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ABSTRACT

A powder x-ray diffraction method has been developed to quantify textured vadume
fradionsin thin films. It has been applied to {111}, {100} and randamly oriented PbZr,Ti;.x O3
in 200 m thick films used for ferroeledric randam accessmemory appli cations. The integrated
and ped intensities of 100, 110, 20@nd 22 Bragg peaks from an urtextured PZT film were
determined by applying a thicknesscorredion to a 8-26 scan oltained from randam powder of
the same composition as the film. X-ray scans were made on the same pe&ks from the PZT film
speamens. The distributions of grain arientation for the {111} and {100} popuationsin the
films were determined from w scans which were obtained from the films using 100, 200and 222
scatering angles and correded for defocussng and absorption. To determine the total volume
fradion d eat popuation d grains, the ratios of the integrated film pe&k intensities to the
corrected pownder integrated peak intensiti es were multi plied by the integrals of the correded w
scans.

INTRODUCTION

Many thin film materials exhibit properties that depend onthe aystal ographic texture of
the film. It has been shown by several authors that a @rrelation between processng properties
and texture exists for ferroelectric thin films *. In order to develop physicd modelsthat relate
texture to ferroelectric propertiesit is necessary to have amethodthat can quantify the volume
fradion d textured material within afilm. Withou this quantificaionit is difficult to separate
the dfeds of texture from other changesin film structure, e.g., grain size and density, that can
also strongly influenceferroeledric performance. Previous work has shown that PbZr,Ti.xO3
(PZT) thin films often consist of {100}, {111} andrandam textures. A methodfor determining
the volume fraction d each type of texture using x-ray diffradion (XRD) 6-26 scans was
developed by Fox “. This method required several assumptionsin order to cdculate the volume
fradions from the XRD integrated pe&k intensities. This paper presents an improved
measurement and analysis methodfor determining textured vdume fractions. For this method
ided textureis nat assumed (as in Fox) but instead the texture profiles, the angular distributions
of the textured crystallit es, are measured and expli citly incorporated into the anaysis.

EXPERIMENTAL

A 0-20 scan was obtained from randamly oriented PbZrg 4Tig O3 powder doped with La,
Ca and Sr. The peak centroid (267 ), pesk intensity (PF) andintegrated intensity (17 ) of each
hkl Bragg pe&k (hkl=H) were determined. The powder spectrum had many overlapping peaks,
and the integrated intensiti es for these peaks were foundby fitting a Pearson V11 functionto each
Bragg pe&k. Film speamens with athicknessof 200 rm and having the same compasition as the
powder were prepared by RF magnetron sputtering onto 150mm diameter Si/SiO, (600mm)/Ti
(20 mMm)/Pt (175 i) substrates. The films were crystalli zed by rapid thermal annealing at 725°C



for 20sin flowing O,. Two spedmens, taken from the center and edge regions, respedively, of
the PZT-coated wafer were analyzed. A 0-20 scan from each specimen showed bah {100} and
{111} texture. For the randam powder, 101was the strongest peak, bu for the filmsthe 102/110
doublet was either extremely wedk and nd resolvable, or non-existent, consistent with the film
containing littl e or no randam material. Higher resolution scans of the 100, 101110, 200and 222
film lines were obtained; the 101/110 doulbet was measured to charaderize the randam material.
The 111 peek was not measured because it overlapped with the 111 pe&k from the Pt substrate;

the 222 ek was more separated. The film peak centroids (267,), pea intensities (P ) and
integrated intensities (1}, ) were determined. Using the 26/, scattering angles for 100, 200and
222, w-scans were obtained from the films. For each w scan, the badkgroundwas measured with
an w scan using a scattering angle éou 2° from the Bragg pe&k pasition; the badkgroundwas
subtraded from the Bragg peak w scan to give the intensity profiles, P (w) . All the x-ray data
were mlleded using a powder diffractometer with monochromatic CuK e radiation .

THEORY

The ceantral assumption d any XRD texture analysisis that the integrated intensity of a
Bragg pe&k is proportional to the volume fraction o materia diffracting into that pe&k. Let the
volume fradion d H-oriented grainsin random powder be EY . Following Warren ° we can
write the integrated H intensity:
I = C,Fip, (1)
where p,, isthe multiplicity of reflectionH, and C,, isa @nstant depending on H and the

diffracdometer settings. To compare with intensities from afilm t thick, the pe& and integrated
intensities from arandam powder are crrected for film thicknessand density:

IT'=17A
PY'=PA,,
where A, =1-exp(-2ut/sinB7 ) and p isthe x-ray linea absorption coefficient.
We assume that anon-zerol;,, isentirely due to the presence of arandamly oriented

)

volume fradionin the film. The randam fradion contributes integrated intensity, |

,to ead
textured pesk from the film so that each total integrated intensity from the film, I}, isasum:

L =1 +1] 3)
where 1" istheintegrated intensity due to the textured grains. The randam integrated intensiti es
from the powder andfilm arein dred proportion so that:

IFRJIR =R R for any peak H (4)
Compared to the thicknesscorrected integrated intensity from the randam powder, I}, the
integrated intensity for the textured pation d the film, I};", is divided by the multi plicity fador
because only one of the p,, setsof planesin the H-oriented grain popuation contributesto 1.
The volume fraction d H-oriented material in the film is M, (0) times the H-oriented vaume

fradionin the powder; thus, M, (0) isthe preferred arientation d the PZT grainsin urits of
multi ples of arandam distribution (MRD). Therefore:

1T /(A1) =M, (0)/p, )
Combining (3), (4) and (5) andsolving forM , (0) gives:



Myy(0) = py B -l F ©)
H% Ay I?OlAlollj

For the randam fradion d the film, the MRD value, M 4, istheratio of the integrated intensity
for the film to the thi cknesscorrected integrated intensity for the powder andis given by:
rand = IfOl/(IlOlA ) (7)
M, (0) givesthe volume fraction d the PZT film that is exadly H-oriented. Thisisthe

volume fradion calculated using only information from the 6-20 scans from the powder and the
film, as dore by several authors'™. The w-scans, P’ (), show how the texture of the film varies
asafunction d angular deviation from exad H alignment, and they provide more complete
texture information. The film texture is assumed to be axisymmetric; thusP (w) isindependent
of spedmen arientation abou the film normal. The raw w scans are crreded for absorption and
defocus by calculating the randam w scan from the 6-20 scan of the H pesk and dviding P (w)
by the caculated random scan®. The @rreded w scans are denoted P'(w) ; they contain a
randam contribution which is constant over w, P~ so that:

PY'(@) =R (@) + P ®)
To find the randam contribution to the film pe&k intensity, P/~ , we assume that the ratio of the
integrated intensity to the pe&k intensity (the peak integral breadth) is the same for bath textured
and randam contributionsto H, i.e. 177 /PSR =11 /P Substituting for 157 from eqgn. (4):

I I R
P.* = Py —1-— 9)
I IlOl

The MRD profil e of H-oriented gansasafunction d w, M, (), equals P’ '(w),
normali zed to equal one & w = 0 and multiplied by M, (0):

M, (@) =M, 0) T

For arandom material, the volume fradion aiented between w and w+dw, V (w) , isgiven by:

(10

V () dw = 21t sinwdw/ 4Tt (11
The volume fraction d the H comporent of the film oriented at w, V,, (w) , is given by:
Vi (@) = M, (0)Vi (@) (12)

Thetotal volume fraction o H-oriented material,V,,, isfoundby integrating V., (w) fromw =0
to 7. With a2-circle diffracometer the » scan islimited to +/-0,,, bu if P}'(w) fallsto P}
within thisrange, V,, (w) is zero above that angle. We plot P;'(w)sinw; thisrisesfrom 0 at w =

0, pe&ks, andthen fall sto aminimum at w,. It rises again if there israndam material in the film
such that P{® # 0. We set the upper limit of integrationin egn(11) to w,. Thus:

M (0) o, 5Fs - _PpFR (1 _
vV, = 2(P (0) P:R){IO P, '(w)sin wdw - P;" (1 coswo)}

=M H (0) X H
V,, measures the H-oriented vdume fractionin therange 0 < w < w,. Theterm X, isthe

integral of the intensity from the H-textured material over al orientations (based onthe
asumption d axisymmetric texture) divided by the pe& intensity from the H-textured material,

(13



and it isameasure of the breadth o the texture distribution, analogous to the integral breadth of
aBragg peak. For agivenP/'(w) profile shape, X, scadeswith the square of the full width at

half maximum height (FWHM) of the profil e, and therefore knowledge of the profil e shapes for
eadt textured vdume fradionis esential to the correct quantification d the volume

fradions.V,,,, iscdculated from the ssumptionthat V., = V,,,; using egn. (12) with
P, (w) =P,,(0), P}; =0 and wo =7, wefindthat V., =M., The volume fracion sum,
Vo1 (5 Vo + Vi +V,a0g) Shoud equal 1, bu in experiments to date has been somewhat larger
(1.5to0 3.0; thisis currently under investigation. The volume fractions are normali zed to
giveV ;"™

Vigo" = Vigo! Viror; Vi = Vi Viors Vind =V

rand

rand/ VTOT' (13)
RESULT SAND DISCUSSON

Figure 1 showsthe raw (P} 'w)) and correded (P'w)) 100 w scans from the center
speamen and demonstrates that the corrections for the raw data ae significant: the raw profileis
narrower, andit is kewed to negative w whereas the crrected profileis almost perfedly
centered, at w=0.01% andthe mrredionfador is2.5at w = +5°, rising to over 10 a higher w
values. Thus, except when the film is highly textured, simple w scans are not adequate to
characterize the texture, particularly as the @rredions depend onthe scatering angle of the
Bragg pe&k, being gredest for low Bragg angles. Figure 2 shows the mrreded o scans (P} ' (w))

for 100, 200and 222 jeaks from the center spedmen, scded to have the same P|'(0) intensity.

The correded 100and 200 pofil es are very similar, confirming the validity of the crredion
agorithms®°, but the 200 dita extend to higher w in Fig. 1, die to the higher 200Bragg angle,
and therefore the 200 data were used for the cdculations of textured vdume fradions. The
profiles for 200and 222are different in shape in that the 222 profil e has alower full width at
half maximum intensity but extends out to higher w values. As will be seen, athough the 200
and 222 pofiles are different in shape, the texture breadth parameters, X0 and X,z are similar.
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Figure 1: Raw and correded 100w scans Figure 2: Scded 100, 20 and 222texture
from wafer center profil es from wafer center



Tablel: Integrated intensities from randam PZT powder

h  |ntegrated Correded for Multi pli city h ntegrated - Correded for Multiplicity
pe&k (cps°) t=200mM Py pe&k (cps°) t=200m Py

001 50.9 11.6 2 111 98.2 13.4 8

100 64.0 14.3 4 002 63.6 7.7 2

101 408.2 67.6 8 200 107.7 12.8 4

110 159.0 26.0 4 222 21.5 15 8

A 0-20 scan was obtained from the randam PZT powder. The integrated intensiti es of the
001, 100, 101, 110, 111, 002, 28 222 @ks, I}, were foundby direct integration o the
data, or by curve fitting for overlapping peaks such as 100and 001.They arelisted in Tablel,
together with the intensiti es correded for the thin film fador asin egn(2), 1", andthe
multi pli cities of these pe&ks, p,, .

Tablell liststheintegrated and peak intensiti es from the film spedmens, I}, and P}, for
the 200and 222Bragg peaks. Equation (6) is used to cadculate the M, (0) values which are
normali zed in the next column. The texture breadth values, X ,, cdculated using eqn.(12), and
the normalized vdume fradions, V,/*™, are given in the next two columns. The last three

columns cortain 15, fromwhich M _, (egn.(7)) and V> (eqn(14)) are calculated. The

rand
measurements were caried ou twiceon badh specimens and for each specimen the volume
fradion results from the two sets agreewell. Thus, in this case, the technique yields results that
are repeatable to 8% or better for the small er volume fradion and 3% for the larger. The results
show that bath speamens are primarily {111} textured, with a smaller volume fradion d {100}
material and between 2% and 3% of randam meteria in the center specimen bu norandam
material in the aelge spedmen. The {100} fradionis abou twice & largein the center of the
wafer as a the edge. The randam fradion d 0.33% shown for one of the edge specimen results
isnat reliable asthe 110101 film pedk barely exceeded the noise level.

TableIl: Integrated and peak intensiti es and cd culated texture values for PZT film spedmens

F F norm norm

g o R M@ T o, Vi
cps’ cps norm % % %

Center spedmen - data set 1 3.3 0034 20

200 1126.7 2272.1 351.2 17,5 0.00072 15.1
222 305.0 351.1 1651.8 825 0.00084 82.8
Center spedmen - data set 2 3.7 0.038 26

200 1173.1 2110.1 365.9 18.9 0.00074 18.2
222 290.0 346.7 15704 81.1 0.00075 79.2

Edge spedmen - data set 1 0.0 0.0 0.0
200 485.00 8248 1511 6.9 0.00078 8.2
222 375.80 454.0 2035.0 93.1 0.00065 91.8

Edge spedmen - data set 2 1.0 0.0103 0.35

200 516.7 777.0 161.0 7.4 0.00084 9.2
222 373.0 425.7 20194 92.6 0.00066 90.4




Most of the PZT peaks are multi plets, and therefore the intensity of any individual peak is
difficult to determine with high accuracy, even with curve fitting techniques, which rely on
spedfic functions fitti ng the peak profil es accurately. The spedrafrom the filmsalso contain 111
and 222Pt peaks which are more intense than the PZT peaks by at least one order of magnitude.
Curve fitting showed that the Pt/PZT pe&k overlaps did na affed the w scans sgnificantly but

did reducethe accuracy of the 1], valuesfor 200and 222.The aceiracy of the volume fradions

determined by thistednique, particularly in the case where there is alarge randam fradion, hes
not yet been rigorously analyzed bu peak overlap is clearly one of the major sources of errors
(asit iswith any diffraction texture analysis). The lad of standard thin film speamens with
known texture properties is also an impediment to afull error assessment.

The agreament between the {100} and {111} volume fradions determined by pe
integral ratios (M, (0) norm%) and the full analysis (V;°" %) isrelatively goodin this case,
primarily becaise X200 and X, differ by at most 25% and the films have alarge majority of one
orientation, {111}. In situations where the diff erently textured vdume fractions are similar in
size, small differencesin the FWHM of the corrected w scans produces sgnificant differencesin
the Xy term as discussed above. For an example of this, seeFig.3 in reference 6; further analysis
of the data from the BST thin films presented in this paper shows that the {110} volume fradion
based on ek integralsis underestimated by 50% compared with the full volume fraction
anaysis presented here. In a specimen with asignificant randam fradion, the randam fraction
canna be determined with any accuracy solely from peak integral ratios because X ang is by
definition ore andis therefore more than three orders of magnitude larger than X;o0 and X222
Thiswork has shown that in the general case, quantificalion d volume fradions of textured
material requires analysis of the orientation dstributionin ead textured vdume fraction,
espedally when the degree of preferred arientation is different in the textured vaume fradions,
or the differently oriented vdume fractions are similar in size.

CONCLUSIONS

A technique for quantifying the relative ddundances of spedfic preferred grain
orientations in athin film using a powder x-ray diffradometer has been described. The x-ray
pe&k intensities from the film and from arandam powder with the same composition as the film
were measured. The texture profil es of the grain popuations with dfferent preferred orientation
diredions were measured taking absorption and defocus into acourt. The volume fractions were
determined from the ratios of the integrated intensiti es from the random powder and the film in
conjunction with the texture profil es. The technique has been applied to PZT films.
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