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Induced noncolinear frequency doubling~INCFD! is presented as a new characterization technique
for electro-optic crystals. Using the interaction of two noncolinear laser beams for the generation of
second harmonic light, the method yields a three-dimensional spatial resolution. First experimental
results of INCFD measurements on composition gradients in lithium niobate and on the spatial
orientations of 90o-domain walls in potassium niobate are shown. ©1996 American Institute of
Physics.@S0021-8979~96!04304-1#
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I. INTRODUCTION

In the last decades the demand for materials which
applicable in electrooptics has strongly increased. New m
terials were developed, ‘classic’ materials could be i
proved. The properties of most of these materials can
widely tuned by varying composition and doping.

The great variability in turn necessitates suitable me
ods for checking composition and doping in order to cont
the fabrication process. Usually these methods do not m
sure the desired parameters directly but other physical p
erties which depend strongly on composition or dopin
Typical methods for the case of, e.g., lithium niobate are
measurement of the Curie temperature,1 optical absorption
edge,2 refractive indices,3 birefringence,4,5 or phase-
matching temperature for optical second harmo
generation.6,7

All these techniques utilize the fact that the dielect
function of the material is influenced by composition a
doping in a characteristic way. The high or low frequenc
real or imaginary part of the function then is taken as t
characterizing property. The sensitivity in general is e
hanced when a difference measurement is possible as, e.
the case of second harmonic generation where the temp
ture is tuned such that the difference between the two
evant refractive indices vanishes. With some of the te
niques focussed light beams can be used for
measurement thus yielding a topographical resolution in
to two spatial dimensions.

Here we describe induced noncolinear frequency d
bling ~INCFD! as a new characterization technique which
for the first time — allows three-dimensional spatial reso
tion. This method utilizes two fundamental light beams i
clined to each other to generate second harmonic light.
interaction volume is limited in all three spatial dimensio
thus offering the possibility for a three-dimensional chara
terization with a nondestructive technique.

II. PRINCIPLES OF THE METHOD

A. General

In the well-known case of conventional—colinear—
second harmonic generation, phase matching is achie
when the quasi-scalar relation for momentum conservatio
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ukW2u5ukW1u1ukW18u ~1!

is fulfilled, wherekW1 and kW18 are the wave vectors for the
fundamental beams andkW2 for the generated harmonic wave
- all parallel to each other.

The phase matching temperature is the parameter wh
characterizes the crystal composition when noncritical pha
matching for second harmonic generation~SHG! is applied.
Using a focussed fundamental laser beam allows one to p
form a two-dimensional investigation of the crystal compo
sition with a high spatial resolution~spatially resolved sec-
ond harmonic generation, SRSHG!.8 Similar results can be
achieved by using an expanded laser beam and a tw
dimensional detector array.9

In contrast to this, induced noncolinear frequency do
bling ~INCFD! utilizes two light beams inclined to each
other to fulfill the vectorial phase matching condition

kW25kW11kW18 . ~2!

Due to the interaction volume limited in all three spatia
dimensions a fully three-dimensional topographical reso
tion is possible. Furthermore, the angle enclosed by the t
fundamental beams, i. e. the angle betweenkW1 andkW18 , can be
used as an additional experimental parameter which chan
the phase matching temperature for this nonlinear proces

For a typical electrooptic material with negative uniaxia
birefringence like lithium niobate the principal configuratio
is sketched in Fig. 1. Two ordinarily polarized fundament
beams with frequencyv and wave vectorsko1 andko18 in-
clined to each other by 2w interact generating an extraordi
narily polarized second harmonic beam with frequency 2v
and wave vectorke2 .

Measuring the phase matching temperature for a fix
angle 2w as a function of the interaction volume positio
results in a composition or doping topography of the inve
tigated crystal.

B. Experimental arrangement

The experimental arrangement for measuring INCFD
schematically sketched in Fig. 2. The light of a pulse
Nd:YAG–laser is split into two parallel beams of approx
mately equal intensity. The two beams then are focussed o
the same spot inside the sample crystal, the interaction an
2w is controlled by the distance between the two beams a
220909/4/$10.00 © 1996 American Institute of Physics
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the focal length of the focussing lens taking into account t
refraction at the sample surface. The sample position can
controlled by a three-dimensional linear translation sta
with mm resolution. The second harmonic intensity is me
sured by a photomultiplier with suitable pulse detection ele
tronics as a function of the four parameters position~x, y, z!
and sample temperature. An evaluation with respect to
temperature yields the three-dimensional topography of
~noncolinear! phase-matching temperature which can be r
ferred to a topography of the composition or doping of th
material.10

C. Limitations

The beam geometry inside the sample is sketched
more detail in Fig. 3: the two fundamental beams control t
size of the interaction volume which in principle limits th
spatial resolution of the method. The vectorial phase mat
ing condition~Eq. 2! can be rewritten as an equation for th
temperature dependent refractive indices of the investiga
material and the angle 2w enclosed by the interacting funda
mental beams. For a material with negative birefringen
like lithium niobate this results in

ne~2v,T!5no~v,T!•cosw. ~3!

Equation~3! shows that the anglew is limited by the bire-
fringence of the sample, in the case of lithium niobate t
maximum usable anglew is some 0.1 radians. This results i
an interaction volume which is more extended in th
x-direction than in the y-direction, the ratio X/Y is approxi
mately equal to cotw.

For a laser beam the product of beam waist times div
gence is a fixed magnitude, for INCFD that means th

FIG. 1. Wave vectors and polarizations for noncolinear phase-matched
ond harmonic generation in a uniaxial crystal with negative birefringence
is the optical axis of the crystal.

FIG. 2. Experimental arrangement for measuring INCFD. B: beam split
L: focussing lens, S: temperature controlled sample holder, moveable in
three spatial directions, A: aperture for blocking the fundamental bea
PM: photomultiplier.
2210 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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Y•Dw5 const. According to this, an improvement of th
spatial resolution can only be achieved by increasing t
beam divergence which in turn relaxes the phase-match
condition. Such relaxed phase matching reduces the accu
in the determination of the phase-matching temperature a
thus in the determination of composition and doping of th
investigated sample. In practice one has to compromise
tween spatial and compositional resolution and to choose
optimum for the respective sample.

Mathematically the measured intensity field is a spec
convolution integral over the sample properties and an
strument function which is mainly determined by the inte
action volume. In principle this instrument function can b
both calculated from the beam geometry and measured us
test arrangements like, e.g., steps in the sample propertie
numerical deconvolution then should significantly improv
the spatial resolution of the technique. Numerical work aim
ing in this direction is just being started.11

III. RESULTS AND DISCUSSION

As examples for the new technique two application
shall be presented.

A. Composition gradients in lithium niobate

One of the most important anorganic electrooptic mat
rials is lithium niobate. Though generally referred to a
LiNbO3, it is usually grown at its congruent melting poin
exhibiting a significant deficit of Li2O. To fabricate stoichio-
metric LiNbO3, several techniques have been develope
e.g., growing in potassium-enriched melt12 or vapor transport
equilibration~VTE!.13,14The latter, a post-growth heat treat
ment in LiNbO3 powder, has the ability to produce ever
desired composition between the congruent~48.4 % Li2O!
and the stoichiometric one~50 % Li2O!.

As VTE is a diffusion technique, it is of great interest t
monitor the generated diffusion profiles in order to contr
the whole treatment. This monitoring task can be done
INCFD.

For our investigations we fabricated a sample crystal u
ing the VTE technique described by Jundtet al.14 We used
an approximately 43434 mm sized LiNbO3 crystal cut
from a boule which had been congruently grown by the Cz
chralsky method. The crystal was treated by VTE for abo
200 h at a temperature of 1100 °C, indiffusion of Li wa

sec-
, z

ter,
all

ms,

FIG. 3. Detailed beam geometry inside the sample. X and Y are the dim
sions of the interaction volume which is formed by the two fundamen
beams 1 and 1’. The dimension in z-direction is slightly less than Y.
A. Reichert and K. Betzler
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permitted from each of the six crystal faces. The result
diffusion topography in two directions~x and z! as measured
by INCFD is shown in Fig. 4. As a measure for the L
content the ~noncolinear! phase-matching temperature
plotted as a function of the spatial coordinates x and z in
central xz-plane of the crystal.

To get the diffusion profiles in certain crystallograph
directions, from the complete picture these directions can
extracted. This is done in Fig. 5 for the z-direction. To get
estimate of the spatial resolution of the measurement,
distribution of the second harmonic intensity is shown
shaded area. Concerning the halfwidth of the second
monic intensity distribution, the resolution is approximate
30 mm perpendicular to the main beam direction and 2
mm in beam direction. In a simple diffusion geometry like
the VTE example the detection of the intensity maximum
thus the effective resolution—of course can be done w
better accuracy.

From the profile measurements the diffusion consta
for Li in lithium niobate can be derived.16 For our treatment
temperature of about 1100 °C we find that the diffusion co
stants parallel and perpendicular to the z-direction~polar
axis! are slightly different and vary as a function of th
composition17:

D i51.8 . . . 6.531029 cm2/s for cLi548.5 . . .49.8%
D'51.0 . . . 6.531029 cm2/s for cLi548.5 . . .49.8%.

The exact composition dependence of the two princi
diffusion constants is depicted in Fig. 6.

B. Domain walls in potassium niobate

INCFD—as generally second harmonic generation –
pends strongly on the orientation of the investigated crys

FIG. 4. Topography of the INCFD phase matching temperature in the c
tral xz-plane of a VTE treated LiNbO3 crystal ~for a better overview only
about half of this topography from z50—the edge of the crystal—up to
z51.5 mm is drawn!. The phase matching temperature is a measure for
Li content in the crystal.
J. Appl. Phys., Vol. 79, No. 5, 1 March 1996

Downloaded¬17¬Jul¬2008¬to¬131.173.8.159.¬Redistribution¬subject
ng

i-
s
the

c
be
an
the
as
ar-
ly
00
n

ith

nts

n-

e

al

e-
tal.

As both the nonlinear susceptibility and the refractive indic
abruptly change when the geometrical orientation of t
crystal changes, INCFD can be used for a topographical
tection of domain boundaries inside a crystal. Doma
boundaries will show up as intensity steps in the thre
dimensional INCFD intensity field. These intensity steps c
be automatically detected using numerical differentiation a
evaluating the maxima of the derivative field.

An example is given in Fig. 7. INCFD was measured o
a potassium niobate crystal with two domains oriented 90
to each other. The overall size of the investigated part of t
crystal was about 0.330.631.1 mm. The measurement wa
done at constant temperature using highly focussed bea
~working with highly focussed beams and thus enlarg
beam divergenceDw is no drawback in this type of measure
ments as only a high spatial resolution in the detection of t
domain boundaries is of importance!. The angle between the
interacting fundamental beams was chosen such that ph
matching was achieved in the larger of the two domai
(w858.8°, T5190 °C, usage of the tensor element d32). Do-

en-

the

FIG. 5. SHG-intensity as a function of the temperature and the z-position
a VTE treated LiNbO3 crystal. The white line marks the maximum intensity
and thus the phase-matching temperature. The right axis denotes th
content which corresponds to the respective NCFD phase-matching t
perature~see Ref. 15! ~as here only an impression of the accuracy shall b
given, an approximated linearized scale is used!.

FIG. 6. Composition dependence of the diffusion constants for Li in lithiu
niobate at 1100 °C parallel~solid line! and perpendicular~dashed line! to
the polar axis~z-direction! of the crystal.
2211A. Reichert and K. Betzler
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ing this, optimal contrast and – in combination with th
strong focussing – a spatial resolution of approximately
mm could be achieved.

In Fig. 7 the maxima of the derivative field are con
nected by solid lines. At the right these lines indicate th
border plane of the crystal, at the left the border between
two 90 ° domains in the crystal.

IV. CONCLUSION

Induced noncolinear frequency doubling has been sho
to be a powerful technique for the topographic characteriz
tion of electro-optic crystals. A three-dimensional non
destructive investigation of compositional or orientation
variations is possible with excellent accuracy and high sp
tial resolution.

FIG. 7. INCFD measurement on a KNbO3 crystal for detecting the bound-
ary between two ferroelectric domains. The outline of the investigated cr
tal is indicated by dashed lines. The solid lines connect the maxima of
three-dimensional derivative field which was generated by a numerical d
ferentiation of the INCFD intensity field. At the right the lines indicate th
border of the crystal, at the left the domain boundary.
2212 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996
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In materials like, e.g., lithium niobate, compositional
variations can be measured with an accuracy correspondin
to approximately 0.01 mol % of Li content. The spatial and
compositional resolutions have to be compromised accordin
to problem requirements. Spatial resolutions down to abou
10mm are possible—presently at the cost of relaxed compo
sitional accuracy.

An expansion of the technique by appropriate numerica
deconvolution methods—just being started—should signifi
cantly improve the resolution.
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