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Nonlinear optical probing of nanocrystalline orientation in epitaxial
ferroelectric thin films
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Epitaxially grown ferroelectric BaBTi,O;5 thin films were studied by optical second-harmonic

(SH) generation using a femtosecond titanium:sapphire laser at 800 nm wavelength. By varying
both the incidence and the azimuthal angle and registering the second-harmonic intensity, a
significant correlation was found between the azimuthal dependence of the measured SH signal and
the nanoscopic texture of the samples, which was determined by electron microscopy and x-ray
diffraction. In particular, two different types of grains with different crystallographic orientations
generate different SH intensity maxima with fourfold azimuthal symmetry, distinguishable from an
isotropic background due tocaxis oriented main layer. This correlation suggests the use of the SH
technique for a purely optical characterization of the film orientation and thicknes2002
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I. INTRODUCTION Bi,Tiz0y,.% In this article the second order nonlinear optical
o _ _ properties of epitaxial ferroelectric thin films of Bai,O;5
Ferroelectric thin films are currently being extenswelyaf,BiT) are reported, a material with=(Ba,Bi), B=Ti, n
studied both because of their various existing and potential 4 5,4 strong crystallographic anisotrddy* Therefore,
applications and because of many interesting fundamentge ferroelectric properties, the remnant polarization as well
aspects inherent in these materiafs. Thin films of 45 the dielectric properties also depend on the crystallo-
Pb(Zr,Ti)Os (PZT) and SrB}Ta,0, (SBT) are already in use  graphic direction, i.e., for epitaxial thin films, on their orien-
in commercial products, and SBT thin films, since they dogation with respect to the substrate normal. The crystal struc-
not suffer from fatigué;® are particularly promising as the ture of BBIT is pseudotetragonédctually the true symmetry
functional elements of ferroelectric random access memorigg orthorhombig, with lattice parametera=0.5459 nm and
(FeRAMs."*"This advantage of SBT films is a result of the ¢_ 4 185 nm® Measurements of the dielectric properties of
unique crystal structure of the bismuth-layered perovskiteging|e crystal BBIT and their anisotropy have recently been

(also called Aurivillius phasgsThe unit cell of the lattice of reported2,4 as has the anisotropy in the ferroelectric proper-

this type of compound consists of perovskite blocks sandsies of BBIT thin films2223

H 8-10 H
wiched between BD, layers,”™ and can be described by Since the growth mode and film orientation critically

the general formula (BDZ)H(AH—%BHOSHH)Z , wheren,  genend on many deposition parameters which are not all
called the Aurivillius parameter, is the number of oxygen,ccessible and/or adjustable, it is highly desirable to have an
octahedra between 0, layers. The direction of spontane- i, sjt, technique which provides information on the orienta-
ous polarization in bismuth-layered compounds has been rgjon and film thickness during deposition. In this article we
ported to depend on the number:- 1, of perovskite blocks  1enort second-harmonic generati®H®G) in BBIT ferroelec-
between the BO, layers, and on whether it is even or yic thin films that indicates that SHG could be an ideal non-

_qu'g =*Bismuth-layered perovskites with an even AUMNV- gestructive opticain situ technique by which to control the

|I_I|us parameter have no component of spontaneous pol_arlzqnm orientation and thickness during growth.

tion along the crystallographic axis, whereas those which

have an oqq Aurivillius parameter do. Howeverr irrgspective”_ FILM DEPOSITION AND PROPERTIES

of the Aurivillius parameter spontaneous polarization has a

large component of polarization along the crystallograghic The BBIT films were deposited on epitaxial LaNjO

axis. (LNO) conductive layers that serve both as epitaxial tem-
In recent years optical second-harmonic generation waplates and as bottom electrodes. The BBIT and LNO films

shown to be a powerful method by which to investigatewere grown by pulsed laser depositi¢RLD) on single-

the crystallographic orientation and ferroelectric domaincrystal Si(100) coated with epitaxial YSZ and Ceuffer

structure of materials such as Pb%i® BaTiO;,®"2° or  layers using a KrF excimer laséx=248 nn) at a laser rep-

etition rate of 5 Hz with a laser pulse energy density of 2

dpresent address: Department of Physics, Simon Fraser University, BurnaB]\%/C”?' The, epitaxial qua“_ty of t,he films and their erentatlon

BC, Canada. ere studied by x-ray diffraction and cross-sectional trans-

PCorresponding author; electronic mail: g.seifert@physik.uni-halle.de mission electron microscopfXTEM). The film morphology
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spontaneous polarization along its crystallograghaxis, in
very good agreement with recently published wbtk>1©

IIl. SECOND-HARMONIC GENERATION

A. Experimental setup

The experimental setup for the nonlinear optical experi-
ments is shown schematically in Fig. 2. The output of a

::IG. 1. SEM pictures of 2%2.7 um? sq areas of a BaBli,O;s film where mode-locked titanium:sapphire lasé3pectra Physics, Tsu-
a) the density of rectangular-shaped crystallites is higher than that of . . -
square-shaped crystallites affil the density of square-shaped crystallites is nami, pUIse duration 80 fs, pU|Se energy 6 nJ, repetition rate

higher than that of rectangular-shaped crystallites. 82 MHz, wavelength 800 njpasses a polariz€P1) to en-
sure linear polarizatioffor all experiments shown the polar-
ization was in the plane of incidencand a filter combina-
tion (F1) to block any second-harmonic light which may be

. . generated in the previous optical path. This “clean” laser
was probed by scanning electron microscdBEM) and fundamental light is focused onto the sample to a beam waist

atomic force micr OSCOPYAFM), and ferroc_alectnc Measure- - ¢ approximately 10Qum; the reflected beam containing the
ments were carried QUt on planar f:apacnor structures USINGs cond-harmonic wave generated is then collimated again.
3? R-I;? 6A ;erroel_ictnc tezte:.hD_etalls of tthe LNO and B?’[”(;While the fundamental frequency is rejected by filter F2, the
Im ;]méz,gpos' 'onan €Irproperties are reportedsacond harmonic is split into its polarization components
clsewnere. parallel and perpendicular to the plane of incidefigands

; %B'T.tth'n IfIIIT\lSOm?mIty %rowc _;)r:lented Icl)rf'(lot(_)) Or'; h components which are then registered simultaneously using
ented epitaxia electrodes, with a small fraction ot €, channel plate photomultipliers. Modulation of the fun-

films growing (100 and (110 oriented, as demonstrated by damental wave at 3 kHz using a chop@H) allows lock-in
x-ray diffraction studies. Morphology investigations by SEM 4o tion of the SH signal
and AFM showed that more or less rectangular- and square- The sample and the detection setup are mounted on three

shapg d crystallites. protrude from a _rather flat backgrqungftep motor-driven rotation tables: the first allows sample ro-
Detailed TEM studies on bOth plan-vu_ew and cross_-secpon ation around the surface norm@zimuthal angleg). The
gamples revealed the fqllowmg Qetalls gboqt their Or.'enta'second table adjusts the incidence anglewhile the third
Flon: the flat background is axis oriented, i.e., itg001] axis table rotates the complete detection unit k/v@ith respect
is normal to the film plane. The rectangular- and SAUare:, the k vector of the incoming laser light to ensure the re-

Ehaﬁed Cr}éSt?”'te.S are ;:_mbed_;jed Imto _ttna>_<|s ogelnted flection condition for the observation. In addition the sample
ackground, leaving a thin uniformig-axis oriented 1ayer 1, 14er can be tilted and shifted for optimal adjustment, i.e.,

l@recﬂy on r:helle_ONO !ayer. Thle re(;]tar}%ularishap?]d Cryfftal'to keep the conditions so that laser focus and rotation axis
ites have the 110] axis normal to the film plane, hereafter coincide and the reflected beam does not change direction

caIIe.d(llo) orientation, whereas tHd00) axis 1 r_10rma| to during rotation. With the described setup the incidence angle
the film plane in the square-shaped crystallites, i.e., the Iatteé can be varied from 10° to 70°, where the only limitations
are (100) oriented. The(110-oriented rectangular grains ’

are simply the dimensions of the optical elements and the

have two definite azimuthal orientations. As a result thelrsample holder, respectively. Because the azimuthal afgle

long edges are parallel to one of two mutually perpendicuIaEan be varied 360° the setup described allows one to measure

directions in th_e substrate plane. The edg_es of the squar(a-uite comprehensively the angle and polarization depen-
shaped crystallites form an angle of 45° with respect to th%ence of the SHG

edges of the rectangle-shaped crystallites.

The areal density of the rectangular- and squared-shaped
crystallites is not at all uniform over entire area of the sample
(Fig. 1). Ferroelectric hysteresis measurements were carried

CH
out on the BBIT films, separately accessing different regions ﬂ
I Ti:Scpphire} U

that showed different areal densities of embedded crystal-
lites. In the regions with embeddétil0)- and(100-oriented
crystallites the BBIT films exhibit saturated ferroelectric
loops with remnant polarization of 2C/cn? and a coercive
field of 60 kV/cm. In contrast, no hysteresis loops were ob-
served in smooth regions consisting of only ttaxis ori-
ented background. This observation reveals the anisotropy of
the ferroelectric properties of BBIT and shows that macro-
scopic polarization depends on the concentration of the non-
c-oriented crystallites in the film. The polarization measuredFIG. 2. Schematic of the setup for the SHG experiments: CH: chopper; P1,

fftlearly depends on the crystalline orientatior_l of the epitaxiapy: polarizers; F1, F2: filters; CPM/s: channel plate photomultiplier for
film, and the results demonstrate that BBIiT possesses hegistration of thep/s polarization component.
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B. Description of the signal measured

llluminating a sample of thickneds with an intensity
| (w) generates in general a second-harmonic intemgtg},
at least for materials without inversion symmetry. This inten-
sity can be related to the sample parameters by

et sir(wlg2l,)
Ny(2w)nZ(w) (mld2,)?

incidence angle 6

2 2
1291212 )

.Y

Hereng(w) andng(2w) are the sample refractive indices at ‘ "

the fundamental and the second-harmonic frequencies, re- 0° 457 90° 135° 180° 225° 270° 315° 360°
spectively,dg is the effective nonlinearity of the sample and : /
I the coherence length for second-harmonic generation de-  60°
fined as

SR 2
20 [ny(2w)—ny(@)]" @

As for the investigated ferroelectric filmis is of the
order of several micrometers but the film thicknelss
<300 nm, the phase matching factor?ifx? in Eq. (1) can 20° A Nl
be set to unity, i.e., phase matching need not be considered in 0° 45° 90° 135° 180° 225° 270° 315° 360°
this work. On the other hand, this means that no amplifica- azimuth angle ¢
tion by phase effects can be utilized to determine absolute
values of the effective second order optical nonlineadity. ~ FIG. 3. Gray scale plot of the SH intensitgt A=400 nm from a BBIT

. . . ample as a function of azimuth angbeand incidence anglé that refers to
Also, _the standard method for quantitative detegmmanon 0 a) p—p geometry(incident laser and SH observation in the plane of inci-
deg With the help of a quartz crystal referedté® cannot  gence and(b) p—s geometry.
simply be used in our case of reflection geometry. So we
refrain from trying to determine absolute valuesdgf, and
will only discuss the angular dependence of the SH intensity P§w=d15cos¢ sin 26(E®)?,
measured in the following. To this end it is necessary to 2o 5
calculate the net polarization at the second-harmonic fre- Py“=d24Sin¢ sin 26(E*)7,
quencyP®®), In the coordinate system of the crystaidi- P20_ . cod . .

L DR \ - =[d33c08 6+ (d;5C0S P+ dyySir? ¢)sir? 6
cesi, j, andk) polarization is a function of the incident elec- 2" =[dss (d15€0S' $+aqSiN° §) ]
tric field of the fundamental wav&® and of the second X (E®)2.
order nonlinearityd:

incidence angle 6
S
<Q

For comparison with the angular dependence of the mea-
szw)=2dijkEj"E‘|f. (3) sured SH signals Eqg5) have to be squared because the
) ) o intensities are registered. Furthermore, it has to be noted that
The transformation of the nonlinear susceptibility in the o 4c1yal measured SHG intensity has an incidence angle
Iab(7)ratory coordinate systefindicesp, g, andr) is done  yenendencex cog )] due to the increasing ellipticity of the
by? incident fundamental wave with an increasefin
dpqr: O'pia'qjo'rkdijk ) (4)

. . . - . IV. RESULTS AND DISCUSSION
where o is the rotation matrix containing the sample orien-

tation anglesp and 6 (see Fig. 2 Figure 3 shows the result of a typical SHG experiment
The tensod is usually simplified with the help of sym- on the BBIiT sample described above. Herpolarized light
metry considerations and given in contracted form axé 3 Wwith the laser fundamental waveleng®00 nm) was irradi-
matrix, where additionally several tensor elements may reated into a region with a considerable density of wen-
duce to zero, and the nonzero ones are often not independepriented crystallites. In Fig. 3 the monitored SH intensity is
of each othef®?°In the particular case of them2 symme-  plotted on a gray scalevhere dark regions refer to low SH
try of the BBIT crystal structure investigated only three in- intensity, and light ones to high SH intensityersus the
dependent nonzero elemerftss, d,, anddsy) remain. Us-  azimuth angled and the incidence anglé The upper plot
ing Egs.(3) and(4) the second order nonlinear polarization corresponds tg-polarized observatioriabbreviatedp—p)
can be evaluated by its projections parallel and perpendicula@and the lower one to the component p—s) of the SH
to thep polarization of the incident field yielding intensity observed. For both polarization geometries rather
strong SHG signals are observed, the maximum being a fac-

20 _ 2w 20 o 20 o
Pi”=(P"cosg+Py”sing)cosd+P;”sing, (58 (o of 3 larger for thep—p situation as opposed to that in the

P20 = P2 gin ¢ — P29 coseh, 5b p—s case. A common fgature (pf—p and p—s geometry is
+ X o= Py ¢ (5b) the rather simple variation of the intensitintegrated over
with the following abbreviations: ¢) with the incidence anglé: starting with low SH intensity
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at #=20° the signal increases with an increaseéiro a 35 (a) —~O—spot 1
maximum (around 60° forp—p geometry and 40° fop—s 30 4 —=—spot 2
geometry and then decreases again. This decrease at large — : o g
incidence angles is apparently a result of the generdldcos ?:‘ 25‘_ ,?%; o c’"% %:%1
dependence of the SHG intensity. — 204 4 2 5S¢ g8 v &Y o

The variation with sample rotatioazimuthal anglep)

)
. ) . o ; o 154 ¥
is more complicated: in both polarization geometries four- 5=

SHG

o
B o oy

| 3

"

{

%

NIRRT
L omom o
fold symmetry, i.e., 90° periodicity, is clearly visible. A @ 10+ [ ; ._ J IT‘QT ‘I.‘.'k.\.\?,? \-_
closer inspection reveals that in both cases two series of 5 % =g "I.‘ Lea o al a X
maxima can be distinguished: for tipe-s geometry(lower 1 L v hd

graph the azimuthal dependence of the SH intensity ob- 0 (') 9'0 j 15‘30 J 2;0 ) 3"50
served can be decomposed into two series of maxima located

typically at the same incidence angle &£40°, where the 50_' by O gpot 1

stronger peaks are found @ét=25°+n-90° (n=0,...,3) and | —&—spot 2 é% °
the weaker ones at~80°+n-90°. In the case of the—p T 404 © & © s % ;ff’
geometry (upper graph the more prominent series of 5, 1 ”v;\ § 3 & & o1
maxima is located a#h~5°+n-90° (~55°), while an ad- = 3901 C%wg %@5 %

ditional series of less pronounced maxima can be seeh at & 1

~50°+n-90° (A~65°). For the latter series, the peaks at 50° %v 20
and 320° appear to be weaker than the other two, so here an — ]
additional contribution with lower symmetrytwofold or

even onefolfl seems to be present.

. . v T d T T T T T
In order to find a reasonable assignment for the observed 0 90 180 270 360
angular modulation of the SH signal, control experiments .
. . L azimuth angle ¢
were performed in regions that showed only thaxis ori-

ented BBIiT background. In these regions also considerableic. 4. Azimuthal dependence of the SH intengity=400 nm measured at
SH intensity was observed, with the dependence being incidence angl@=30° at two different spots on the sample corresponding to
very similar to that shown in Fig. 3, but np dependence at the positions in Figs. () [spot(1), open circle$and Xb) [spot(2), closed

all within experimental accuracy. This observation allows ussquares (&) p—s geometry andb) p—p geometry.

to conclude that any variations of the SHG connected with

the azimuthal rotation of our samples can be attributed to thénhe Si substrate wafer, it is not difficult to adjust the laser
nonc-axis oriented grains. More details can be extractedspot to a sample area with known distributi@iready mea-
with regard to Egs(5) and the orientational distribution of sured by SENL An example of these results is presented in
BBIT crystallites as was shown in the electron microscopeFig. 4, where only the azimuthal dependencies! @f—s)
pictures presented in Fig. 1. For(perfec) single crystal [Fig. 4@)] andl(p—p) [Fig. 4(b)] for an incidence angle of
with mm2 symmetry Eqs(5) yield al($)=sir’(2¢) depen-  #=30° are plotted for two different sample positions corre-
dence, i.e., 90° periodicity of the observed SH intensity forsponding to the ones shown in the SEM pictures of Fig. 1.
the p—s geometry, while the signal observed in thbe-p  The open circles represent a spybt where the rectangular-
geometry is characterized by« (d;5c08 ¢+dy,Sir? ¢)?,  shaped grains are dominafdf. to Fig. 1@)], while at the
which means 180° periodicityor a constant signal in the position of spot(2) [corresponding to the situation shown in
case ofd;s=d,,). Since both types of crystallites are found Fig. 1(b)] the square-shaped ones are in the majority. Quite
in two azimuthal orientations perpendicular to each other, thebviously in both plots the amplitude ratio of the already
observed fourfold symmetry can be explained in principle ondiscussed two 90°-spaced series of intensity maxima is re-
the basis of Egs(5). Additionally, taking into account the versed going from spdtl) to spot(2). This observation pro-
fact that the edges of théll0-oriented crystallites form vides strong experimental evidence that we can assign the
angles of 45° with the edges of tkiE00)-oriented ones, even more prominent maxima observed at spbtto SH photons
the occurrence of the two “series” of maxima seen in Fig. 3generated in th€l10-oriented(rectangular crystallites, and
can be understood qualitatively. The presence of a contributhe dominant peaks observed at s{®tto the(100-oriented
tion by the lower symmetry found in the datapr-p geom-  (square-shapedcrystallites. Due to this unambiguous em-
etry may be taken as an indication that there is not an equalirical correlation the technique presented appears to be well
number of (110 crystallites in the different possible azi- suited for purely optical detection of the nanoscopic texture
muthal orientations. of epitaxially produced ferroelectric thin filn{er, more gen-
Overall it seems quite reasonable to attribute the twcerally, for any other noncentrosymmetric crystalline mate-
periodic series of maxima observed in the SHG azimuthatial), and could thus in principle be used farsitu control of
dependence to the two different types of BBIT grains. Ex-the growth process.
perimental evidence for this assignment is found by measur- Beyond this finding it would be very interesting to ana-
ing the SH signals at sample locations with different contentdyze the signals measured in more detail in order to extract
of individual crystallite types; because the average grain disthe nonzero tensor elements of the second order optical non-
tribution only varies on a length scale of millimeters acrosslinearity, and in particular the influence of ferroelectric po-
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larization on these parameters. However, a simple mathSH method appear to be well suited as a nondestructive op-
ematical consideration reveals that E¢S) (and thus the ticalin situtechnique by which to control the film orientation
description used to derive thens not sufficient to quantita- and thickness during growth.

tively model the¢ dependence of the SHG measurements
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