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Periodically poled lithium niobate crystals are investigated by illumination along the
crystallographicc axis while applying an external electric field. The resulting diffraction patterns are
in good agreement with the results of numerical simulations and directly yield first information such
as periodicity, duty cycle, and homogeneity of the domain patterns. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1849818g

I. INTRODUCTION

Recently, periodically poled lithium niobate crystals
sPPLNd and periodically poled lithium tantalate crystals
sPPLTd have attracted great scientific and commercial inter-
est as important materials in nonlinear optics.1–3 Conse-
quently, a variety of poling techniques has been developed.4

To ensure the quality of the generated patterns it is generally
necessary to visualize the resulting domain structures. This is
normally done by selective etching of the crystals in hydrof-
luoric acid, which combines a high resolution with a com-
parative simplicity of use. It is, however, a destructive tech-
nique. Although several other nondestructive techniques for
the visualization of the domain patterns have been realized
such as optical near-field microscopy,5 scanning force
microscopy,6 or scanning electron microscopy;7 they all suf-
fer from a long-winded implementation. Furthermore only
small sections of the PPLN structures can be investigated by
these methods. There is, therefore, still a need for an easy
method to visualize large domain patterns.

As an alternative to the established techniques for visu-
alization we have recently proposed a simple method to ob-
tain integrated information about arbitrary domain patterns.8

In short, illumination of a partially poled lithium niobate or
lithium tantalate crystal along thec axis while simulta-
neously applying an external electric field generates a star-
shaped light-diffraction pattern in the far field of the trans-
mitted beam. This pattern can be attributed to the light
diffraction at the domain walls.9 If an electric field is applied,
the electro-optical effect creates a refractive index step at the
domain boundaries. Diffraction inside the crystal at this re-
fractive index step distorts the phase of an incoming plane
wave. Instead of showing a simple steplike profile, approxi-
mately linear changes of the phase over a few micrometers
are present. This is analogous to the diffraction at an inten-
sity step se.g., an opaque half planed, which generates a
smooth intensity transition between light and shadow areas.
Since light propagates perpendicularly to its phase front, a
portion of the light is deflected. Due to the diffraction from

the domain boundaries, the deflected light appears as a ray
with a substructure. The deflection always occurs perpen-
dicularly to the domain wall in the direction of the higher
index of refraction. The intensity of each individual “ray” is
proportional to the total length of domain-walls in the corre-
sponding direction. Therefore, the starlike pattern directly
yields the relative distribution of domain-wall orientations in
the crystal.

In this paper we report on applying this technique spe-
cifically to periodically poled structures. This implementa-
tion allows us to extract quantitative information about the
domain structures.

II. METHODS

The experiments are performed with congruently melt-
ing, undoped, 0.5-mm-thick,z-cut, optical grade lithium nio-
bate crystalsssupplier: Crystal Technology Inc.d. The sign of
the spontaneous polarization is periodically inverted using
electric-field poling.10 The crystals are illuminated with the
unexpanded beam of an Ar+ laser swavelengthl, beam di-
ameter<2 mmd along the optical axis. The +c-face and the
−c-face of the crystal are contacted by liquid electrodes that
allow application of homogeneous electric fields. The far-
field light-deflection pattern is observed on a fluorescent
screen that is positioned behind the crystal holderssee Ref. 8
for a detailed description of the setupd. The electric fields
applied are well below the coercive field for both poling
directions. Thus, the fields used for this characterization do
not change the domain structure. After completing the ex-
periments the crystals are etched in hydrofluoric acid to ac-
curately determine period length and duty cycle of the PPLN
crystal.

III. EXPERIMENTAL RESULTS

Typical far-field light-diffraction patterns behind a PPLN
crystal are shown in Fig. 1. The patterns consist of equally
spaced diffraction maxima. The angle between the dots is
0.65 atl=333 nm. The size and the relative intensity distri-
bution of each maximum is equal to the size and relative
intensity distribution of the incident laser beam. An increaseadElectronic mail: kbuse@uni-bonn.de
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of the applied voltage has two effects: the intensity of each
maximum changes periodicallysthe inset in Fig. 1 gives a
good exampled and higher-order maxima become more pro-
nounced. Both effects become more obvious if the total in-
tensity diffracted into each maximum is plotted versus the
applied voltage, as seen in Fig. 2. The intensity of the trans-
mitted beam clearly shows a periodicity as a function of the
applied voltage with a period ofDU<1.2 kV atl=333 nm.
Higher-order maxima show a less regular periodicity, but for
increasing voltagesDU is converging towards the value for
the 0th order maximum. For the sample shownswith a duty
cyclek<0.5d the intensity distribution is nearly symmetrical
for positive and negative applied voltages.

This behavior can be contrasted with that shown in Fig.
3, which plots the intensity of the transmitted beam versus
the applied voltage for three PPLN samples with the same
period length but different duty cycles. The more the duty
cycle differs from the symmetrical value ofk=0.5, the less
symmetrical with regard to the sign of the applied voltage
the curves become. In order to get a quantitative measure of
this asymmetry we take the difference between the height of
the first intensity minimum for negative voltagesI0

− and the
first intensity minimum for positive voltagesI0

+. This differ-
ence is plotted versus the duty cycle in Fig. 4.

Scattered light is noticeable as a background intensity
between the maxima. This background is visible for all in-
vestigated samples, although the relative intensity varies
from sample to sample and even on different parts of the
same sample.

IV. DISCUSSION

The reason why periodically poled lithium niobate gen-
erates a diffraction pattern of discrete, equally spaced diffrac-
tion maxima is simple: An applied electric field causes an
electro-optical refractive index grating in the crystal due to
the periodic inversion of the electro-optical tensor. Higher-
order diffraction occurs because the refractive index grating
is nonsinusoidal. The measured diffraction anglebn of the
nth diffraction maximum for a PPLN crystal with a period
length G agrees with the theoretical value sinsbn/2d
=nl / s2Gd from standard diffraction theory. It is also consis-
tent with experimental results reported by Bermúdezet al.,11

who observed the diffraction pattern without an applied volt-
age. The reason why the diffraction pattern is visible, even
without an external voltage, is most likely due to the so-
called internal electric fields, which are present in ferroelec-
tric crystals after poling.12 Those fields are also responsible
for shifting the intensity-versus-voltage curves in Figs. 2 and
3 slightly to negative voltages.

To understand the intensity distribution we expand the
model that has been presented in Ref. 9 for the light diffrac-
tion from a single domain wall. Figure 5sad shows the light
beam directly after passing the PPLN crystal. We still as-

FIG. 1. Typical far-field light-diffraction patterns generated by a PPLN crys-
tal for different applied electric fields. The respective applied voltages go
from sad 0.0 kV to smd 6.0 kV in 0.5-kV steps. The inset shows the high
contrast between the transmitted beam and the +1st and −1st maxima, ob-
tained for voltages ofsAd 1.65 kV andsBd 2.45 kV. PPLN period length
G=29.5mm, duty cyclek<0.5, and light wavelengthl=333 nm.

FIG. 2. Diffracted intensity versus the applied voltage for the 0th maximum,
i.e., the transmitted beam, curvesAd, the 2ndsBd, the 4thsCd, the 6thsDd,
and the 8th diffraction maximumsEd. PPLN period lengthG=29.5mm, duty
cycle k<0.5, and light wavelengthl=333 nm.

FIG. 3. Transmitted intensitys0th maximumd versus the applied voltage for
different duty cycles of the PPLN. The curves correspond to duty cyclesk of
0.2 ssolid lined, 0.3 sdashed lined, and 0.55sdotted lined. For k=0.2 the
positions of the first intensity minimum at negative and at positive voltage,
I0
− and I0

+, are marked. PPLN period lengthG=25 mm and light wavelength
l=455 nm.

FIG. 4. Intensity differenceI0
−-I0

+ between the first intensity minima in the
transmitted beam at positive and negative values of the applied voltagessee
Fig. 3d versus the duty cycle of the PPLN. The solid curve is a linear fit of
the data. PPLN period lengthG=25 mm and light wavelengthl=455 nm.

044102-2 Müller et al. J. Appl. Phys. 97, 044102 ~2005!

Downloaded 08 Feb 2005 to 171.64.87.228. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



sume a Gaussian intensity distribution of the beam in the
near field. However, the light experiences different optical
path lengths in the material depending on the domain orien-
tation due to the different electro-optical refractive index
changes, which generates a modulated phase pattern. The
phase change is assumed to be continuous at a domain wall
over a widthD to account for diffraction inside the crystal.
We assumeD<14 mm.9 Since the electro-optical refractive
index change is known, we can use the Rayleigh–
Sommerfeld formula to calculate the resulting diffraction
patternfFig. 5sbdg. This simulated pattern exhibits the same
features as the measured onessee Fig. 1d. There is a periodic
modulation of the intensity of each maximum, where the
periodicity DU is the voltageU2p required for an electro-
optical phase shift of 2p. Indeed, interferometric measure-
ments ofU2p agree with the measured periodicityDU for all
wavelengths investigated. In addition, the simulated pattern
shows the observed shift of intensity towards the higher-
order maxima. Note that forD=0 si.e., if we neglect diffrac-
tion inside the crystald this effect disappears and the simu-
lated diffraction intensity pattern repeats itself for increasing
voltages ofIsUd= IsU+U2pd.

According to diffraction theory, the whole intensity
should be diffracted into the maxima. However, Fig. 1 shows
a distinct intensity background between the maxima. We at-
tribute this background scattering to the fact that our “real”
samples are not “ideal” PPLN, as the width of the poled
stripes varies slightly. Since we have no samples with clearly

defined variations in the periodicity, we check the connection
between poling homogeneity and background scattering
theoretically. We use the same basic model as in Fig. 5, but
now we allow for statistically distributed fluctuations of the
duty cycle from period to period. It is unlikely that there are
strong fluctuations in the period length since it is given by
the periodicity of the lithographic mask. A typical result is
given in Fig. 6. It shows part of the simulated intensity dif-
fraction distribution for an ideal periodic crystal and for two
crystals with fluctuating duty cycles. The amount of fluctua-
tion is given by the standard deviations of the width of the
poled stripessquoted as a fraction of the period lengthGd.
The curves show a clear correlation between the crystal in-
homogeneity and the background intensity. In fact, we be-
lieve that measuring the scattered intensity between maxima
is an easy and convenient way to check the PPLN quality.

The basic model, however, cannot explain the differ-
ences in the diffraction pattern between positive and negative
applied voltages that appear for PPLN crystals with a duty
cycle ofkÞ0.5, as seen in the Figs. 3 and 4. That is because
the model simply superposes the influence of separate do-
main walls on the incident wave. It does not take into ac-
count the diffraction on more than one domain boundary and
clearly breaks down if the domain width becomes approxi-
mately equal to or smaller than the diffraction widthD. To
simulate the diffraction pattern in this case it is necessary to
accurately simulate the light diffraction inside the crystal,
which is beyond the scope of this paper. It is, however, intu-
itively clear that different diffraction patterns for positive and
negative voltages can occur. The small domains can work as
waveguiding structures if the index of refraction is higher
inside those structures. This has, e.g., been shown for small-
sized domains in lithium tantalate crystals.13 For duty cycles
of kÞ0.5 the waveguiding properties of the PPLN structure
therefore depend on the sign of the applied voltage. This
changes the light patterns directly behind the crystal and fi-
nally the light-diffraction patterns. However, even without a
comprehensive model, measuring the intensity versus the ap-
plied voltage for the transmitted beam could be a simple and
reliable way to determine the duty cycle of a PPLN crystal as
soon as calibration curvesssuch as Fig. 4d for the relevant
period length become available.

In addition the setup used might be of interest as an

FIG. 5. sad Spatial distribution of the intensitysdotted curved and the phase
sdashed curved behind the crystal, which is used to simulate the diffraction
pattern. The shaded areas denote the inverted domains. Diffraction inside the
crystal is taken into account by assuming an approximately linear phase
change over a widthD at the domain wall.sbd Resulting calculated light-
diffraction pattern for voltages from 0 to 5 kV.

FIG. 6. Simulated intensity distribution of a far-field light-diffraction pattern
for an ideal si.e., perfectly periodicd PPLN crystal and two “real” PPLN
crystals, with a statistically fluctuating duty cycle from period to period
swith the standard deviations givend.
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electro-optical beam modulator, since the degree of modula-
tion of the transmitted beam is nearly 100% and the trans-
mitted intensity is completely independent of the light polar-
ization. Its major disadvantage would be the high modulation
voltage. However, since the voltage needed is independent of
the beam size it might be a viable scheme for the modulation
of large beams. If losses of 50% are acceptable it might even
be used for beam switching.

V. GENERALIZATION TO TWO-DIMENSIONAL PPLN

So far, we have investigated standard one-dimensional
periodically poled lithium niobate crystals. The same method
can be used for more complex periodic domain patterns. Fig-
ure 7 shows an example of a two-dimensional PPLN crystal
and a respective light-diffraction pattern. The two period
lengths of G1=12 mm and G2=100mm are clearly repre-
sented in the diffraction pattern. Also, all other features and
explanations should be directly transferable to the two-
dimensional case.

VI. CONCLUSION

Passing coherent light along thec-axis through a peri-
odically poled lithium niobate or lithium tantalate crystal
while simultaneously applying a homogeneous electric field
well below the coercive field yields diffraction patterns that
allow in situ determination of period length, duty cycle, and
homogeneity of the domain pattern. A numerical or—even
better—analytical description of the light diffraction from
domain boundaries in PPLN crystals can help to explore fur-
ther the applicability of the method presented in this paper
for a study of the quality of PPLN domain structures, but in
any case the experimental accuracy will determine to which
extend conclusions can be drawn. Thus the limits given by
an experimental calibration of the method cannot be over-
come by a theoretical analysis.
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