350 • despite further increases in 
Ti concentration, indicating an apparent saturation of 
the solid solubility at a Ti concentration of approximately 
4 × 1021 Ti at cm- 3 (a Ti density equal to approximately 
21% of the niobium lattice sites, 1.89x 1022 Nb at 
cm-3). It should be noted that the surfaces of all 
samples were free of "haze" after diffusion except for 
the samples having the highest Ti concentration (cor- 
responding to Ti concentrations exceeding the solid 
solubility limit). 

Examination of the a lattice parameter variation for 
dry-oxygen-diffused samples reveals two distinct regions 
or domains below the solubility limit: a low-concen- 
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Fig. 2. Variat ion of the a lattice parameter  as a function of Ti 
atomic concentrat ion.  The linear relationships for the low and 
high concentrat ion regions are shown with dashed lines, 
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tration region and a high-concentration region. The 
low-concentration region is characterized by a simple 
linear dependence between the a lattice parameter 
and the Ti concentration: a (in Angstroms)= 
5.1486-0.00148x (percentage of Ti). This linear re- 
lationship for the low-concentration region of dry- 
oxygen-diffused samples is valid up to 2.4% Ti (ap- 
proximately 4 × 102° Ti at c m - 3 ) .  Between 2.4% Ti and 
5.6% Ti (approximately 1 × 1021 Ti at  cm -3)  there is 
a transition to the high-concentration regime. The high 
concentration region of dry-oxygen-diffused samples, 
between 5.6% and the solid solubility limit, is char- 
acterized by a second linear relationship: a (in Ang- 
stroms) = 5.14715 - 0.000584x (percentage of Ti). 

The presence of 1-I20 vapor during LiNbO3 diffusion 
influences the variation in the a lattice parameter. The 
most obvious effects of the H20 seem to be to suppress 
slightly the a lattice parameter variation, particularly 
around the transition between the low- and high-con- 
centration regions, and to blur the distinction between 
the low- and high-concentration regions (see Fig. 2). 
The data points for the wet-oxygen-diffused samples 
also appear to be somewhat more scattered, in contrast 
to the very smooth curve defined by data points for 
the dry-oxygen-diffused samples. 

Diffraction data were then obtained using the 
(00.12)he× reflection (z-planes spaced c/12 apart) from 
z-cut LiNbO3. Dry-oxygen Ti-diffused samples showed 
only a single diffraction peak corresponding to the 
substrate peak position at all Ti concentrations (see 
Fig. 3). Rocking curves from two samples did show 
one or even two additional peaks, but these peaks were 
sensitive to alignment, their positions did not vary 
systematically from one sample to the other, and the 
peaks were not reproducible. As the Ti concentration 
was increased the single diffraction peak broadened, 
as in the case of the (220)h~x and (226)h~x substrate 
and diffused layer diffraction peaks. Thus there is the 
unusual result that even at very high Ti concentrations 
the change in the c lattice parameter is so small as to 
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Fig. 3. (0012),e, rocking curves (z-cut TI :LINbO3; dry). 

be undetectable by a double crystal spectrometer using 
nearly perfect LiNbO3 crystals. 

The first result obtained was that the diffraction 
peaks from undiffused congruent LiNbO3 crystals were 
quite narrow, with FWHM averaging about 7-8 s of 
arc for the (220)he× reflection. The narrow diffraction 
peak widths imply (i) a very low degree of internal 
strain; and (ii) a high degree of uniformity. This was 
surprising in view of the intrinsic non-stoichiometry, 
the mechanical polishing used to finish the surface, 
and the strong polarization of the crystals. 

The (220),e~ diffraction data show very clearly the 
limit imposed by the solid solubility of TiO2 in LiNbO3.  
There is quite good agreement between the solid sol- 
ubility limit of x=0.18 (x being the mole fraction of 
TiO2) at 1050 °C anticipated by Guenais using 
TiOz:LiNbO3 sintered powders (interpolated from Fig. 
3(a) in Guenais et al. [5]) and the solid solubility limit 
of x=0.21 at 1050 °C found in the data above using 
single-crystal Ti diffused congruent LiNbO3. 

The (220)h~x diffraction data from dry-oxygen-diffused 
samples also show a bilinear dependence of the a lattice 
parameter on the Ti concentration below the solid 
solubility limit. This was not totally unexpected owing 
to our earlier results from EXAFS data [8] showing 
that the Ti center in dry-oxygen-diffused congruent 
LiNbO3 undergoes a change in the x-planes between 
a Ti concentration approximately of 5 × 1020 Ti at cm- 3 
and 2×1021 at cm -3. There is also the bilinear de- 
pendence of the ordinary optical index (which is also 
associated with the x-planes) on Ti concentration, which 
has been reported by several independent workers [10]. 
Ctyroky, for example, shows an abrupt decrease in the 
slope of the ordinary index occurring in the Ti mass 
concentration range 0.2%--0.7% (approximately 
1 .3X10  2° Ti at cm -3 to approximately 4×1020 Ti at 
cm-3). The transition between low- and high-concen- 
tration regions observed in the (220)h~x diffraction data 
occurs within approximately the same range, between 
a Ti concentration of approximately 4 × 102° Ti at cm -3 
and approximately 1 x 1021 Ti at cm -3. 

The problem of the Ti site in the LiNbO3 lattice is 
complex, due in large part to the nonstoichiometry, 
disorder [11] and inherent defect structure [12] of 
LiNbO3 with congruent composition. One might expect 
that since Ti 4+ and Nb 5÷ are of very similar size, 
charge, and bond orbital configuration, Ti would nat- 
urally substitute for Nb on Nb sites. By this elementary 
reasoning, Pearsall et al. proposed that since they were 
able to detect only Ti in the 4 + oxidation state at the 
LiNbO3 source, the Ti was probably on the Nb lattice 
site [13]. However, it has been known for many years 
that congruent LiNbO3 accommodates its excess of Nb 
by placing Nb on Li sites: experimental evidence in- 
dicates that approximately 6% of the Li lattice sites 
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in LiNbO3 are occupied by Nb atoms [14] with charge 
balance accomplished by associated vacancies or other 
defects. Thus when three experimentally observed facts 
are taken together - the excess Nb of congruent LiNbO3 
on 6% of the Li sites, the lower charge state of Ti 
compared with Nb, and the change in the Ti incor- 
poration site occurring between 3% and 6% - they 
suggest strongly that Ti replaces Nb in Li lattice sites 
in the low-concentration region. The substitution of Ti 
in Nb in Li sites is also consistent with the strong pre- 
edge peak referred to earlier [8]. Both the Li and Nb 
sites are octahedral in ferroelectric LiNbO3, but the 
Li octahedral symmetry is broken to a larger degree 
than the Nb octahedral symmetry. The pre-edge peak 
seen in the low-concentration Ti l-s X-ray absorption 
edge data is associated with broken octahedral symmetry 
- the stronger the symmetry breaking, the stronger 
the pre-edge peak. For example, in the series SrTiO3, 
BaTiO3, and PbTiO3, the pre-edge peak increases lin- 
early with Ti displacement from the octahedral center 
of symmetry [15]. Another significant result is that the 
change in the c lattice parameter as a function of Ti 
concentration is so small that it is undetectable in our 
data. There is consistency with the Ti:LiNbO3 EXAFS 
data, in which no change in the EXAFS amplitude or 
in the pre-edge peak was observed when X-rays were 
polarized along the c axis [8]. The EXAFS data indicated 
that no change in the local environment of the Ti 
impurity atom occurred along the c axis. However, the 
variation in the extraordinary optical index (associated 
with the polar c axis) as a function of Ti concentration 
is stronger than the variation of the ordinary optical 
index (associated with the nonpolar a axis). The source 
of the change in the ordinary optical index as a function 
of Ti concentration was indicated in a previous paper: 
the Ti displacement in the xy plane was associated with 
change in the xy plane Ti states near the conduction 
band minimum, which are directly related to the ordinary 
optical index [8]. Based on the data presented in this 
paper, the change in the extraordinary optical index 
as a function of Ti concentration is clearly not associated 
with a change in the c lattice parameter, but rather is 
assumed to be due to changes in polarization. 

4. Conclusions 

The a lattice parameter of LiNbO3 varies bilinearly 
with Ti concentration, while the c lattice parameter 
variation is nearly zero. The break in the bilinear 

function of the a parameter occurs between a Ti con- 
centration of 3% and 6% of the Li or Nb sites. Below 
a concentration of 6% Ti atoms replace Nb atoms 
which are located in nearly 6% of the Li sites of 
congruent LiNbO3. 
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