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Abstract; The nicroscopic structure of thin PZT films with various Pb
concenlrations is sludicd by optical second-hamuonic genemtion. From the
azimuthal unisotropic dependence and scatering indicatrices of the ronlinear
optical response information about the oricntation diswibulion of microcrystatliles

is oblained. .

*) Corresponding author. E-mail address: aklsip@astra.phys.ansu.su

INTRODUCTION

Cerantic thin feroelectric filins are of interest for their application in nonvolatile
memories, sensors and acluators, but also for their possible nontinear optical properties. Thin
films of Pbx(ZressTipr}Or (PZT) ate isotropic and lomogeneous as far as their Yincar oplical
properties are concemed, but they are anisotropic and inhoinogeneous for nenlinear optics. The
properties of these films depend strongly on their composition, homogeneity s structure and
therefore require a thorough characterization of these stiuctural aspects.

_ The motivalion for optical Second Harmonic Generation (SHG) swdics of thin ceramic
fervoelectrics is two-fold: to probe their intrinsic nonlinear optical propedtics and to use this
nonlinear optical lechnique to probe the symmelry and microstmucture of these films, For
example, it can simply be shown that in the clectric dipole approximation an n-th order oplical
process can only be sensitive for symmelries up (o (n+1) {1]. This means that in a finear optical
experiment, only two-fold axes cun be distinguished, whereas SHG is also sensitive for three-fold
rotational symmetries. Traditionatly, SHG has been frequently used to study the nonlincur optical
properties of bulk - mostly single crystal - materials (including ferroclectrics {2)). More recently,
the unique polential of SHG for studying the properties of very thin fitms {down to monolayeis),
surfaces and interfaces has been proven (see for review {3,4}). This is based on the high
sensitivity of the nonlinear optical response lo the local electronic and symmelry propertics, and
on the use of modem femtosecond lasers that do ot destruy these thin filins even within the
fundamental absorption band. SHG has already been shown (o be successful for the study of
ferroelcetric phase transitions in thin films (5}, but the possibility of structural analysis has been
recognised only recently {6}, .

: SHG studies of single crystals or of random structures calt for Jilferent approaches. For
single crystals, the azimuthal anisotropic dependencies of the SHG intensity shouli be measured
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for differem polarization combinations, that provide the values of the second order susceptibility
tensor components {7). For random structures, SHG scattering indicatrices are important that
give informalion about the sccond order susceptibility {or hyperpolarisability) tensor of & single
scatterer (as Hyper-Ralcigh scattering from molecules [8] or SHG from simall metal pasticles
{9)). So far, single crysials and random structures have always been studied separately. Cermic
films simulianeously possess the propertics of both structures, consisting of microcrystatlites with
various orientations of crystallographic axes in the planc of the film wilh an appropriste
distribution function, Therefore, ihe study of ceramic films requires the combination af the wo
approaches and (hus icasuicients of both azinuthal anisotropic dependencics and SHG
scallering indicatrices, '

In (his paper we present the results of experingatal and theoretical studies of the
structural and nonlinear optical propertics of thin PZT ccrunic films based on polanization,
rotational anisotropic and scallering indicatrix SHG nicastrements. The structure of the filins
was voried by the preparation procedure: We will shiow that the nonlincar optical response
consists of (wo purts: a specular, polatized and anisotropic part and a diffuse, depolarized und
isotropic one. The fomer penmits o study the symmetiy of the second-arder susceplibility tensor
components of single microcrystafites and their prodonunant orfentation, the latler to obtuin the
comelation kength of the random SHG sources. A comparison of these two allows a measure of
the orientational ordering of the microcrystals.

EXPCRIMENT

In order to get films with various crystal structures we fabricated them by the sol-get
technique {10, varying the lead excess in the precursor sulution relative (o the stoichiometric
quantity from 0 (o 0.5, und then anncaled them af 650°C. The tead concentration x in the film in
comparison with solution is less by 5-10 % due (o eviporution during anneating (£1). This gives
films with column.-tike microcrystals with (ransverse size varying in the range of 100 - 1000 mn
[10). X-ray diffraction showed only microcrysiallites of a perovskite phasc having (111) and
(100} orientation with relative concentratioit syqyy that varied as a function of the lead excess
from 0.2 to 0.97. The linear optical constants as well as the thickness were determined by
speciroscopic cllipsometry in the range of 200- 1000 nim.

For the SHG cxperiments we used a fundanental mdiation at 739 pi from o Ti:Sapphire
taser with a pulse width of about 100 fs, repetition mte 82 Milz, average power 100 mW focused
onto a spol of about 100 {Lm in diameter. The angle of incidence was 45", Bath fundamental and

FIGURE [, Schemautic
picture of the experiurental
configuration {shaded
plae is nopmat to e
sumple surface) |
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SHG radiation were polarised perpendicularly to the planc of incidence (s-in, s-out). Fig. | gives
a schematic picture of the experimentul configuralion.

The azimuthat SHG unisotropy T, (W) was nwasured in the specubar divection by
rotating the sample around its normal Z {XYZ is the laboratory frame, X'Y'2 is the film frame,
the azimuthal angle @ was imeasured between the X and X' ixcs).

The SHG scattering indicateix (SF) was measurcd by rotating the detection systein around
the vertical Y-axis. The polar angle 8 is defined (o be zero for the direction nerawil to the film
surface and negative fn the direction towards the incoming beam.
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FIGURE 2. SHG measurements for PZT filim with #gn =092,

a) Azimuthal SHG dependence. Points: experimental data, solid fine - fit by complete Fouricr
transform, dashed line - fit by Fourier transform only using zevo and second order tens,

b} Orientation distribution function versus azimuthal angle caleufuted using (1) with the following
parameters: §;=-0.007, £,;=0.028.

Insent: position of the sample drawn by dushed line cosresponds to swaxini of SHG intensity (i
angle yo). Bold dushed line on the sample shows the direction of predominant microeeystatlites
oricntation.

¢) SHG scattering indicatrices at the minimum and the maximum of the anisotropic depeidenve,
Solid line is a fit to the experimental data

d) Correlation length in SHG wavelengths units (filled circles, feft scale) and degiee of ordering
(hollow circles, right scale). <
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Fig. 2 shows as an examplc the SHG angular dependence /54, (W) und the SHG
scattering indicatrix for the sample with x=0.05 (#,),=0.92). In 73,(¥), a strong anisotropy
with an approximately one-fold symmelry is added to a significan! isotropic background. Such
anisotropic dependences were observed for the whole set of samples, except for x=0 (114:,)=0.97),
for which 15, (W) was completely isotropic.

All scatlesing indicatrices were measured both at the maxima and the minini of the
anisotropic dependences. The S1 at the maximum of Ihe unisotropic dependence (Shyy) consists
obviously of two parts: a sharp peak in the specular direction (hat is added to a very broad
dependence of the SHG intensity on the polar angle. The SI in the minimum of the anisotropic
dependence (Slyn) shows only a background that coincides with the background for Sl within
the crror bar. It means that the diffuse part of the signal is comp]e{cly isotropic with a specular
componerit being completely anisotropic.

ULTS DISCUSSION

In our theoretical analysis of the experimental dala we consider the film as a statisticatly

_ distributed mixture of (111)- and (100)-crystallites that homegeneously fill the film with the

surface concentiations nqyy and ngegy=(1 - myyy)) respectively. The anisotropy of the linear

response of the crystallites is negligibly small. Therefore, in linear optical terms the film can be

* wreated as a uniform medium with a local and isotropic dielectric function, The retardation effects

(including the optical interference in the film) at both the fundamental and SHS frequencies can

be described by meuns of Fresnel-like local-field fuctors. Al the same time we lake into account

the anisotropy of the bulk dipole quadratic response of the crystailites through the structure of
their nonlinear susceptibitity tensor.

‘The azimuthal anisotropic dependences could be aualyscd on the buse of an oricntation
distribution function. The orientalion of each crystallite in the plane of the film is characterized
by the azimuthal angle ¢ relative to X' axes of the film frame. The angle @ is supposed to be a
random quantity described by the distribution function p;{¢)= 2n+ f (@), where i=(111),

(100) and Id(pf () = 0. In this paper we restrict ourselves to studying the function f(, i ')((p)

for the sample with 51,,,=0.92 which is considered as an one-component syslem for the suke of
simplicity.
The periodic I'unctlon S (il ;) (¢p) can be expanded in the Fourier series:

S ay(@) = Z(C, cos(ug) + 5, sin(ng)) )
Fi

In the same way both specular and diffuse components of the SHG intensity 1,5 and /3 d'[
be expanded in Fouries series in the azimuthal angle Y. The Fourier coefﬁuenls of f i l)(<|))

with odd and even # are related to the Fourier coefficients of I57 () and [0 (yr),

respectively, through known expressions that we omit for brevity. In particular, the expemncmal
azimuthat dependence of the specular component can be reasonably approximated by

1500 (yy = 15PEC + 10 cos(2y) + 15°C sin(2y), (2)

the coefficients C,, and S, with odd 1 23 being negligibly small (Fig. 1). Morcover, as the
diffuse SHG component is praclically isotropic (Igg'(ql) =l(‘,"f),
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1

we conclude that C,, and S, with even 2122 ean also be neghected. Hence the expression for
ra (1113 {P) includes only Fourier hannonics with n=t and 1C/ and 15,1 can be caleulated with the

L 2
usc of the experimental v.llucr. 167, 157 and Ig'/. The finclion (f it I)((p)) is shown in

Fig. 2 b). The one-fold type of disiribution function shows the presence of synnnctry axes in the
plane of the film. It means the presence of a predominant orienlation of the microcrystallites that
could be due to the preparation procedure or 1o substrate propertics, The yuantity ’

2 &}
o_( i/2n f f( 1 1)((p)dtpj i2(st +c})

<haracterizes the deviation of the distribution function from a uniform (isotropic) one. For this -
reason we call O the degree of ordering that detemiines the feaction of crystullites giving the
anisotropic contribution to SHG. On the other hand, we can relate O to the observable
parameters as follows:

o= i/n 1§/ + KQU), “

' 2
where £2 is the angulat aperture of the delection system, K = chos(egl(lm,,/ Mw) .The

ladter can be obtained from the diffuse SHG,

The analysis of the diffuse SHG components calls for a different approach. ‘The
scattering indicatrix for the diffuse component of the SHG sadiation is determined by the
correlution function of the stalic fluctuations of the noulinear polarization induced in the fiim.
These fluctuations result from two types of structurat disorder: rndom orientations and positions
of the crystallites in the film plane. Using a formalism analogous to shat described in [12} we
obtain the following appreximation for the scattering indicalrix: ’

' 5
194 (9) = cosz(e)(ﬂ + CfTR(sinw)—sin(ﬁu))z)' &
o

where the adjustable fit parameters a and ¢ express the characteristics of the corvelation function
of the nonlinear polarization fluctuations. The correlation length could be obtained from (5) as

loor = r:/al The results for the scatlering indicatrix and correlation fengih are shown in Fig.

2 c) (for the sample with #y5; =0.92) and Fig. 2 d), respectively.

Though the analysis above was done for a single sample that could be considered as a
one-component structure, the approach is rather genceal and theeefore Eq. (4) is valid for any
two-component systein as well. That permils to estimate the degree of ordering G for the whole
set of samples in the same way. The values of O calculated from this expression for various
samples are shown in Fig, 2 d). Of course, the present set of dats i+ "0 limited to driw extensive
conclusions, other than stating that [, and O do depend on the sample prepartion. The
important message at this stage is that it is possible to distracl- such parameters from
thesenonlinear optical experiments. In order to reconstruct the disiribution function £ 4 (),

additionat experimental data (for example, azimuiha! anisotropic dependences in the pp
polarization configuration) should be used.
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In conclusion, combining rotational anisolropy and scattering indicatrix SHG
measurements one can obtain quantitative information about the morphotogical properties of thin
ceramic films. From the azimuthal anisotropic dependences, a predominant orietlation can be
obtained direcily, the anisotropy of single microcrysiallite being completely hidden. The
anisotropy of SHG tums out to be extremely sensitive (o the structural ordering of the filims,

'This work is supported by the Russian Foundation of Basic Research {RFF!) Grants 96-

02-19533, 95-02-05893a and ISSEP 683p.
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