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Abstract. A number of the physical properties of lithium
niobate strongly depend on sample composition. Although
several procedures for the determination of the composition
have already been published, a critical survey and an intro-
duction to standard methods recommendable also for labo-
ratories active in R&D of LiNbOj; devices is still missing.
Within a detailed description of a series of methods, we sum-
marise their capabilities and accuracy. The proposed optical
characterisation methods, in particular those based on the
generation of second harmonic light and those involving the
measurement of birefringence and the UV absorption edge
are found to be most convenient for an accurate and fast
standard characterisation of LiNbO; single crystals. An ab-
solute accuracy of 0.1 mol% based on a comparison with the
Curie temperature calibration method and a relative accuracy
of up to 0.01 mol% are available. Some of these methods
are also suited for the two or three dimensional homogeneity
control of LiNbQO; single crystals.

PACS: 78.20.-¢; 77.84.Dy; 81.70.-q

Lithium niobate is a well-known ferroelectric material ex-
hibiting strongly coupled acousto- and electro-optical prop-
erties and non-trivial defect structures, for reviews see [1,
2, 3, 4]. LiNbO; is one of the most promising materials for
integrated optics devices and optical computers [5, 6].

A basic problem limiting most applications is the control
of the composition and homogeneity in single crystals. The
solid solution range of the Li;O - NbyOs system extends
from 46 to 50 mol% Li,O at 1000°C and from 48 to 50
mol% Li,O at room temperature [7, 8]. Single crystals of
best quality and uniform composition have been grown for
the congruent composition (at about 48.4 mol% L1,0), using
the Czochralski technique. Most crystals used for investiga-
tions and applications are congruent ones. Crystals grown
from other Li-deficient, stoichiometric or Li-surplus melfs
have compositions differing from that of the melt, with the
composition changing strongly along the growth direction.
Several attempts have been made to overcome this prob-
lem. A straightforward one is the use of continuous refill
or double crucible Czochralski methods to maintain a fixed
composition [9, 10]. Recently new procedures for preparing

LiNbOj crystals with compositions very close to stoichio-
metric material have been devised, opening new perspectives
for applications. Floating zone techniques, in conjunction
with point heating can enforce non-congruent compositions
for crystal fibers, as e.g. in the laser heated pedestal growth
method [11]. Similar methods using an ellipsoidal mirror
can be used for the preparation of crystal fibers with any de-
sired composition in the range 47-49.8 mol% Li,0O [12]. In
the vapour transport equilibration (VTE) method, which is a
post-growth technique, a crystal with congruent composition
is annealed in a Li-rich atmosphere [13. 14]. With regard to
single crystals the method using the addition of potassium to
the melt is even more promising [15, 16]. In contrast to most
other dopants nearly all potassium remains in the melt, thus
only ’catalysing’ stoichiometric growth. In the meantime at
least two crystal growth laboratories (Ashtarak, Budapest)
have repeatedly grown samples with a Li;O content of more
than 49.9 mol% in the bulk utilizing this method.

Similarly to improved stoichiometry some dopants intro-
duced in concentrations above a given threshold also alter
intrinsic properties. The effect of Mg on the photorefrac-
tive behaviour [17] with a threshold of about 5.5 mol% was
the first example found. Another divalent dopant with a less
sharp threshold near 7 mol% is Zn [18). Examples for triva-
lent dopants are In [19], and Sc [20] with a much lower
threshold value of about 1-2 mol%.

Most papers dealing with LiNbO3 do not give complete
and reliable information on composition and purity of the
crystal samples used, strongly impeding comparisons and
general conclusions. Due to controversial opinions and pref-
erences, and lacking reliable, generally trusted calibration
curves, such a characterisation still remains a rather hard
task. Therefore a community of laboratories involved in
LiNbO; research and united by a Network of the European
Science Foundation undertook a joint effort to make a criti-
cal summary of earlier results, to define clear preferences for
the methods of characterisation, and to present new reliable
and widely controlled calibration data for a few preferred
methods. Such recommendations are thought to be helpful
for a standard characterisation of LiNbOj3 crystals in the fu-
ture, facilitating their applications. The present state of this
task is summarised in this paper.
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1 Non-optical methods for the characterisation
of the composition

1.1 Chemical analysis

Destructive analyses using acidic decomposition and chro-
matographic [21] or atomic absorption analysis [12] or
inductively coupled plasma atomic emission spectroscopy
(ICP-AEA) [22] for determining the Li, and gravimetry to
measure the Nb content [23], require rather large sample
quantities, are lengthy, tedious, subject to systematic errors
and offer a precision of at most 0.2 mol% [12, 22].

1.2 Melt composition

The crystal composition does not uniquely depend on the
melt composition, as geometrical and other growth parame-
ters strongly influence the growth process, even if continuous
refill is used. Curves obtained for such a dependence (e.g.
the one obtained by Carruthers et al. [24] or Furukawa et al.
[22]) have therefore only qualitative significance and can be
described by the following empirical equation

cLi = 48.5 +0.3436(CLi meic — 48.5) —
0.02897(cLi metr — 48.5) (1)

derived from experimental data published in several reports
[22, 24, 25], ¢; and cpjmeir denoting the Li;O content in
mol% of the bulk and melt, respectively. The equation is
valid in the range 45 < cpimer < 52 mol% Li,O with an
accuracy of 0.3 mol% provided that the growth conditions
do not differ strongly from those in the cited reports.

1.3 Measurement of the Curie temperature

The Curie temperature has been found to change linearly by
roughly 150 °C in the solid solution range [24], which pro-
vides sufficient sensitivity for composition measurements,
however the high 7, close to the melting point is a ma-
jor drawback of this method. DTA measurements on four
single crystals characterised by chemical analysis have been
recently carried out by Iyi et al. [12]. These results, obtained
in the 47 - 49.8 mol% region, show a linear dependence of
the Curie temperature on the Li;O content ¢;; and can be
summarised by the fit

T. =39.26 ¢ ; — 760.67 or

cry = 0.02546 T, + 19.39 2)
where T, is the Curie temperature in centigrades. Bordui
et al. [26] obtained a similar fit for five VTE equilibrated
single crystals in the composition region 47 - 49.6 mol%
using dielectric measurements:

T. = 39.064 ¢1; — 746.73 or

ci = 0.02557 1 +19.149 3
The composition of each crystal sample was assumed to be

identical with that of the single-phase powder used for its
VTE equilibration. This was checked by measuring 7, for

both the crystal and the powder in each case. The abso-
lute accuracy of the T, measurement was estimated to be
0.3 and 0.6 °C for single crystals and powders respectively,
the powder compositions were defined within 0.01 mol%.
The reproducibility of crystal composition values obtained
by VTE processing was checked near the congruent point in
a previous paper of the same group [27] where the authors
determined the congruent composition with high precision
(48.38 + 0.015 mol%) and showed that crystal samples with
appreciably differing compositions can be made congruent
by VTE processing them in a powder charge of congruent
composition. So Bordui et al. [26] claim a higher precision
for ¢; than Iyi et al. [12]. Now, Eqgs. (2) and (3) yield re-
sults differing only by 4°C or Ac; = 0.1 mol%, which is
only half of the absolute error for c; estimated by Iyi et
al. [12]. For these reasons we favour the second calibra-
tion (3) and think that an absolute accuracy of 0.1 mol% is
realistic. It should be mentioned, however, that earlier mea-
surements on similar powders gave systematically lower T
values [28, 29], the deviations being of the order of 10°C
which is several times the standard deviations of those mea-
surements. The reason for this discrepancy is unknown.

For compositions very close to the stoichiometric one the
Curie point is higher than the melting point. As claimed by
Gallagher and O’Bryan [30], in this range mechanic dilato-
metric measurements of 7; are still possible, their result of
1198 °C obtained on a single crystal VTE equilibrated with
stoichiometric powder is again lower than 1202 or 1206 °C
expected from (2) and (3), respectively. The deviation from
linearity in the nearly stoichiometric range reported by Grab-
maier [31] has not been confirmed.

Impurities are known to modify the Curie temperature
of LiNbO; substantially. The addition of 1 mol% Mg to
ceramic samples from 47 to 50 mol% Li,O results in a uni-
form increase of 1, by 22°C [24]. For Mg concentrations
near 5 mol% the increment saturates with a value of about
60°C [28]. The addition of Ti on the other hand results in
a 9°C/mol% decrease of T; up to 20 mol% [29].

The DTA and the related more powerful DSC method
require powdered samples of the order of 0.5 and 0.01g
respectively. For dielectric measurements single crystals or
pellets of moderate sizes (e.g. 4 < 6 x 1 mm?) and for dilato-
metric methods single crystal prisms (e.g. 6 x 2 x 2mm?)
have been used.

Measurements of the melting temperature for the given
purpose are less feasible due to smaller precision and other
evident reasons.

1.4 Density measurements

The density of LiNbO; was found to change only by 1.5 -
1072 g/cm® over the solid solution range while the ex-
perimental error of density measurements is normally 3 -
103 g/cm? [7, 12, 32, 33]. The precision of the measure-
ment had to be increased by at least an order of magnitude
if the method was to be used for calibration.



1.5 Diffraction methods

The lattice constants of LiNbO; show an appreciable de-
crease with increasing Li content. Recently X-ray and neu-
tron diffraction measurements in the range 47 - 49.8 mol%
Li,O content have been carried out by Iyi et al. [12] and
an overall decrease of 0.004 A and 0.014 A for the lattice
constants ¢ and c, respectively, has been found. The depen-
dences of these constants on the Li content seem to be less
linear than that of the unit cell volume. Using the powder
data of Iyi et al. [12], taken at room temperature, for the vol-
ume of the hexagonal unit cell V = v/3a’c/2 the following
linear fit can be given

V' =3347—-0.3338¢c;; or ¢ =992.8-2965V &)

where V is in A3, There is a small discrepancy between X-
ray and neutron diffraction measurements [12, 34] limiting
the confidence in such a calibration to 0.2 - 0.3 mol%. This
value is further increased by the uncertainty of the com-
position data and the possible deviations from linearity, re-
sulting in an estimated precision of 0.3 - 0.4 mol%. The
dependence of V' on impurity content is much weaker than
on the changes of the Li content, Mg increases, while K
induces a decrease of the lattice constants [35]. The mea-
surements require very small amounts (less than 1 mm?) of
sample material.

1.6 Linewidth of NMR and EPR signals

The width of the *>Nb NMR line was used as early as 1969
by Peterson and Carruthers [36] for the characterisation of
the stoichiometry of LiNbO; powders. The halfwidth of the
low-field derivative line was found to decrease from 26 to
8 Gauss for a change from 48 to 50 mol% of the Li,O
content (for a measurement at 19.24 MHz at room temper-
ature) and did not change outside the single phase range.
No comparable single crystal study has been carried out. A
general problem with NMR calibration is expected to remain
due to background paramagnetic impurities and random in-
ternal strain fields contributing to the linewidth, even for
the presently available higher magnetic fields and rotational
techniques [37].

The narrowing of EPR lines of background Fe impurities,
upon approaching the stoichiometric composition, has been
investigated by Malovichko et al. [16, 38] in the X band for
four compositions in the 48.5 - 50 mol% Li,O range. The
EPR lines of even a few ppm of Fe can be detected, espe-
cially for nearly stoichiometric crystals. The dependence on
composition appeared to be linear if the Fe concentration
was smaller than 0.01 mol%. In this case, for room temper-
ature, the linewidth of e.g. the transition at 60 mT for the
magnetic field perpendicular to the ¢ axis decreased from 22
to 4mT; at low temperature, 14 K, the transition at 300 mT
for the same orientation was found to narrow from 46 to
4 mT upon approaching the stoichiometric composition. As-
suming reproducibility of the data this method could discern
composition changes of at about 0.25 mol% at room tem-
perature and 0.1 mol% at low temperatures. The samples
required for the measurement have to be single crystals with
known ¢ direction and a volume preferably between 20 and
50 mm?>.

325

1.7 Velocity of surface acoustic waves

The elastic properties of LiNbOj; single crystals and in par-
ticular the velocity of surface acoustic waves (SAW) also
depend on composition. An increase of 37 m/s/mol% of the
SAW velocity has been observed for 128 ° XY cuts near the
congruent composition checked by the Curie method [39].
The relative precision of the method was claimed to be of
the order of 0.01 mol%. However, other measurements on
similar cuts containing 47.5 - 49 mol% Li,O [40] yielded
values shifted by some 50 m/s stressing the need of more
stringent control of experimental circumstances like orien-
tational precision, thermal treatments, surface contamination
etc. The method may be straightforward for composition
control in device development where similar cuts are used
and standard procedures for preparing the surface contacts
are available.

1.8 Ion beam methods

Rutherford backscattering, channeling. proton-induced X-ray
absorption and related ion beam methods have been helpful
for finding the substitution sites of a number of impurities,
however, the separation of contributions of various atoms
cannot be carried out with the precision required for com-
position measurements. '

2 Optical methods for the characterisation
of the composition

2.1 Measurement of the UV absorption edge

The position of the fundamental absorption edge is very sen-
sitive to the composition of LiNbO;. Foldvari et al. [41]
found a blue shift from 320 to 311 nm upon moving from
48.6 mol% towards a near stoichiometric composition. The
position of the band edge was defined as the wavelength
where the absorption coefficient is 20cm™!. A further large
shift to the blue has been observed in crystals prepared by
the VTE method or in a potassium doped melt [16]. The
band edge wavelengths in the latter work are given for the
absorption coefficient 15cm™.

Although the relationship is non-linear, the measurement
of the UV absorption edge would be a very convenient way
for characterising the crystal composition. Therefore the lab-
oratories of the authors started an extensive study of the
absorption edge combined with cross-checking using SHG-
based methods. The details will be reported elsewhere. Here
we show the main results and present an equation describing
the band edge as a function of composition in the bulk. First
we point out that the two sample surfaces crossed by the
light beam should be polished to a moderate optical quality
with a density of scratches less than 1% of the total area.
The orientation of the crystal is not critical, better than five
degrees are sufficient. A correction for the reflection is nec-
essary shifting the edge by about one nm to the blue. For
the convenience of the reader two equations are given, one
for 15 and one for 20cm~'. Above 49.5 mol% Li,O the
sensitivity is high, mapping a change of 0.1 mol% to 2nm.
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Thus even non-sophisticated spectrometers allow a moder-
ate accuracy, high resolution instruments 0.02 mol%. The
absolute uncertainty of the calibration curve is that of the
underlying Curie-temperature determination, i.e. 0.1 mol%.

A\is=321.9—1.597z —5.7452> at 15cm™! (5)

Moo =320.4 — 1.8292 —5.4852* at 20cm™’ (6)

The variable x is the deviation from the congruent compo-
sition (48.38 mol%) in mol%. It should be pointed out that
Egs. (5) and (6) are valid for light being polarized parallel
and propagating perpendicular to the polar ¢ axis.

2.2 Measurement of the refractive indices
2.2.1 Sellmeier equation and direct evaluation

Lithium niobate exhibits a negative birefringence and its in-
dex ellipsoid depends in a characteristic way on the compo-
sition.

The up to now most careful study of the refractive indices
covering the whole composition range of lithium niobate has
been carried out by Schlarb et al. [42] who used an inter-
ferometric method for the measurements. The experimental
results can be approximated by a generalised Sellmeier equa-
tion for the wavelength and composition dependence of the
refractive indices

2= Agi+ A1(50 — ¢ry)

i ———— + Auv — A, N N
04 A7

where A is the wavelength measured in nm and ¢; the Li
content in mol%. The intensity factors A describe the influ-
ence of the various oscillators (optical transitions) responsi-
ble for the refractive indices in the visible and near infrared
region — Agy: Nb on Nb site, 4;: Nb on Li site, Ayvy: re-
maining oscillators at higher energy (transitions to higher
energetic states in the conduction band, plasmons etc.), A:
phonons. The parameters are listed in Table 1 for the or-
dinary and the extraordinary refractive indices (i = o,¢),
respectively.

This Sellmeier equation is valid in a composition range
cri =47...50 mol% and a wavelength range A =400. ..
3000nm. Experimental index of refraction data are de-
scribed with an error less than 0.002.

Direct measurements of the refractive indices (preferably
of n. which depends much stronger on ¢;) in conjunction
with (7) can be used for determining the composition of
crystal samples. For all methods described in Sects.2.2-2.4
samples with two polished surfaces and a minimum light
path of 2-3 mm are needed.

2.2.2 Birefringence

In general it is more convenient to measure the birefringence
An = n. —n, of a crystalline sample than to measure the
refractive indices directly. Furthermore, as n, varies only
slightly as a function of composition, the composition de-
pendent relative variation of An exceeds that of n. by a
factor of n./An = 25. For the application of birefringence

Table 1. Parameters for the generalized Sellmeier equation (room temper-
ature values)

Parameter n, (1 =0) ne (1 =¢€)
A, 4.5312 x 103 3.9466 x 103
Ay —4.8213 x 1078 7.9090 x 10~7
Xo.i 223.219 218.203
AR, i 3.6340 x 108 3.0998 x 108
Agv 2.6613 2.6613
] T 1
405 - -
< 400 |- i
[4]
39.5 |~ =
1 1 | | |
1 | 1 | [
-80 =
<
O '90 = -
100 | | | 1
400 600 800 1000 1200

Wavelength A (nm)

Fig. 1. Wavelength dependence of the parameters a and b at room temper-
ature (see text)

measurements an approximately linear correspondence be-
tween Li content cr; and birefringence An can be derived
from (7) [25]:

cLi = a(A) + b(A) An. )

The wavelength dependence of the parameters ¢ and b is
sketched in Fig. 1. For the wavelength of a HeNe laser
(633 nm), which often is available for such measurements,
the parameters are ¢ = 40.43 and b = —96.4. Applying (8),
one has to bear in mind that for LiNbO3 An < 0.

2.3 Colinear optical frequency doubling

Optical second harmonic generation (SHG) measurements
provide indirect albeit very accurate techniques for the char-
acterisation of electrooptic materials. All of these techniques
use phase matching between the fundamental and the gen-
erated second harmonic beam which means that momen-
tum conservation is fulfilled for this process or — for col-
inear SHG — that fundamental and harmonic beam experi-
ence equal refractive indices. The methods thus profit from
the sensitivity enhancement imposed by the detection of the
vanishing difference between two refractive indices. Usually
a Q-switched Nd:YAG laser provides the necessary funda-
mental beam.

2.3.1 Phase matching temperature for second harmonic
generation

One of the most common methods is to measure the phase
matching temperature Tpy for doubling Nd:YAG laser light



using so-called noncritical phase matching. A fundamental
laser beam with ordinary polarization generates extraordi-
narily polarized second harmonic light, both wave vectors
pointing perpendicularly to the polar axis of the crystal. The
two involved refractive indices show different temperature
dependences, phase matching is achieved by temperature
tuning.

Tpm strongly depends on the crystal composition and
thus can be used as a measure for the characterisation of
the stoichiometry. The dependence — calculated from a tem-
perature dependent Sellmeier equation [43] — is depicted in
Fig. 2 together with several experimental data. Tpy can be
measured with an accuracy usually better than 1K yielding
a theoretical sensitivity of better than 0.01 mol% for the
composition determination.

T 1

£ O
o O
o O

W
[«
o

1064nm

=
[= TN =1
o O O
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2
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Crystal composition (mol% Li,O)
A Jundt et al. O Bordui et al. x Luh et al.
O Schmidt et al. x Byer et al.

Fig. 2. Calculated phase matching temperature of LiNbO3 as a function
of the Li content in the crystal for various fundamental wavelengths. Data
points are experimental values from several other authors [14, 26, 11, 44,
45]

2.3.2 Phase matching angle for second harmonic generation

Instead of using temperature tuning, phase matching can be
achieved by angle tuning: the crystal has to be rotated around
an axis perpendicular to both the polar axis of the crystal and
the beamm direction. The effective extraordinary refractive in-
dex depends on the rotation angle, the angle at which the
phase matching condition is fulfilled characterises the com-
position [43].

2.4 Noncolinear optical frequency doubling

In the case of colinear frequency doubling (see Sect 2.3)
the wave vectors of the interacting light waves are parallel
to each other. The phase matching condition (i. €. momen-
tum conservation for the interacting photess) is fulfiled in
a quasiscalar way for the wave vectors of the fundamental
(k1,k}) and the generated harmonic wave (kj):

[y | + [k | = [k - 9
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When using noncolinear frequency doubling, where the two
fundamental wave vectors are inclined to each other, a vec-
torial phase matching condition has to be obeyed:

ky + K] = k. (10)

The doubling geometry (i. e. the angle between the two fun-
damental beams) then can be used as an additional or even
only tuning parameter to characterise the material.

2.4.1 Spontaneous noncolinear frequency doubling

In a spontancous noncolinear frequency doubling arrange-
ment (SNCFD) laser light is directed onto the sample in a
direction perpendicular to the optical axis of the crystal, the
second of the two necessary fundamental waves is provided
by randomly scattered laser light. The interaction between
the intense laser beam and the scattered waves results in a
cone of generated second harmonic light with a cone angle
characteristic for the composition of the investigated sample
[46, 47]. The cone angle is determined by the refractive in-
dices of the material thus can be calculated using the gener-
alized Sellmeier equation (7). For a fundamental wavelength
of 1064 nm (Nd:YAG laser) the composition of the sample
is in good approximation described by

cLi = 48.528 + 0.0013 - ¢ +0.00625 - %, (11)

where cr; is measured in mol% and 2-¢’ is the full cone angle
measured in the plane perpendicular to the polar axis outside
the crystal. The parameters in (11) are calculated for room
temperature (24 °C), a detailed temperature dependence is
given in [48].

2.4.2 Induced noncolinear frequency doubling

Whereas SNCFD makes use of scattered light to provide the
second fundamental wave, induced noncolinear frequency
doubling (INCFD) takes two independent fundamental laser
beams crossed inside the crystal to generate second harmonic
light [49]. To achieve phase matching, either the geometry
(i. e. the angle between the two fundamental beams) or the
temperature can be used as tunable parameters. Calibration
curves for ¢;; as a function of the angle — at fixed tempera-
ture — or as a function of the temperature — at fixed angle —
can be derived from the temperature dependent generalised
Sellmeier equation [48]. As the interaction volume is lim-
ited in all three spatial dimensions, the method can be used
for a sample characterisation with three-dimensional spatial
resolution [50].

2.5 Holographic scattering

Based on the photorefractive effect, two laser beams inclined
to each other can form a holographic grating in LiNbO;
doped with photorefractive centers. The diffraction condi-
tions. for a fourth beam diffracted from a third incident beam
depend on the refractive indices, thus on the composition
of the material, when at least one of the interacting four
beams differs in polarisation from the other ones. Arizmendi
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[51] used an anisotropic diffraction arrangement where two
extraordinary beams form a holographic grating, a third,
weaker one is anisotropically diffracted into an ordinary one.
Phase matching for this process must be achieved by angle
tuning. The composition dependence of the phase matching
condition can be calculated using the generalised Sellmeier
equation [42]. Van Olfen et al. [52] showed that the neces-
sary beams for the method can be generated by anisotropic
scattering shining only one intense laser beam onto the sam-
ple. The experimental arrangement is much simpler as phase
matching is achieved automatically without tuning any ex-
perimental parameter. The cone angle of the anisotropically
scattered light is a measure for the composition.

2.6 Linewidth of Raman modes

Raman scattering was among the first calibration meth-
ods used for polycrystalline samples [53]. Compositional
changes are observed not in the mode frequencies but in
the damping. The damping is caused by a temperature-
independent inhomogeneous part due to impurities and a
temperature dependent homogeneous one due to anharmonic-
ities of the interionic potentials. Thus the linewidths of cer-
tain modes have to be analysed. Kojima [54] investigated A;
modes in backscattering geometry, because the contribution
of Li or Nb to particular vibrational mode patterns was of
interest, while Schlarb et al. [55] used the more convenient
right angle scattering to correlate the composition to Raman
mode halfwidths. For an unambiguous determination of the
linewidth I" the E-mode at 153cm~! and the A; mode at
876 cm~! were chosen, because they show weak directional
dispersion and do not overlap with other bands. A linear re-
lation was found for both modes with the concentration in
mol% and I" in wavenumbers.

L =53.03 ~ 047391 for the 153cm™' phonon (12)
cri =53.29 ~0.1837T" for the 876cm~! phonon  (13)

The estimated uncertainties in the Raman linewidths cor-
respond to a compositional resolution of 0.05 mol%. Like
other optical methods Raman scattering requires polished
samples, but allows a small sample size.

2.7 Linewidth of OH stretch mode bands

Hydrogen is present in almost all LiNbO; crystals not spe-
cially treated after the growth process [56]. It forms with
oxygen of the host an OH molecule with a distinct stretching
vibration at about 3500 cm™". The corresponding absorption
band, which is easily measured by high resolution infrared
spectroscopy in small plates polished on two surfaces, is
completely polarised perpendicular to the c-axis. Congruent
samples show a broad non-symmetrical absorption band with
a halfwidth of about 30 cm ™! [57]. With increasing Li in the
bulk the broad band becomes more structured and a rela-
tively sharp line at 3466cm™~! emerges with the simultane-
ous decrease of the other components [58]. Close to the sto-
ichiometric limit one is left with a single line at 3466 cm™!
with minor satellites [59]. Even these minor satellites are

diminished in numbers and intensity in a crystal recently
grown in Budapest by K. Polgir. This sample exhibits a
halfwidth of less than 3 cm™! at room temperature, which is
even smaller than that for VTE treated specimens [59]. In
principle the halfwidth dependence seems to be suitable for
calibration purposes, at least above 49.5 mol% Li,O content.
An alternative method for composition characterisation has
recently been suggested by Kovécs [60] using the intensity
ratio of the band at 3466 cm ! and the satellite at 3479 cm™!.
This ratio changes by at least two orders of magnitude in the
49.5 - 50 mol% range and would allow a composition de-
termination with a relative accuracy of about 0.01 mol%.
The weakness of both the halfwidth and the intensity ratio
methods is that the shape of the OH band depends slightly
on the impurities and the time passed since crystal growth
or any heat treatments applied to the sample.

2.8 Luminescence measurements

Finally we briefly discuss the intrinsic Iuminescence in
LiNbOj3, which is strongly governed by the concentration
of Li vacancies. For such measurements one usually needs
samples of moderate size polished on three surfaces. Al-
though the intensity of the UV-excited intrinsic lumines-
cence at IT' = 80K varies linearly by at least two orders
of magnitude [61] when going from a Li-deficient compo-
sition to an almost stoichiometric of 49.95 mol% Li,O, this
sensitivity is of no help for the determination of a crystal
composition. As usually in emission spectroscopy, the ma-
jor difficulty is caused by the intensity calibration, whicl in
principle is possible but not a quick and easy task. In ad-
dition the sample geometry and the quality of the polished
surfaces influence the result. Fischer et al. [61] reported that
the spectral position of the luminescence maximum depends
on the Li/Nb ratio. No calibration were given because of the
low accuracy (approx. 0.2 mol%) of this method caused by
the strongly varying bandshape.

3 Characterisation of the crystal homogeneity

All composition sensitive measurements which allow the in-
vestigation of spatially restricted volumina may be suitable
to characterise the spatial homogeneity of the crystal. From
the techniques discussed above mainly the various frequency
doubling methods (see Sections 2.3 and 2.4) can be pro-
posed.

Measurements of the phase matching temperature can
be applied either working with a focussed laser beam and
moving the crystal or illuminating the crystal uniformly and
using a one- or two-dimensional detector array for detecting
the generated second harmonic light [62]. Two-dimensional
topographies are possible using this technique, the spatial
resolution depends on the sample thickness and can be better
than about 20 ym for thin platelets.

SNCFD measurements are excellently suited for homo-
geneity characterisations, such measurements can be carried
out without varying the sample temperature, yet an auto-
matic evaluation algorithm for the measured cones is nec-
essary [47]. Again a two-dimensional spatial resolution is
possible.
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Method Properties Accuracy (mol%)  Remarks

abs. rel.
Chemical analysis destructive, slow 0.2 several methods
Melt composition qualitative
Curie temperature quantitative 0.1 recommended
Density qualitative
X-ray diffraction quantitative 0.3-04
Linewidth NMR, EPR semi quantitative  0.1-0.25  0.05 low temperature
SAW velocity qualitative ? 0.01
Ion beam methods qualitative
UV absorption edge quantitative, fast 0.1 0.02 recommended
Refractive index quantitative 0.1 0.05
Birefringence quantitative, fast 0.1 0.01 recommended
SHG phase matching temperature  quantitative 0.1 0.01 recommended
SHG phase matching angle quantitative, fast 0.2 0.02
SNCFD quantitative, fast 0.1 0.01 recommended
INCFD quantitative 0.1 0.01 homogeneity test
Interferometry qualitative 0.01 homogeneity test
Holographic scattering quantitative ~ 0.1 only in photorefractive samples
Raman scattering quantitative 0.1 0.05
OH vibration qualitative
Luminescence qualitative

The only nondestructive technique which allows three-
dimensional spatial resolution is — to our knowledge — in-
duced noncolinear frequency doubling. The interaction vol-
ume is restricted in all three spatial dimensions, albeit the
spatial resolution is not equally good in all three directions.
In practice, one has to make a compromise between spatial
and compositional resolution.

In addition to the described methods interferometric tech-
niques can also be applied for homogeneity control, but
only for samples having good optical quality [62]. Finally
we mention spatially resolved Raman scattering but have to
point out that the evaluation of the halfwidth is cumbersome
or at least time consuming.

4 Conclusions

The described methods and their characteristic features are
summarised in Table 2. Out of the quantitative methods el-
igible for the determination of the composition of lithium
niobate crystals we sort out those which are non-destructive,
accurate, fast, and easy to apply. Our survey shows that be-
sides the measurement of the Curie temperature only some
optical methods meet these requirements. One set of meth-
ods takes advantage of changes of the index of refraction.
Although they use different experimental setups, they are
linked by the generalised Sellmeyer equation introduced and
explained above. A second candidate is the optical absorp-
tion at low absorption coefficients. All these methods allow
an absolute accuracy of 0.1 mol% and a relative one of up
to 0.01 mol%, a compositional resolution sufficient for most
purposes and better than available so far.

As a rule impurities influence the properties of LiNbO;
weaker than a similar concentration of missing Li ions. Thus
the presence of background impurities can usually be ne-
glected. For the Curie temperature and all refractive index
based methods higher levels of certain impurities can explic-
itly be taken into account [63, 64].
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