A RCHIVES O F M ETALLURGY A N D M ATERTIALS

Volume 50

I. TOMOV*

2005 Issue 1

ACCOUNTING FOR SECONDARY EXTINCTION IN XRD CHARACTERIZATIONS

OF TEXTURE AND MICROSTRUCTURE WITH
ANISOTROPY — RESPONSIVE METHODS

UWZGLEDNIENIE EKSTYNKCJI WTORNEJ W TEKSTURZE WARSTW ORAZ
MIKROSTRUKTURZE METODAMI ODPOWIEDZI ANOZOTROPOWE] W TECHNICE

»

DYFRAKCJI RENTGENOWSKIEJ

In studying textures of films extended knowledge is acquired about the anisotropy of
the secondary extinction (SE) coefficient g. It is deduced that the anisotropy of g is quanti-
fied by texture factor. The texture factor accounts comprehensively for the crystallographic
orientation and microstructural anisotropies of the sample. A dependence of coefficient
g on the incident beam intensity is found too. Taking advantage of a reflection pair, the
constituent reflections of which represent the same texture factors, anisotropy-responsive
methods are developed. These methods are used for improved XRD measurements of both
the SE coefficient and the texture factor of electrodeposited silver films.

Furthermore, the effect of SE on the reflection broadening is considered and a method
is described for eliminating the extinction induced enlargement in the integral breadth of
reflection. For the same films, a substantial increase of integral breadths is established for
the strong 111 and 200 reflections, while the weak 222 and 400 reflections do not change
their integral breadths under the same conditions..

Keywords: XRD, secondary extinction, texture factor, integral breadth, film, silver

Okreslenie wspéiczynnika g ekstynkcji wtérnej (SE) ma istotne znaczenie w bada-
niach tekstur cienkich warstw. Stwierdzono, ze anizotropia g jest okreslana ilo$ciowo przez
czynnik tekstury, ktéry w peini uwzglednia orientacj¢ krystalograficzna oraz anizotropie
mikrostruktury probki. W pracy okreflono réwniez zalezno$¢ wspéiczynnika g od inten-
sywnosci wigzki padajacej. Opracowano metody odpowiedzi anizotropowej wykorzystujac
par¢ odbi¢, ktéra reprezentuje taki sam czynnik tekstury. Metody te ulepszajag pomiary
tekstury technika dyfrakcji rentgenowskiej uwzgledniajac zaréwno wspétczynnik SE jak i
czynnik tekstury dla warstw srebra wytworzonych metods elektroosadzania.

Ponadto, rozwazany jest wplyw SE na poszerzenie odbicia oraz opi8sano metode elimi-
nacji ekstynkcji, ktéra powoduje zwiekszanie szerokosci profilu odbicia bragowskiego. Dla
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takich samych warstw ustalono zasadniczy wzrost szeroko$ci odbicia dla silnych reflekséw
111 i 200, podczs gdy stabe refleksy 222 i 400 nie zmieniajg swojej szerokosci w tych
samych warunkach pomiarowych.

1. Introduction

Extinction-affected intensities cause substantial systematic errors in the measured
quantities. Extinction was introduced to account for the reflecting power of a real crystal
with respect to the power described by kinematic diffraction [1]. Extinction in a mosaic
structure is power loss caused by the production of the diffracted beam. Depending on
the block size, one has to distinguish between primary extinction, which is extinction
within a single crystal block, and SE, which occurs when a ray reflected by one mosaic
block is subsequently reflected by another block with the same orientation [2].

As inherent property of spherical crystals the isotropic extinction was considered
to be only dependent on the Bragg angle [3]. It was found that the anisotropy of
SE coefficient, handled for the purposes of x-ray crystallography, depends on both the
anisotropy of domain orientation distribution and the anisotropy of domain shape [4,
5]. The influence of extinction and anisotropy of grain size on texture measurements
of 3% Si-Fe sheet textures was analyzed by Birson & Szpunar [6].

Considering the anisotropic behaviour of textured materials, Bun ge [7] showed
that macroscopic anisotropies result from the microscopic crystal anisotropies which
are averaged with the texture as weight function. Evidently, in the case of XRD mea-
surements the microscopic crystal anisotropies are related to the volume fraction of
identically oriented crystallites contributing to the probing direction of the sample, i.e.
by means of the texture factor of the same direction.

Due to high density of imperfections [8, 9], the textured materials exhibit pure SE
[10-13]. In addition, for the same reason, reflection broadening caused by crystalline
size and strains in textures is about two orders of magnitude larger than that in single
crystals which amounts to a few ten of seconds of arc [8, 14]. Moreover, one has to
point out that in the case of Gaussian distribution the standard deviation is employed
for determination of SE coefficient of single crystals, the reflection broadening of
which is however described by orientation distribution of crystalline blocks alone [15].
That is why, it is not justified to be expected that the structural model, used for
determination of the SE coefficient of single crystals [15], would adequately account
for the structural peculiarities of textures. So far, there has been no adequate method
for determination of SE coefficient in textures. Thus, for the purpose of measurements
of both the SE coefficient and the texture factor, anisotropy-responsive methods will
be developed which account adequately for structural peculiarities of textures. Further,
considerations will be made about the effect of SE leading to reflection broadening
and, in this connection an appropriate method will be described for eliminating the
extinction — induced enlargement in the integral breadth of reflection.
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2. Method for measurements of SE coefficient g in texture

According to theory [1-3, 15, 16], the extinction decreases the measured intensity
I, of a reflection with a factor y, the extinction factor, defined by

Ly = ylin. ¢

The factor y is always less than unity. However, its upper limiting value of unity
corresponds to extinction-free conditions, and the measured intensity is then equal to
the kinematic one, i.e. I, = I;;,. Hence, I;, is the intensity that a Bra g g reflection
would have if kinematic theory would apply exactly to the system being examined. In
the symmetrical Bragg geometry I;, has to be expressed as

Liin = PI,QS/2p, 2)

where Ij is the intensity of the incident beam, S is the cross section of the beam, Q is
the reflectivity per unit crystal volume, y is the ordinary linear absorption coefficient,
and P is the texture factor defined by the volume fraction dV/V of crystallites whose
< hkl >-poles fall into a (infinitely small) space-angle element dQ2 [17 - 20], i.e:

dv/V)/dQ = P. 3

Equation (2) is analogous to the well-known one

I, = LOS/2y, 4

which is derived under assumption of random distribution, i.e. P=1.
In the case of pure SE, Chandrasekhar [21] gave an expression for the
extinction factor y:

Y = pfpe, 5)

where p, is an effective absorption coefficient. In the symmetrical Bra gg geometry
with a plane parallel plate sample one should use the effective absorption coefficient
as a first order approximation for the SE correction & [16]:

pe =+ 20 (pa/p}) = p+e. ©)

Here g is the SE coefficient which depends on crystallographic orientation and
microstructure in the probing direction of textured sample. The symbol p, denotes the
polarization factor for incident x-ray beam that is monochromatized [16]:

pn = [1+ cos? (260) cos™ (26p)][1 + cos® (265)], (7)

where n =1,2,..., 6 and 6, are the Bragg angles of both the sample reflection and
the monochromator reflection, respectively. From (4) a formula follows for the SE
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correction & which has been derived by Darwin [1] and later, the polarization
pz/pf of the incident x-ray beam has been incorporated ine by Chandrasekhar
[21}and Zachariasen [16]:

£ =g0(p2/p}). ®)

Since the SE correction has the dimension of absorption, it introduces an en-
hancement to the effective absorption in the range of reflection (see right-hand side
of 4). The above equations will be used further for development of a new method for
determination of the SE coefficient.

Replacing Q by its corresponding expression from (2) transforms (6) into

& =kl (Pz/P%) ) (&)

where

k = 2gu/PIoS (10)

is an auxiliary extinction coefficient having the dimension of reciprocal volume. As
derived, (7) represents another form of SE correction which has been given a posteriori
by Bragg et al. [22]. From (7a) the expression

g = kPIyS/2u, (11)

follows which reveals explicitly the dependence of g on the texture factor P. The tex-
ture factor comprises implicitly the crystallographic and microstructural anisotropies
of constituent crystallites contributing to reflection. Acting together, anisotropy param-
eters such as size, shape, dislocation substructure, crystallographic orientation and
arrangement of the crystallites [7] synthesize the resulting anisotropy of g. Besides the
texture factor, g depends on the measurement conditions in terms of both the energy
IS of the incident beam and the wavelength which controls . The only way to unam-
biguously account for the anisotropic effect of the texture factor on the SE correction
is to determine g using measured intensities corresponding to a single crystallographic
direction. Thus, if k¥ and I;, are known, from (6) and (7) one obtains:

8 = klin/ O, (12)

which defines an anisotropy-responsive method for determination of g. In contrast to
Zachariasen’s method [15] for determination of g, the new method is based on
using the integral intensity and, hence, it accounts entirely for the structural peculiarities
of the texture. Another anisotropy-responsive method for &, I;,, and P determination
will be described below.
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3. Expressing the k, Ij;, and P with measured intensities of
a reflection pair

With (5), (6), and (7) introduced consecutively into (1), the measured intensity I,
is expressed by

In = {uf[1 + kliin (P2 P?)]} Hiin: (13)

Equation (13) has two unknown quantities - the auxiliary extinction coefficient
k and kinematic intensity Ii;,. They will be expressed using a reflection pair. The
reflection pair consists of two reflections corresponding to a single < hkl > direction.
Eq. (13) is then rewritten as:

L, = {#/ [.U + kI, (Pz/P%)’]} Liins (14)

L= {#/ [ﬂ + ki, (pz/p?)']} Lin (15)

for the first and second order of reflections, respectively. These represent two indepen-
dent equations. Since the crystallites contributing to a reflection pair are the same, the
texture factors of the respective reflections are identical. Then the relation holds:

"

Illcin/ll;lin i I;/Ir (16)

which connects the kinematic intensities I,, and I, of a textured sample with those

(I, and I') corresponding to the same reflection pair of random distribution. For I,
and I,:in we have:

i = {uf |1 = K0, (] %) |} 2o an

in = {ufl1 = 0 (paf2) |} . (18)

Dividing the expressions for I,'u.n and I,:in from (12), respectively, and taking into account
the connecting relation (16), yields

e [ o T

Once determined, the auxiliary extinction coefficient k can be employed for cal-
culation of the kinematic intensities from (17) and (18), the SE coefficient from (12),
the SE correction from (7), and texture factors defined below.

Using the ratio of only the kinematic intensities of textured sample (2) and random
distribution (4), one defines extinction-unaffected texture factor P:

P= Ikin/lr- (20)
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The texture factor P,, is defined by using the extinction-affected intensity I,,:
P, = L,/I,. @2n
Since P is the extinction-unaffected texture factor, the difference
P-P,=AP (22)

is used as a measure of the extinction-induced systematic error in texture factor deter-
mination.

4. Expressing the extinction-induced reflection broadening using
the measured integral breadth

Here, considerations will be made about the effect of SE leading to reflection
broadening and, in this connection an appropriate method will be described for elimi-
nating the extinction-induced enlargement in the integral breadth of reflection. Taking
into account (1), from (9) one obtains that

& = k(Uny) (p2[P}) (23)

depends explicitly on the measured intensity /,,. However, due to the variation of the
measured intensity /,2¢ along the reflection profile, the SE correction &5 has to be
presented as a quantity varying within the reflection range, i.e.

£20 = kag (Im20/y20) (P2[P?) . (24)
where 20 is the diffraction angle and the particular values, &4, fulfill the condition

A20

£= f £20d (26). (25)
0

The interval [0, A26] includes all &5 > 0. According to the right-hand side of (6),
the effective absorption coefficient is thus also a quantity varying within the reflection
range:

He2g = [+ E2g. (26)

Due to variation of the SE correction, the effective absorption coefficient y, 5 attains
highest value, z; max, at the maximum of reflection 26p. This implies that the measured
intensity I,,mqx at the reflection maximum suffers the highest reduction among all
measured intensities.

Now, using the above knowledge we shall substantiate the extinction-induced
broadening by means of the measured integral breadth of reflection. The integral
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breadth B,, is defined by the area wl,, under reflection divided by the intensity I max
at the maximum of reflection [23]:

Bm = C‘)Im/lm,max, (27)

where w is the scanning speed. Due to the extinction-affected intensities (Z,,, Lnmax)s
B,, is also an extinction-affected integral breadth. Since the denominator, T max, In
the integral-breadth formula (27) suffers the highest reduction among all measured
intensities, the integral breadth B, has a larger value with respect to an integral
breadth B, the correct one, corresponding to the extinction-free conditions.

The next considerations are intended to be derived a relationship between the re-
flection broadening affected by extinction and that one corresponding to extinction-free
conditions. Introducing I, from (1) transforms (27) into

B, = yCUIkin/Im,max- (28)
According to (1), one can write:

Im,max = }’maxlkin,max, (29)

where ynax is the extinction factor corresponding to the reflection maximum, and
Ikinmax 1s the kinematic intensity at the reflection maximum. Replacing I, max With its
corresponding expression from (29) transforms (28) into

By = (¥/Ymax) B. (30)
where the integral breadth

B= Cl)Ikin/Ikin,max (31)

is defined by the kinematic intensities and, hence, it is not affected by SE. Thus, for
the purpose of B determination one needs two extinction factors. While the y factor
is an averaged over the range of the reflection, the factor yy,. corresponds to the
maximum of the reflection. The calculation of these factors can be done by using the
reflection-pair method. The difference

AB. =B,-B 32)
defines the extinction-induced enlargement ABe which is actually an extinction-induced
systematic error in the measured integral breadth of reflection.

5. Experimental

For the purpose of this study electrodeposited silver films were used as model
samples. The films represent < 111 > (sample Ag2RE) and < 100 > (samples Ag2K
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and Ag3P) main texture components. To precisely indicate the extinction-induced
broadening, the reflections are measured with a standard X-ray diffractometer using
single-component CuKg-radiation separated by graphite monochromator. The thickness
of the films was about 40 um.

The change in the effective absorption coefficient of a reflection will reflect in x-
ray penetration depth [12]. Depending on the texture factor and energy oS of incident
beam, the effective x-ray penetration depth of the samples under study vary between
6.7 ym and 8.7 um for the low-angle B ra g g reflections (111 and 200) and between
8 um and 13.8 um for the high-angle Bragg reflections (222 and 400).

6. Results and Discussion
In this section we shall accentuate successively on both the systematic error in

texture — factor measurements and the anisotropic nature of the coefficient g. Figure
1 shows the 111222 reflection pair corresponding to the main < 111> component of
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: 5000 316 € [cm"] 46 -1500
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=
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) I ... = —— 0

Diffraction angle 20 []

Fig. 1. 111222 reflection pair corresponding to the ideal direction of the main <111> texture
component of an electrodeposited Ag film (Ag2RE): hkl are the Miller indices of refiection; g is the SE
coefficient; e[cm™!] is the SE correction; P,, is the extinction-affected texture factor; P is the
extinction-unaffected texture factor; u[cm™'] is the ordinary linear absorption coefficient of Ag. The
measurements were performed with CuKg-radiation separated by graphite focusing monochromator

an electrodeposited Ag film (Ag2RE). With respect to the ordinary linear absorption
coefficient, the SE correction amounts to about 16% for the 111 reflection and to about
2.4% for the 222 reflection. The texture factor P must be the same for a reflection
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pair since it is a sample property independent of the SE. In contrast to P, P,, is
extinction-affected. Evidently, higher SE correction causes higher systematic error AP
in the measurements of the texture factor P,,.

TABLE

Relative extinction-induced errors (AB,/B,,) % of 111 and 200 reflections measured under different
x-ray tube ratings [W], B (minutes of arc) is the integral breadth unaffected by extinction and Py is the
texture factor of electrodeposited silver films representing respectively < 111 > and < 100 > main
texture components

(AB;/Bw) %
Sampl hkl P
MRS L 240W | 400W | 560 W
AgZRE 111 235 10 14 18
Ag3P 200 | 749 2 4 7

The value of the coefficient g is related to the texture factor P. Like P, g has the
same values for the two reflections of the reflection pair corresponding to a crystallo-
graphic direction. This result confirms cogently the directional dependence of g and,

hence, its anisotropic nature.

22000 -
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Fig. 2. Secondary extinction coefficient g vs. the ratio Iy,/Iy;, where Iy, is the incident-beam intensity
corresponding to the lowest x-ray rating (=240 W) used by the first experiment, and Iy, is the
incident-beam intensity of experiment i/ = 1,2,3,4. Three sets of experiments are performed under
different values of the texture faxctor P. The measurements were perfomed with CuKg-radiation
separated by graphite focusing monochromator
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Now let us point out that while the values of SE coefficient, observed in various
single crystals, are in the range 200-1000 ([8] and references therein), the values of
g, observed here, are in the range 1000 — 22000 as evident from Figure 2. Figure
2 presents a plot of g vs. the ratio Iy/Iy,1, where I is the incident-beam intensity
corresponding to the lowest x-ray tube rating (=240 W) used by this first experiment,
and Io; is the incident-beam intensity of experiment i = 1,2,3,4. The curves illustrate
the dependence of g on both the texture factor and the incident-beam energy (see (11)).
Evidently, the texture factor P is the parameter that contributes dominantly to the value
of g.

Table 1 shows the texture factors and the relative extinction-induced reflection
broadening (AB,/B,,)% measured under different x-ray tube ratings W. For the 200
reflection of Ag3P film representing rather high texture factor Pig, the relative
extinction-induced broadening (AB,/B.,)% is less pronounced than that one measured
at 111 reflection of another silver film (Ag2RE) representing more than three times
lower texture factor Pj;; with respect to the former case. These results reveal that
the reflectivity Q and texture factor P together contribute to the extinction-induced
broadening of the strongest low-angle Bragg reflections. However, the reflectivity Q is
the parameter that dominantly contributes to this effect.

7. Conclusions

The findings given below summarize the key results about the nature of SE:

The SE coefficient g is anisotropic parameter quantified by the texture factor P.
Since the reflectivity Q and texture factor P are distinctive features of reflection,
the SE correction ¢ is formally a parameter of the reflection.

e There exists an extinction-induced broadening of the strong low-angle Bragg re-
flections corresponding to the directions of the main texture components.

e Both the reflectivity Q and the texture factor P together act respectively as first
and second rank parameters on the extinction-induced enlargement AB; which is
actually an extinction-induced systematic error in the integral breadth of reflec-
tion.

e The extinction parameters g and & as well as the extinction-induced errors AP and
AB, increase with raising the energy /oS of incident beam. '

OUTLOOKS

e The SE correction offers a possibility either existing methods to be reconsidered
or new ideas to be developed.

e Future application of the SE correction in the diffraction pole figures would provide
for their refinement and, hence, for improved quantification of the texture.

e No problem related to using the integral intensity can be solved correctly in textures
if the SE is not taken into account.



157

Acknowledgements

The author thanks Mrs. T. Bojinova for her technical assistance.

REFERENCES

[1] C.G. Darwin, Phil. Mag. 43, 800 - 824 (1922).

[2] TM. Sabine, International Tables for Crystallography, C 530-533 (1992). Dordrecht:
Kluwer Akademik Publishers.

[3] PJ. Backer, P. Coppens, Acta Cryst. A30, 129-147 (1974).

[4] P. Cppens, W.C. Hamilton, Acta Cryst. A26, 71-83 (1970).

[S] PJ. Backer,P. Coppens, Acta Cryst. A31, 417-425 (1975).

[6] M. Birson,JLA. Szpunar, J. Appl. Cryst. 31, 163-168 (1998).

(7] HJ. Bunge, In Directional Properties of Materials, edited by Bunge H. J., pp. 1-63.
(1988) Oberursel 1: DMG Informationgeselschaft mbH.

[8] P.B. Hirsch, Progress in Metal Physic. 6, 275-339 (1956).

91 RWL. Hinton, H. Schwartz, J.B. Cohen, J.Electochem. Soc. 110, 103 - 112
(1963).

[10] I. Tomov, K. Ivanov a, Textures and Microstructures 26-27, 59-70 (1996).

[11] V. Yamakov,I. Tomov,J. Appl.Cryst. 32, 300-308 (1999).

[12] 1. To mov, Mater. Sci. Forum 378 - 281, 192 -197 (2001).

[13] D.C. Meyer, A. Kupsch P. Paufler, J. Synchrotron Rad. 10, 144 — 147 (2003).

[14] A. Palmer, W. Jauch, Acta Cryst. A51, 662-667 (1994).

(15] WH. Zachariasen, Theory of X-ray Diffraction in Crystals. New York: Wiley,
(1945).

[16] WH. Zachariasen, Acta Cryst. 16, 1139-1145 (1963).

[17] H.J. B un ge, Texture Analysis in Materials Science. London: Butterworths, (1982).

[18] H.J. B un ge, Textures and Microstructures. 29, 1-26 (1997).

[19] M. Jdrvinen, M. Merisalo, A. Pesonen, O. Inkinen, J. Appl. Cryst. 3,
313-318 (1970).

[20] V. Valvoda, Powder Diffraction 1, 28-32 (1986).

[21] S. Chandrasekhar, Advances in Physics 9, 363-385 (1960).

[22] WL. Bragg, RW. James, CH. Bosamgquet, Phil. Mag. 42, 1-17 (1921).

[23] Max von Laue, Ann. Phys. (Leipzig), 26, 55-68 (1936).

Received: 24 January 2005.





