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Studies of periodic ferroelectric domains in KTiOPQ, using high-resolution x-ray scattering
and diffraction imaging
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A periodically domain-inverted KTiOPgxrystal, in which inverted ferroelectric domains were produced by
electric-field poling, has been studied using high-resolution x-ray scattering and diffraction imaging tech-
niques. The degree of perfection of domain inversion as well as the periodic structure has been revealed in
high-spatial-resolution images, and the periodic contrast is shown to arise largely from lattice distortions
produced in the poled regions. Thgdependence of intensity scattered from the domain-inverted structure can
be described by a two-component line shape, one with a sharp nearly-pure-Gaussian line, the other with a
broad pseudo-Voigt-function profile. A high-angular-resolution method has been combined to elucidate the
origin of the two-component profile. The diffuse scattering of the crystal truncation rod glomgobserved
to follow a power lawg, ¥ with y~2.29+0.03 after poling compared with an average value of 2.093
before poling. Discussions of the electric-field poling and its consequence for the domain-inverted structure are
presented in terms of the results of x-ray measuremgf@l63-18209)09921-X]

[. INTRODUCTION more, high-resolution x-ray imaging and scattering tech-

niques are highly sensitive to structural deviations from per-

There is increasing interest in the fabrication of periodi-fection, which allows the lateral domain structure to be

cally domain-invertedPDI) structures in ferroelectric mate- imaged and the degree of imperfections to be quantified
rials because of their novel applications in nonlinear opfics While little is currently known on a detailed microscopic

and acousticg‘Macroscopic physica] properties of PDI ma- scale Concerning structural perfeCtion OfPDl array_s. In the

terials and performance of PDI array-based devices rely diPresent paper, we report the results of high-resolution x-ray

rectly upon how well ferroelectric domains are sequentiallyScattering line-shape measurements of a PDI KTP crystal

inverted via displacements of ions of the structure driven by?®mbined with high-spatial-resolution and high-angular-

an external field. To take full advantage of these PDI struc-resomtion diffraction imaging, in which lateral and in-depth
tructural details of the PDI arrays are obtained.

tures for optical and acoustic devices, it is of considerablé
importance to establish a fundamental understanding of pe-
riodic domain inversion to the same degree as we have for Il. EXPERIMENTAL DETAILS

semiconductor layer structures. , _ A 1-mm-thick c-cut section of optical grade hydrother-
Severall method; haye bee_zn used tq examine antlparallﬁ{a"y grown KTP was used for this study:c faces were
ferroelectric Sdoma|rjs including chemical etching, X-ray getermined using x-ray anomalous-scattering diffraction and
topography’,™® physical-property-based measurements,  15p0graphy as described in Ref. 6. Then, a 1000-A-thick alu-
scanning electron microscop$SEM),** and atomic force minum film was deposited on the ¢ face and patterned
rniCl’OSCOpyj:3 Most recently, PDI structures in ferroelectric using standard ||thograph|c and etching techniques to pro-
crystals of LINbQ and LiTaQ, have been successfully char- duce a grating with a period of 24m and a duty cycle of
acterized by x-ray topograpH§'® phase-contrast imagint§, about 50:50. The grating was covered with au@-thick
environmental SEM/ and scanning-tip microwave near- photoresist to protect the grating while etching away the ex-
field microscopy'® Here we apply combined high-resolution traneous aluminum. A Cr/Au uniform electrode was applied
x-ray scattering and imaging techniques to structural charade the +c side of the crystal. Periodic domain inversion was
terization of PDI arrays in KTIOPQ(KTP), one of the most achieved by repeatedly applying a number of pulses with
important and attractive ferroelectric nonlinear optical mate-igh voltages varying from 2.0 to 4.5 kV. The grating was
rials for periodic domain-inversion engineeritg?! Com-  removed after the poling process. A high-resolution x-ray
pared with other means, the x-ray techniques used in reflediffractomete” which combines a two-crystal four-
tion geometry from a PDI crystal or device have thereflection Gg220) monochromator with a channel-cut triple-
advantages that a crystal is nondestructively examined in amounce G&220 analyzerFig. 1), was employed to measure
intact format and that PDI arrays are unaffected by the indiffraction profiles and maps, using G, radiation. The
vestigation unlike the SEM case where PDI structures areutput beam from the monochromator gives an angular di-
easily altered as a consequence of the electron charge buwiergence of a 10arc in the horizontal scattering plane. The
up on a crystal surface exposed to electron befsrther-  real instrumental broadening caused after the analyzer is
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FIG. 1. A schematic diagram of the high-resolution multiple-
crystal multiple-reflection diffractometer.

a 5.6 arc or less in both the (q;) and/6 (q,) direction

for the measured reflection of 004. The instrumental func-
tions follow Gaussian fits. High-spatial-resolution and high-
angular-resolution diffraction images were taken, respec-
tively, using two different imaging modé4231n mode 1, a
film was placed before the analyzer and close to the sample
so that 1um or better spatial resolution is obtainable in the
horizontal scattering plane. For mode 2, the film is posi-
tioned after the analyzer that defines angular resolution opti-
cally. In this mode, the probe becomes sufficiently small in
reciprocal space to allow diffuse scattering regions gf interest |G, 2. High-spatial-resolution diffraction images of periodi-
to be pinpointed by high-angular-resolution |ma§fe§. Dif- cally domain-inverted structure in KTP, 80 8(a) A relatively

fraction images were recorded on 2 liford L4 nuclear  porfect domain-inverted regiofis) a defective region.
emulsion plates.

contrast of the naturally occurring inversion domains with
Ill. RESULTS AND DISCUSSIONS different reflections are consisgent Wigh those predicted by
. . . . . the calculated values of|R.</|Fnkl). In the present
. Flgures 2a) and Zb). are hlgh-spat_|al_- resolution d|ffrac-. case, no such systematic| chalglas in| the contrast of the arti-
tion images of the periodically domain-inverted structure iNgia v gomain-inverted structure with different reflections
KTP taken on the Bragg peak of the 8 Or&flection using  have been observed in the topographs. Therefore, the diffrac-
mode 1. The left side of Fig.(a), i.e., the area with rather tjon contrast is caused largely by lattice distortions produced
uniform contrast, corresponds to an untouched region. Perin the domain-inverted surface regions rather than by anoma-
odic black stripes are inverted domains with respect to thoys scattering. Considering that the intrinsic rocking-curve
original domains, i.e., the periodic gray stripes. The diffrac-Widths of the reflections such as 2 08070, and 8 0 8are
tion image in Fig. %) corresponds to a domain-inverted extremely narrow, less tharf’ &rc?’ the diff}action images
regipn different_ from t_hat ir_1 Fig. @) An intensity var_iation of the domains ar’1d domain waII's are primarily of effective
arising from d|sloc_at|ons in the middle part of F.'g(bz misorientation and extinction contrast. The widths and de-
dominates the relatively weak contrast of the domains. Care, ;s of the periodic contrast vary with different angular po-

fu_l inspectio_n S.hQWS that ther_e exists a fluctuation_ in the'sitions of the probe on the rocking curves. It appears that the
width of the individual domain images along the grating di- PDI KTP domain walls are less well defined than PDI
rection even in the relatively perfect regions. This is a conc-)g

¢ i a frinaing field he od iNbO3 (LN) domain wall* in the x-ray images taken at
sequence of varying iringing fields present at the edges ragg-peak positions. This may relate to differences in struc-
the grating electrode. i

Sets of diffraction i taken by the choi fural characteristics and poling conditions between KTP and
els ot difiraction Images were taken by he ChoiCe of N "rrom a structural point of view, the atomic mismatch
appropriate reflections to investigate the origin of the Peri-ross the inversion domain walls of KTP would be more

odic contrast, An_example is_ g!ven in Figs(aB and_ 30), readily accommodated than that of LN because of the pres-
where the periodically domain-inverted structure is clearly

" ence of large “hole sites®® equivalent to the K sites in the
shown in the 20 9and 2 010 topographs. If the periodic structure and the more deformable nature of the KTP frame-
contrast originated primarily from anomalous scattering, theRyork compared with the three-dimensional preovskitelike
the periodic features should be invisible in the 2 @o®o-  framework of LN1*

graph as demonstrated in the study of naturally occurring Rocking-curve measurements have shown that the
inversion domains in KT®.Hu, Thomas, and Huafiqhave  electric-field poling does not result in appreciable broadening
successfully observed the naturally occurring inversion doof rocking curves. This has contrasted with the case of a PDI
mains in KTP using anomalous scattering, and have showKTP crystal poled by electron-beam bombardment where the
that the experimentally observed changes in the diffractio® 04 rocking-curve width was broadened significantly by
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mator limited whereas the FWHM of the 00 4 reflection ob-
tained from the domain-inverted regions is a 1@ for the
scattering plane normal to the domain walls. It is seen that a
major difference between the solid and dotted cu¥g. 4)

lies in the shape of the wings close to the tails. That is, the
intensity scattered from the domain-inverted region becomes
rather asymmetric, being swollen on the high-angle side.
Transverse ;) and longitudinal §,) scans, which are par-
allel and perpendicular to the crystal surface, respectively,
were then measured using the triple-bounce analyzer to ex-
amine the detailed structural information. Because of the lat-
tice distortions produced by poling, it is more appropriate to
analyze integratedy,-scattering andy, -scattering profiles.
These are obtained by integrating owgr and g, from the
reciprocal-space data. The intensity of scattering as a func-

tion of g; close to the 0 0 4eflection, integrated ovey, ,
before and after poling is given in Figs(a@ and 5b). The
best description of the wave-vector dependence of intensity
scattered from the domain-inverted region is found using a
pseudo-Voigt functior’® which can be written as

2 w
I(q)ZIO[ UEW‘F(l—n) 4/mrw

4 2

X ex —W(q—qc) , 1
wherel y is the amplitudegq, is the centerw is the FWHM,
and 7 is the Lorentzian fraction or the line-shape factor. The
g, dependence of intensity scattered from the original crystal
can be described well by a pure Gaussian[Ffity. 5a)],
whereas the)-peak shape after poling-ig. 5b)] was dis-
torted such that the peak was split into two components
(Ag=6.7x10">A"1), one havingy=0.08, the other giv-

FIG. 3. High-spatial-resolution diffraction images taken with the ing 7=0.47.

reflections of(a) 2 09, and(b) 2 0T0. Note that periodic stripes

are visible in both(a) and (b).

Figure Ga), a high-angular-resolution image taken using
mode 2 at they,=0.000 19 A~ position that is on the high-
angular or component-2 sid€ig. 5b)], shows that intense

poling and the subsequent thermal domain-selectiv€ontrast only emerges in a defective part of the domain-
etching®® Two representative rocking curves of the 004 re-inverted crystal. The contrast of the small region is reversed
flection measured before and after poling are shown in Figih Fig. 6b), the diffuse-scattering topograph that was taken

4. The full width at half maximuniFWHM) from the origi-
nal KTP sample is a 9'7arc that is essentially monochro-
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FIG. 4. Rocking curves of the 0 0 eeflection measured before

and after poling.

0
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at theq,=—0.0004 (A1) position, i.e., on the low-angular
side [Fig. 5b)]. This suggests that component 1 emanates
largely from the main part of the treated region, which is of
a comparable perfection to the untreated crystal in terms of
the width of the diffraction profile. However, component 2
emanates primarily from the small defective part of the
treated region, i.e., the dark area in Figa)6é There are es-
sentially two contributions to the width of the diffraction
profile, i.e., the distribution of lattice tilts and the lateral
correlation length. The contribution of the tilt distribution to
the diffraction profile has been accounted for by the separa-
tion of the profile into components 1 and 2; therefore we are
now able to obtain the lateral correlation length from the
scans. Component 1 corresponds to a lateral correlation
length of ~7.8 um, the same value as that obtained from the
original crystal whereas component 2 gives a lateral correla-
tion length of 4.8um, i.e., the average size of mosaic blocks
in the defective region. An increase in the diffusely-scattered
intensity after domain-inversion processing is illustrated in
Fig. 5(c). The diffuse-scattering images show that the stron-
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FIG. 5. The integral intensity of scattering as a functiongpf 2 ¥=2.05 _J
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scattering plane is normal to the domain walle) illustrates an € 229
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. . . . . O
gest contribution to diffuse scattering comes from disloca-€
tions, which appear as black lines in Figbp But it is noted [
that the integrated diffusely scattered intensity is the mixec 4,404 L S s
1x10” 1x10”

effect of the dislocations, the domain walls, mosaics, anc q (A
point defects. .

The g, dependence of intensity scattered from the origi- FIG. 7. The intensity of scattering, integrated owgr, as a
nal and domain-inverted crystals, the inset of Fig. 7, showsunction of q, measured before and after poling for (0,0.4,).
the same functional form with the same FWHM. The best fitThe solid lines represent the power-law fits. The inset displays that
to theq, diffraction profiles givesy=0.18 before poling and the poling does not change the functional form of tie depen-
7=0.16 after poling. The diffuse-scattering streak along dence of intensity.
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tal surface has a poweyr of 2.05+0.03, which corresponds therefore the degree of lattice tilts increases in some more
to a smooth surface=2 predicted by dynamic theotyand  defective regions. This may explain why the asymmetric
the theory of the CTR32The power ofy has increased to g,-scattering profile is_ observeq in the domai_n-inverted crys-
2.29+0.03 after poling. It seems that this feature does nof@l- Furthermore, the increase in the poweryoh the power
change with different azimuthal angles such that the scattef@W. 1(d,)~a_, 7, is related to the lattice distortions induced
ing plane is normal and parallel to the domain walls, respecduring domain inversion. As seen above, the domain-
tively. inversion-induced distortions decrease with increasing depth
The diffraction and scattering results indicate that thelargely because of the field decay towards deeper parts of the
crystal has been both structurally and microstructurally alcrystal. The depth dependence of the lattice distortions pro-
tered, to some extent, by introduction of periodic inversionduced close to the crystal surface results in a variation in the
domains. Periodic domain inversion is a kinetic process irflectron densityp(z) along thez direction. Assuming the
which the cations and anions of the structure are rapidiglectron density varies as a functionzsf, then we have the
displaced by high-voltage pulses applied on the crystal suPower y=2+2a according to Ref. 31. The value of is
faces such that the resulting spontaneous polarization in the0.14 for the domain-inverted KTP surface.
poled regions is reversed with respect to the rest of the origi-
nal prystal. Electric-field-induced a_nd ion—moyement—related IV. CONCLUDING REMARKS
strain fields take place accompanying nucleation and growth
of new inversion domains on the crystal surface. Strain fields We have carried out high-resolution measurements of the
induced by the electric field include both the converse piezox-ray diffraction line shape and CTR scattering from a PDI
electric term and the electrostrictive term because of the higktructure in KTP. Combined with diffraction-imaging tech-
electric-field strength applied and the local fields developediiques, we have been able to observe and quantify the struc-
on the crystal surface. The piezoelectric strain has an oppdural details of the PDI arrays that would be unobtainable by
site sign (expansion/contractionbetween neighboring in- other nondestructive characterization techniques while these
verted and uninverted domains, and varies with different restructural properties play an important role in determining
gions because of a variation of the local electric fieRishe  device performanc& The present work indicates that the
components of the instantaneous piezoelectric strain prosrigin of the contrast of the artificially domain-inverted
duced on the crystal surface by the external field are calcustructure is, to some extent, different from that of the natu-
lated to beS;;= +7.64x 1078, S,,=+2.22x10°5, andS,;  rally occurring inversion domaifisn reflection topographs.
=+5.16x 10 ° for the applied electric-field strength of 2.0 The high-resolutionq, -scattering measurements indicate
kV/mm (+ signs correspond to the inverted and uninvertedthat the crystal surface roughens because of lattice distortions
domains, respectively The electrostrictive term has the induced near the crystal surface as a result of domain-
same sign in both the inverted and uninverted domains, urinversion processing. Furthermore, the observation of the
like the converse piezoelectric strain in this respect. The retwo-component line shape of tlig dependence of intensity
sulting electric-field-induced strains are, therefore, not equdhas shown a variation of the degree of perfection of the crys-
on average in the absolute value between the inverted artdl in the domain-inverted regions. It should be noted that the
uninverted domains, which gives rise to an extra distortion aconversion efficiency experimentally achieved from the KTP
the domain front. The ion-movement-related strain is pro-sample is lower than the theoretically predicted value, and
duced by the drastic displacements of the ions activated bthe output power from the different poled regions is not
the high electric field. The K ions undergo displacements oftrictly uniform. Hence, this is consistent with the results of
0.1641,—0.1305, and 1.507 A alorfd.00], [010], and[001],  x-ray diffraction measurements that provide a structural un-
respectively, for domain inversion. The highly distorted derstanding of periodic domain inversion and the poorer op-
TiOg/PQ, framework is forced to adjust accordingly in re- tical performance.
versing the sense of the spontaneous polarizafitiris seen
Fhat the ion-movement—relafred strain is inseparat')le'from t'hat ACKNOWLEDGMENT
induced by the local electric fields. These domain-inversion
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