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Abstract

A fast and acairate method that uses a mnventional powder x-ray diffradometer has
been developed for measuring crystalline texture. A 8-26 scan of a Bragg pek from the
textured planesis colleded and also a 8 scan, a rocking curve, using the same Bragg
peak. The method hes important advantages over other techniques: alarge x-ray footprint
can be used, thus obtaining significantly higher intensity which is particularly significant
for thin films; no randamly textured spedmen isrequired. The large footprint leads to
considerable tilt-induced defocussng during the 6 scan — the scattering angle varies
along theiradiated length of the specimen asit istilted ou of the symmetric position. To
obtain an acarate texture profile from the 0 scan, corredions for defocussng and
absorption must be gplied, and the 8-26 scan of the Bragg pe&k, which gives the
variation d scatered intensity with angle, is used for the defocusgng corredion. First
principles calculations are used to correct for absorption, with the film thickness and x-
ray absorption coefficient as parameters. The technique has been applied to severa
classes of tedindogicdly important materials used in thin film form, such as films of
eledroplated copper for advanced metalli zation, and also BST films down to 26 nm
thick, which are candidates for DRAM applicaions.
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1 Introduction

Crystall ographic texture in thin films, i.e. the preferred orientation d particular
crystal planes relative to the film substrate, is a common and frequently useful
phenomenon. Important materials properties, such as remanent poarization, deledric
constant and elastic modui, are typicdly anisotropic, and the most effedive use of
anisotropic materialsin thin film appli caions often involves controlli ng the texture of



the film. For example, the use of PbZry.,TixOs (PZT) in nar-volatil e ferroel ectric random
accassmemories (NVFRAM) requires optimization d the film texture to best utili ze the
remanent polarization of PZT whil e satisfying other processing requirements (Hadnagy
1997).

In a typicd laboratory or industrial setting, texture is measured using Xx-ray
diffradion. There ae cetain problems peauliar to the measurement of texture in thin
films, the most significant of which isthat the intensity of diffraded x-raysthat can be
obtained from athin film is frequently so small that intensity measurements are of low
accuragy. Thin films deposited on panar substrates typically display fiber (axisymmetric)
texture with the substrate normal as the fiber axis. Substrates patterned with surface
fedures such as trenches for condiction vias may display more wmplex, three
dimensional texture (Lingk et al. 1999. In previous work (Vaudin et al. 1999, a
tedhnique was described that measures fiber texture using a conventional x-ray powder
diffradometer. The technique required the recording of two scans from the sample: a
high resolution 8-26 scan of a Bragg pe&k whose diffrading planes are normal to the
preferred arientation dredion; and a8 scan obtained using this pe&. The 6 scan gives
the variation of scatered intensity with specimen arientation and contains the required
texture information, but it must be mrreded for defocussng and absorption to oltain the
texture profile. In apade figure measurement, thisistypicdly achieved by measuring a
spedmen o the same phase cmmpaosition bu with no peferred arientation (i.e. arandam
specimen) and dividing the intensity from the textured specimen by that from the random
spedmen, thus obtaining multiples of a randam distribution (MRD) as a function d
specimen arientation. In the technique of Vaudin et ., the 0 scan that would be obtained
from arandam specimen is cdculated from the 8-20 scan o the Bragg peék, taking into
acount defocussng and absorption, and the texture profile is determined by dividing the
experimental O scan by the cdculated randam 0 scan. In this way, the shape of the
texture profile is determined, bu the scding is arbitrary. The technique has been
extensively applied to textured buk alumina (Seébaugh et a., in preparation).

2 Theory

Axisymmetric thin film texture implies the preferential aignment of a particular set
of crystal planes parall € to the substrate. The data wll ected from the spedmen are the
two x-ray scans described above, I(20), a6-20 scan of aBragg peak (Bragg ange 0g)
from the digned planes, and a 0 scan, I.(w), where the spedmen arientation is tilted
away from the symmetric orientation through w abou an axis in the speamen surface
normal to the diffradion dane, while the scatering angle remains fixed at 20g. (In
Vaudin et al., « was used for the tilt angle instead o w.) The 6 scan for a randamly
oriented specimen of the same material, |;ag(w), is cdculated from I,(20) by correding
for defocusgng and absorption, and the texture profile, T(w) = li(w)/lrang(w), IS
cdculated. As the spedmen is tilted away from the symmetric orientation in either
diredion, the x-ray scatering angle, 20, varies along the irradiated length o the
specimen. The central assumption of the theory isthat the intensity of aray scattered by
the spedmen through 20 is propational to the 68-20 scan intensity at angle 20. Thus, the
0 scan intensity at angle w is proportional to theintegral of the Bragg peak intensity, as
illustrated in Fig. 1; the scattering angle variationis indicated: 20.<20<20..
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Figure 1. Schematic of x-ray source, spedmen and detedor showing relation
between defocus during 6 scan and peak scan intensity

Theintegra iscaried ou asafunction d v between -vi/2 and vi/2:
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where v; isthe divergence of the incident beam and v is the angle between the ray and
lineSOin Fig. 1, i.e. the divergence from the central ray. The factor that determinesthe
constant of propartionality in eqn.(1) is absorption. From simple geometry, an x-ray
striking the spedmen surface & angle @, penetrating to depth z in the spedmen,
scatering through 28 and returning to the surfaceis attenuated by K(z, ¢, 20):
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where (L isthe linear coefficient of x-ray absorption, D(20, ¢) is defined implicitly, and
¢ isthe angle of incidence of the ray on the specimen surface: ¢ = 0g + w - v. For aray
at v to SO incident on afilm of thicknesst, the total effed of x-ray absorption onthe
recorded intensity, A(w, v), isfound ly integrating through the thicknessof the film:

A(wY) = [K(z, @w,Y), 26(w, ) dz

1-exp{ —uD (26,9 )t}
ubD (26,0) (3)

To relate |, the intensity measured at zero tilt, to the intensity that would be measured
during a6 scan when the specimen tilt varies, the I, values arefirst divided by A(O, v)
and then multiplied by A(w, v), givingthe crredionfador, F(w, v) = A(w, v) / A0, v),



and thus we obtain:
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Thus, measuring I and I, allows the texture profile T(w) to be cdculated. When
lk(20g) and I,(0) are measured, the diffracdometer is in the same wnfiguration, and
therefore the measured intensities soud be egqual within experimenta error. Agreement
between them is a good ched onthe reliability of the data.

The units of T(w) can be found ly considering that when w = 0, 20 varies very
littl e with v (only by the flat spedmen corredion), and therefore from eqn. (4), lang(0)
= l«(20g) to a very good approximation. Since, within experimental error, 1,(20g) =
l(0), it can be seen that within experimenta error T(0) should equal 1. As w increases,
T(w) deaeases from 1 for positively textured samples. If T(w) were known ower all
orientation space, the profile auld be scaled to bein MRD by multiplying by the MRD
value & w = 0, MRDg, which can be foundfrom the normali zation condtion:

Y2MRD,T(w)sinwdw = 1 )

With this rocking curve technique, w islimited to arange: 0 < w < 0g. However, eqn(5)
can still be used in those cases where the texture profil e of amaterial is narrow enough
that it decaysto zero within the observed arientation range and can be assumed to be zero
in the unolserved arientation range.

3 Experimental

The tedhnique has been designed to be used with a conventional divergent beam
powder x-ray diffractometer. The two x-ray scans collected, the 0-20 and 0 scans, were
colleded uncer identicd condtions; in particular, the incident and receiving slits were
the same. In addition, noanti-scater dlits were used; Soller slits could have been used
but were nat in this case. For both scans, the dwell time was st by experience to belong
enough to produce data of an adequately high signa to noiseratio. The anguar steps of
the 0-20 and O scans were at most one tenth of the full width at half maximum of their
respedive pes. The 0-20 and 0 scan intensity data were processed using software
cdled Texture™, which reguires the thicknessand x-ray absorption coefficient of the
film, the beam divergence the diffracometer radius and 2z for the O scan as additiond
inpu data.

4 Resultsand Discusson

Fig. 2(a) shows a log scde plot of a 0-20 scan from a 1.6 um copper film
eledrodepaosited onaTaN / SIO, / Si (001) substrate. In additionto pe&ks attributed to
the substrate from TaN, Si and awed, unidentified pe&k at 81°,dl thefcc Cu peaks are
present, bu relative to their random integrated intensities (Powder Diffradion File
1996), the 111 and 222 peaks are over an arder of magnitude larger than the 200, 220 and
311 pe&s, indicating significant (111) texture, and aso the likelihood d a randamn
fradion. Thisis confirmed by Fig. 2(b) where the (111) texture profil e measured using
bath 111 and 222 peaksis plotted, arbitrarily scaled to a maximum of 1000. The raw data
have been corrected using thicknesses of 0.8, 1.6 and 3.2um; the texture plots show that
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Fig. 2 (a) 6-20 scan and (b) texture profilefrom 1.6 um eledroplated Cu film

the best match between the 111 and 222 plots occurs for the 1.6 um corredion.
Comparing the FWHM value of 7.4° for the texture profil es with the 6.1° value for the
raw 0 scans $ows that the defocusing and absorption corredions had asignificant effed
onthe profil es. The presence of a significant random fractionis clea from the constant
texture level from 15°<w<40°. When testing the technique on kulk specimens, Vaudin
et al showed that atexture profile of constant value was obtained from meterial that had
been shown by other methods to be untextured, indicating that the wrredions were
correctly formulated. The agreament between 111 and 222 texture in Fig. 2(b) isclealy
better when correded for the true film thicknessthan doulde or half the value, which
shows the methodworks well i n this case. However, thisis not afull validation d the
thin film corredion, which would require aset of thin film spedmens with knavn
textures, na currently avail able.

Fig. 3(a) showsa 0-20 scan from aBay7Sro3TiOs (BST) thin film deposited on
athin film of Pt on Si. The position d the 111gst ped is indicaed, and, despite the
strong overlap with the 1115 pe&, it is clea that the 1115t pedk is very week or absent.
This suggests that the film contains very little or no randamly oriented material but
consists of two popuations of grainswith (001) and (110) texture, respedively. Texture
profil es colleded usingthe 001, 110 and 002 ks are shown in Fig. 3(b) and indicate
that the two popuations are both highly textured with full widths at half maximum
(FWHM) values from 2.8°to 3.4 the agreement between the 001 and 002FWHM
valuesisgood (the FWHM vaues are accurate to £0.1°). If the texture profiles (corrected
data) are compared with the 6 scans (uncorreded data), the raw and correded data are
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Fig. 3 (a) XRD scan and (b) texture profilesfrom 36 nm BST film
the same within experimental error, indicating that for highly textured materials, the

uncorrected ‘rocking curve’ data ae an accurate measure of texture. However, thiswould
not be known withou the analysis methods described in this paper.
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