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ABSTRACT

A method of investigating thin film crystallographic texture by electron diffraction is
reviewed. The reciprocal lattices of fibrous and lamellar textured thin films are spherical belts
around the texture axis. Equations describing the projection of the spherical belts onto the
Ewald sphere along the texture axis direction are presented. Based on these equations the
geometric and intensity evolution of the electron diffraction patterns with the tilt angle about
an arbitrary axis in the film plane can be analyzed in a systematic way. The geometric
characteristics of the electron diffraction patterns are then used to derive the texture axis
directional index and its angular distribution. The way to determine the equal-intensity
circular arcs on the diffraction pattern is also discussed. This method can be applied to both

single layered and multilayered thin films of various applications,

1. Introduction

The orientations of grains in polycrystalline thin films usually have a preferred orientation.
This preferred orientation can be either a crystallographic direction fuvw], i.e. fibrous texture,
or a reciprocal lattice direction fhki]*, L.e. lamellar texture, which is the normal direction to
(hkl) planes in real space. For thin films the reference direction is usually the normal
direction to the substrate surface. In this paper we review a method of investigating thin film
fibrous and lamellar texture by electron diffraction. Both the geometric and intensity

characteristics of electron diffraction patterns of the textured thin films wiil be discussed.
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2. Reciprocal Lattice of Fibrous and Lamellar Textured Thin films

This section presents a unified method of constructing and indexing the reciprocal space of
fibrous and lamellar textured thin films [1]. We assume that the texture axis R=ua+vb+we
=[uvw] or Guyp = R'a*+k’b*+'c* = [h'k’l’']* is distributed within an angle of &. For an
{hki} family with a multiplicity factor of P there are N reciprocal spherical belts around the
texture axis on the fhklj reciprocal sphere with a radius of Gyuy = I/dwu, where N is the
number of distinct angles between the fAkl) plane normal and the texture axis direction.
These N reciprocal spherical belts can be indexed as hkl;, i = 0, 1, 2, 3 .. N I for {hkl}
having at least one plane 90°to the texture axis and i = 1, 2, 3, .. N for {hkl} that has no
planes 90° to the texture axis. Here, i is in the order of decreasing angle values p; (Fig. 1),

which can be calculated by
cos Pi = Ruyy +Gagi/RG iy = (h,-u+kiv+l;w)/RG(;,k,/= ni/RG (la)

for a fibrous texture (where n; is an integer) and

cos Pi = Guwor » G AGrirGuy) = (hit' +ky'+lw’) AGrwrGmy) (ib)
for a lamellar texture, where u'a+v’b+w'c = h'a®*+k’'b*+1'c* .

The ith reciprocal belt consists of P; of fhkl} planes. It is obvious that

p="Sp @
Gorl
and NSM<P, P;z p;, where M is the maximum possible number of distinct angles between
{ww] or [R'k’I]* and {hkI} planes, p; is the minimum number of planes in {hkI} being in the
ith spherical- belt. Tables 1 and 2 summarize M and p; between any given [uvw] and/or
[n’k’I’]* and an {hki} family of planes for cubic and hexagonal systems, respectively [1,2]. In
Tables 1 and 2, the order for the p; is from N or N-1 to I or 0 and for n (n > 2) consecutive
spherical belts having the same p; it is written as p; x 7. In addition, a p; with an asterisk

indicates the planes are 90° from the texture axis.
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Fig. 1. The hkl; reciprocal spherical belt of an fhkl} for a fuvw] or [R’k’l’]* textured film.

Table 1. Maximum number of distinct angles between any given direction/plane and
all the faces of a given plane family in cubic system and the p;

Direction [uvw] [uuw] [Ovw] [110] [111] [001]
Plane [hkI]* [hhl]* [Oki]* [110]* [111]* [001]*
{hkl }(24)  24(1x24) 12(2x12)  12(2x12) 6(4x6) 4(6x4) 3(8x3)
{hhl}(12)  12(1x12) - 7(1,2x5,1) 6(2x6) 4(4,2,42%)  3(3,6,3) 2(4,8)
{OKI}(12) 12(1x12)  6(2x6)  8(1x2,2x4,1x2) 4(2,4x2,2)  2(6x2) 3(4x2,4%)
{0kk }(6) 6(1x6) 4(2,1,2,1%) 4(1,2x2,1) 3(1.4,1%) 2(3,3%) 2(4,2%)
{hhh}(4) 4(1x4) 3(1,2,1)  2(2x2) 2(2,2%) 2(1,3) 1(4)
{001}(3) 3(1x3) 2(1,2) 3(1x2,1%) 2(2,1%) 1(3) 2(1,2%)
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Table 2. Maximum number of distinct angles between any given direction/plane and
all the faces of a given plane family in hexagonal system and the p;

Direction [uv.w] [uu.w] [Ov.w] [uv.0] [11.0] {01.0] [00.1]

Plane [hk.17* [hh.I]*  [Ok.1]* [hk.0]* [11.0]*  [01.0}*  [00.1]*

{hk1}(12)  12(1x12) 6(2x6) 6(2x6) 6(2x6)  3(4x3) 3(4x3) 1(12)
{hh.1} (6} 6(1x6)  4(1,2x2,1) 3(2x3) 3(2x3) 2(2,4) 2(4,2%) 1(6)
{0kl } (6) 6(1x6) 3(2x3)  4(1,2,1,2) 3(2x3) 2(4,2%) 22,4) 1(6)
{hk.0}(6) 6(1x6) 3(2x3)  3(2x3) 6(1x6) 3(2x3) 3(2x3) 1(6%)
{hh.0}(3) 3(1x3) 2(1,2) 2(2,1%  3(1x3) 2(1,2) 2(2,1%) 1(3%)
{0k.0}(3) 3(1x3) 22,1y 2(1,2) 3(1x3) 2(2,1%) 21,2) 1(3%)

{00.13(1) (1) HeY) 1Y) 1(1%) 1(1%) 1(1%) 1(1)

3. Evolution of the Electron Diffraction Pattern with Tilt Angle

For polycrystalline thin films electron scattering can be regarded as kinematical [3]. For an
incident electron beam with a wavelength of A, the integrated diffraction intensity on the
Ewald sphere for the ith reciprocal belt can be written as:

sin? 7ms
(7s)?

Tt Fa
o A DiP(——)? dA
T Gl ®

3

where Iy is the incident electron beam intensity, Fj the structure factor for {hkl}, V. the
volume of the unit cell, ¢ the film thickness, s the deviation parameter along the film thickness
direction which we also assume to be the texture axis direction, D; the number of grains per

unit area for the ith spherical belt, dA(s) is the area element. For the ith spherical belt:

n

D=t
4nGua’ sin o sin pi

1C))
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where n is the total number of grains, which are identical and uniformly distributed. We
define in Figure 2 the coordinate system and parameters needed to determine dA(s). In Fig. 2
the incident electron beam direction is along the z axis, the tilt axis in the film plane is along x
axis, the Ewald sphere is the x-y plane (s = 0 ), ON is the texture axis direction, its projection

along z axis on the x-y plane is the y axis, fis the tilt angle. From Fig. 2 the following can be

derived:
§ = Guusin@/cosf, s;= S cosp mw2262-m2 (5a)
dA(s) = @(s) Guicos6d0= w(s) Gucosf ds (5b)

where @(s) is the angle subtended by the circular arc which is the intersection of the spherical
belt with the circle of radius of Guucos@at z = s, It should be pointed out that all points on

this circle have the same s value given the tilt angle 5.

w(s)

!

Ewald Sphere

Figure 2. The hkl;reciprocal belt of an {hki} after the texture axis is tilted about the x axis

from the incident electron beam direction (i.e. z axis).



The integrated electron diffraction intensity from the itk spherical belt is distributed on the
Ewald sphere in a region defined by the projection of the spherical belt along the film
thickness direction, i.e. texture axis direction in this discussion. This projection is an elliptic

band bounded by the following ellipses (Fig. 3):

xl y2
=1
(Guusin{ i + a0))? * (Gusin pi + @)/ cos B)°
(6a)
x + Y =1
(Gumsin(pi—a))*>  (Guisin(pi — )/ cos B)*
(6b).

On the other hand the projection of the constant s circle of radius Guucos@ ( also see Fig. 2,
the portion of this circle intersected with the spherical belt diffracts with the same intensity for

a given tilt angle ) along the texture axis on the x-y plane is an off-center circle:

x* +(y+ Gy sinbigB)? = (G, cos9)?
nl2z62-n/2
N.

For the 5 = O circle where the Bragg law is exactly satisfied, its position is independent of the
tilt angle B In fact it is the circle defined by the intersection of the Ewald sphere with the
reciprocal sphere of fhkl}. The s = 0 circle is also the Akl diffraction ring for thick and non-
textured films. The intersection of the constant s circle with the elliptic band described by Eq.
(6) is constant intensity circular arcs (see Fig. 3). In addition, the @(s) at given 8 and S s the
angle subtended by the circular arcs, which can also be determined by the solution of Egs. (7),
(6a), and (6b).

‘We now apply Egs. (3)-(7) to some special cases.

i. Case for which f=0
‘When the texture axis is parallel to the incident electron beam,

§ =8, = G sin6, and &(s) = 2w 1/2—(pi~0) 2 0 2 72— (pi+01).
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The diffraction intensity now distributes on the x-y plane in a circular band with
Gpu sin{pi+0t) 2 R2 Gy sin(p;-¢).  Any circle in this circular band now is a constant intensity

circle. The integrated intensity for the ith spherical belt is:

G () .
T AnPi Fw , P sin® mts d
o

o
Io % 2sinrsin pGur - Ve vy B)

(8).
X
A
S
s=0—
thlsin pi+0£) thl
K
Gudsin(p;-o))/cofp isin(pi+ao)/c
Y < e > >

Grsin(p;-o)

Figure 3. Projection of the ith reciprocal belt along the film thickness direction on the Ewald

sphere and the equal intensity circular arc @ (s).
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For p; = /2 and s = 0 circle which has a radius of Guy, the radius of the corresponding

diffraction hkly ring 1uq on the screen is related to Gy = 1/dyy by

LA = ry/Ghu 9)

where LA is the camera constant. Also the indices of the texture axis direction can be

determined using following conditions:

hu+kv+iw=0 for fibrous texture (10a)

' +kv'+w' =0 for lamellar texture (10b).

It should be noted that at least three hkly rings are needed to determine [uvwj or [u'v'w’] =
[hkl]* by Eq. (10). For a lamellar texture it is ofien the case that there are no (hki) planes
satisfying Eq. (10b).

ii. Case for which p; = 22
FromEqgs. (6 ) and (7) we have:

Whits(0) = 277 B<a

sin (W, (0) ) = sinddsinfi f>a (11
and the @uf0) is bisected by the tilt axis OT as shown in Figs. 4a and 4b. Thus the
distribution angle ¢ could be determined by the measured @(0) from the diffraction pattern

at given Sand Eq. (11).

iii. Case for which p, = %2

Similarly for any hkl; spherical belt we have

Whi(0) = 0 B <m/2—(pi+e) (12a)

cos(@h; (0)/2 ) = cos(pi+a)sinf T2~(pi—a)> B >/ 2—(pi+r) (12b)
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@ 0)= cos (cos( pi+ a/sinf)-cos” (cos( p-00)/sin3) B> n2-(p—a) (12¢).

The arc described by Eq. (12b) is bisected by y axis ( Fig. 5a ). Eq. (12¢) defines two arcs
symmetric about y axis (Fig. 5b ). The angle & between the center point of the two arcs and y

axis can be determined by:
cos (&) = cos(p)/sinf} B> m2—(pi-x) (12d).

From Egs. (12b), (12c), and (12d) we can also determine ¢ and texture axjs indices

experimentally.

1(0)
t
s = 0 circle

2 T

(a) )

Figure 4. (a) hkly s = Oring, B< o, (b) hklys = O arc, B> ax.
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Figure 5. (a) hkl; s = O arc , W2-(p-0x )> B >m2-(p+ ), (b) hidl; s = 0 arc, f> #2-(p-a).

4. [011] textured Ta and (10 11)CoCrTa/(011)Cr

This section presents diffraction patterns of a [011] fibrous textured thin film (for cubic
systems there is no need to distinguish fibrous and lamellar texture since [hki}/[hkl]* ) of bec
Ta(a =0.303 nm ) [4,5} and a CoCrTa/Cr bi-layer film, where the CoCrTa (kep, a = 0.2507
nm, ¢ = 0.4070 nm) is (10 Tl) lamellar textured and the Cr ( bec, a = 0.2885 nmy) is (0/1)
textured [5, 6]. The 100 nm thick [011] Ta film is sputter deposited on a glass substrate at
550 C*. Figures 6a and 6b are the diffraction patterns of the [011] textured Ta film at 0° and
54°tile. Fig. 6b indicates that this film alsa has some randomly oriented grains. Our on going
research is to use dark field images taken from the diffraction ring due to randomly oriented
grains and that from the diffraction arcs due to textured grains to deduce the percentage of
gains having certain type of texture. From Fig. 6b the distribution angle a for the [011]
textured axis is determined to be J0° using Eqs. (11) and (12). The CoCrTa(40 nm)/Cr(100
nm) bilayer film is also sputter deposited on a glass substrate but at 150 C° Figure 7 is the
diffraction pattern of the (10 11)CoCrTa/Cr(011) bilayer film at 50° tilt. Both of the
[10 I1 J* and [011] texture axis have a distribution angle of 6° We also applied this
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Fig. 6. Electron diffraction patterns of a [011] textured bce Ta film at (a) 0°and (b) 54 °tilt.

Fig. 7. Electron diffraction pattern of a (10 11)CoCrTa (hep)(011)Cr(bec) bilayer film at
50°tilt.
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technique to crystallographic texture study of CoCrPt/Cr bi-layer films which have been used
as media for longitudinal magnetic recording [7] and FeMn/NiFe/Co/Cu/Co/NiFe/Ta/Si spin
valve multilayer films which have been used as high density magnetic recording read

clements [8].
5. Summary

We have reviewed a method of investigating thin film crystallographic texture by electron
diffraction. 'The approach is based on a detailed analysis of intensity weighted reciprocal
space and its projection along the texture axis onto the Ewald sphere. Examples. of [011]
textured Ta ﬁnd CoCrTa f10 I17*%Crf011] have been presented. The concept of equal
intensity circular arcs has been introduced which will be useful for electron diffraction patiern

analysis of very thin films.
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