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X-ray diffraction is used extensively to determine the residual stress in bulk or thin film materials on the as-

sumptions that the material is composed of fine crystals with random orientation and the stress state is biaxial and

homogeneous through the x-ray penetrating region. The stress is calculated from the gradient of & ~ sin?4) linear

relation. But the method cannot be used in textured films due to nonlinear relation. In this paper, a novel method is

proposed for measuring the multiaxial stresses in cubic films with any [hkl] fibre texture. As an example, a detailed

analysis is given for measuring three-dimensional stresses in FCC films with [111] fibre texture.
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1. Introduction

Metal films have been used extensively in micro-
electronics and data storage devices because of their
electronic, magnetic and optical properties. Residual
stress in metal film is an yardstick for the reliability
of the film/substrate systems. Large residual stress
can cause a number of significant reliability problems
such as voiding,[! 3! cracking,!*! hillocking/®®! in the
film, and buckling or delamination of the film from
the substrate.[”] If the temperature changes in these
systems, thermal stress develops in the film because
of a mismatch in the thermal expansion coefficients
between film and substrate.l’] A large temperature
change produces large stress which may induce plastic
deformation as well as creep deformation in the film.!*!
The evaluation of the magnitude and state of residual
stresses in thin film is essential to guarantee the reli-

ability of microelectronics and data storage devices.

In general, residual stress is determined with x-
ray diffraction from the measurement of the peak po-
sitions of high-angle reflections as function of the angle
1) between the normal of the specimen surface and the
normal of one selected diffracting plane. The experi-

mental results are then presented in a plot of the plane

distance d (or lattice strain ¢ = 0) versus sin? ¢

0
(the so-called sin” ) method). If the material is com-

posed of fine crystals with random orientation and the
stress state is biaxial and homogeneous through the
x-ray penetrating region, an e — sin” 1 linear relation
will be obtained. The stress is calculated from the
gradient of & — sin® ¢ relation with the help of x-ray
elastic constant (x-REC) which can be determined ex-
perimentally or derived from single-crystal elastic con-
stants. However, nonlinear ¢ — sin? ¢ relations have
been reported extensively, such as a splitting for posi-
tive and negative 1 values due to the presence of shear
stresses, 19111 a curvature resulting from the presence
of a stress gradient normal to the surface*?! and oscil-
lations on the textured materials.['3] The conventional

sin? ¢ method cannot be adopted in such cases.

Physical or chemical vapour deposited (PVD or
CVD) films are well known to have fibre texture,
that is a specific lattice plane is taken to be paral-
Ohmi et al found that Cu
films with (001)- and (111)- preferred orientation were

lel to the film surface.

grown on Si substrate by a low kinetic energy particle
process.' Tracy and Knorr discussed the observed

texture response of Cu films deposited by a variety
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of techniques, and in general, (001)-, (011)-, (111)-
and (511)-oriented films dominated the response.!!]
In previous papers, we made calculations of the strain
energy['6l and surface energy!'”! for various grain ori-
entations relative to the film surface in a polycrys-
talline film composed of the face-centred cubic (FCC)
metals, Cu, Al, Ag, Au, Ni, Pb and Th. The results
showed that the (111) texture is induced by surface
energy minimization, but the (001) and (011) texture

is driven by strain energy minimization.

In this paper, a novel method is proposed for mea-
suring the multiaxial stresses in cubic films having any
[hEl] fibre texture with the fibre axis perpendicular to
the film surface. As an example, a detailed analysis is
given for measuring three-dimension stresses in FCC
films with [111] fibre texture.

2.Theory

Three orthogonal coordinate systems used in the
following discussion are shown in Fig.1, The specimen
coordinate system (S;) is defined such that S; and S
axes are in the film surface and S35 axis is perpendic-
ular to the film surface. The laboratory coordinate
system (L;), in which diffraction is sampled, is de-
fined such that L5 is in the direction of the normal to
the family of planes (h'k’l") whose lattice plane dis-
tance d is being measured by x-ray diffraction, Lo is
in the film surface and makes an angle ¢ with S5. The

texture coordinate system (7}), which is transformed

hl

from cubic crystal axes (4;), is selected such that the
fibre axis [hkl] is taken as the T3 direction, Tj is in

the film surface and makes an angle 8 with S;.

Fig.1. Three orthogonal coordinates of specimen sys-
tem (S;), laboratory system (L;) and texture system

(T).

w
specimen system (S;) laboratory system (Li)’
Y
T
texture system (T}) 2 crytatal axes (4;) ]

Fig.2. Various coordinate systems and transforma-

tion matrices.

The transformation matrices from (4;) to (T}),
(T3) to (S;), (S;) to (L;) and (T}) to (L;), which are
indicted by the arrows in Fig.2, is given by

kl Vh2 + k2

Vh? + k2\/f;€2 +k2+12 VR + k2\/}fll2 + k2 + 12

(ai;) = —W W (l) ) (1)
NEFSEEaD NEeEEE (S
cos sinfB 0
(mij)=| —sinfB cosB 0 |, (2)
0 0 1
cos¢pcosy singcosyy —siny
(wij) = —sin ¢ cos ¢ 0 ) (3)
cos¢siny singsiny  cosy
cos(¢ + B)cosyp sin(¢p+ B)costyp —siny
(Vi) = (Wim) (M) = —sin(é + B8) cos(¢ + B3) 0 ) (4)
cos(¢p+ B)siny sin(¢ + B)siny  cosep
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where 1) is the angle between S3 and L. For the [hkl]
fibre texture with the fibre axis perpendicular to the
film surface, S3 axis coincides with T3 axis as shown
in Fig.1. Because Lj is selected along the normal to
diffracting plane (h'k’l’), the tilt angle ¥ can be cal-

L3 =vy3ran;A;

hl .
N {\/h2+k2\/h2+k2+l2 cos(¢ + () sinyp —

kl
+
[VM+k%%W+W+P
Vh? + k2
h2 + k2 42

cos(¢ + B)siney +

cos(¢p + B)siny —

In the x-ray method, the macro-stress op, is
determined from measurement of normal strain e},
along L3 direction. From the relations between stress
and/or strain

L _ T
€33 = V3iV35€4;5
T_.T _T
€55 = SijklOkls

T _
Okt = TpkTqlTpq>

we can get

L _ T
€33 = Y3i735SijkiTpkTqlOpg- (10)

The stress and strain tensors are denoted by (o35, €;5),

(o, k) and (0';-1;-, 5;5) for (Si), (Li) and (T;) coordi-

17y “ij
|

Tensor notation : 11 22

Matrix notation: 1 2

At the same time factors 2 and 4 are introduced as

follows:

Smnop = Sij When ¢ and j are 1, 2 or 3,
28mnop = Si; When either ¢ or j are 4, 5 or 6,

48mnop = Si; When both 7 and j are 4, 5 or 6.

The arrays of s;; form 6x6 squares.

For the materials with cubic structures, only 3 (s11,

k
VTR
h
ViR

l
v .
NEE P
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culated by
hh' + kk' + 1
cos) = i (5)

\/(h2+k2+l2)(h’2+k’2+l’2)7

from Eq.(1) and (4), the L3 direction can be presented
in crystal axes (4;) by

sin(¢ 4+ B) siney + cos 1/1] Ay

h

sin(¢ + B) sin®y + cos 1/1] As

k

os| As. (6)

nate systems, respectively. The compliance S;ijl for
the (7;) coordinates is related to the elastic compli-

ance Smnop il the (A4;) coordinates by!18!

(11)

T _
Sij kl — @imAjnAkoQlpSmnop,

where the summation is taken from 1 to 3 for re-
peated subscript indices, the 81 compliances of s,,,p0p
(or s}}kl) form a fourth-rank tensor and the first two
subscript can be abbreviated into a single one running
from 1 to 6, and the last two can be abbreviated in

the same way, according to the following scheme:

33 23,32 31,13 12,21
3 4 5 6

s12 and s44) of the 36 components s;; are independent,

s11 S12 s12 0 0 0
S12 S11 S12 0 0 0
Sf}lb _ | 1z sz su 0 O 0 (12)
0 0 0 s44 O 0
0 0 0 0 s44 O
L0 0 0 0 0 sy |

In this case, Eq.(11) can be rewritten in the form

1
siTjkl =0;;0k1512 + Z((Sikfsjl + 6:10k)S4a
(13)

+ AisQjsAksQsS0,
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where J;; is the Kronecker delta function defined by ered,
. 011 012 013
L (1=17),
0ij = 0 (i#7) (14) (0ij) = | 012 022 023 (16)
013 023 033
= L 15
50 =511 ™ S12 7 5 84 (15) we can obtain the following equation by substituting
If a general three-dimensional stress tensor is consid-  Eq.(2) into Eq.(10):

L 2 T T T 2 T T 2 T 2 . . 2
€33 =(731511 T V31732516 + V31733515 + V32512 + V32733514 + V33513) (011 €08~ B — 012 5in 23 + 023 5in” )

sin 2ﬂ>

+ (7313?6 + 731732856 + 7317333555 + 7%2536 + 7327333:{6 + 73%33;6) <011

+ (3
+]
+ (73
+(

3. Example

As an example, consider a cubic film with [111] fibre texture. The transformation matrix a]1

to (T;) can be obtained from Eq.(1),

a

Slmg -5l

sin 23
2

2 T T T 2 T T 2 T
V31513 T ¥317V32836 T V31733535 + V32523 V32733834 + V33533) 033

Sl -5 -

From Egs.(11)—(15), the matrix representation of s;-l;-kl is

where s7.

ij

T
S11

T
S12

T
S13

T
515

T
533

T

S44 =

1 1

5811 + 5512 + 1844,
1 n 5 1

—~s ~S12 — —=§

6 11 6 12 12 44,
1 n 2

-5 —S12 — =8
351 T 3812 — FSu4,

———S11 + —5S12 + —/—S44,

1

3
4

3

3 3 6
2 1
=811 + 5812 + 5844,
4
=511 — 5512 + 5544~

sa sis 0 s1s 0
S 513 0 —s1s 0
sfy sy 0 0 0
0 0 sk, 0 —2s7y
-5 0 0 e 0
0 0 —2sf; 0 2(s1; — s12) |

V2

. is related to the compliance of cubic crystals s,,,, by

V2 V2

+ 012 cos 20 + 022

151+ 731732536 + 7317335}5 + 73%23;4 + Y32733544 + 73%333T4)(013 sin 3 + 023 cos m

7313?2 + 731732336 + 731733535 + 73?23;2 + 732733834 + 7;?35;3)(011 sin? B + 012 sin 23 + oa9 cos? B)

(V31515 + V31732556 + V31733555 + V32525 + V32733545 + V33535) (013 0SB — a3 sin f3)

(17)

from (4;)

(20)
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Substituting Eqgs.(4) and (19) into Eq.(17), we have the following equation:

L T T
€33 :313(0'11 + 0'22) + 533033

+ [(3?1 + SF1F2 - 5?3)011 - 5?3022 + (5?3 - 5??3)033] sin® (]
+ {(022 — 011) (57, sin’ @ + si5 cos® §) + a1a(s]) — 515) sin 2¢

+515 [013 cos(26 + 38) — 023 sin(2¢ + 38)] } sin v

T T
+ {Sﬁ [(011 — 022) cos(d + 38) — 2012 sin(¢ + 30)] + %(013 cos ¢ + 093 sin ¢)} sin 21). (21)

2

In measuring the residual stress with x-ray diffrac-
tion, the average of the strains of diffracting planes
has to be taken to obtain the x-ray strain. For thin
film with FCC structure, such as Al, Cu, Ag, and Ni,
the strains are usually measured from (222) or (311)

plane by Cu-, Co- or Cr- Ka radiations. The values

2

of ¥ and ¢ + B have been calculated from Egs.(5) and
(6) for FCC films with (111) fibre texture, the results
are summarized in Table 1 together with the average
values of cos(2¢ + 33), sin(2¢ + 30), cos(¢ + 38) and
sin(¢ + 33) for ¢ = 0° and ¢ = 90°.

Table 1. Values of ¢ and ¢+ 3 for (222) and (311) diffracting planes of FCC films with (111) fibre texture
and corresponding average values of cos(2¢ + 303), sin(2¢ + 303), cos(¢ + 33) and sin(¢ + 33), for ¢ = 0° and

& = 90°.

Average value

Diffracting
P ¢+ B ¢ =0°

plane

¢ = 90°

cos(2¢+303) | sin(2¢+303)

cos(¢+35)

sin(¢p+303) | cos(2¢+303) | sin(2¢+38) | cos(p+303) | sin(¢p+33)

00
70.53° | 120° 1 0 1
120°

(222)

0 0 -1 -1 0

30°
-30°
58.52° 990000 0 0 0
150°
-150°

(311)

60°
—60° -1 0 -1
180°

29.50°

By substituting corresponding average values of
Table 1 into equation (21), we can get the average of

x-ray strain as a function of the macro-stress for each

=L T T
€33 :313(0'11 + 0'22) + 833033

combination of ¥ and ¢.
For the case of ¢ = 0°, the relations between %,

and the macro-stress are

+ [(5}11 — 513)011 + (813 — 513)022 — 815013 + (513 — 53T3)033] sin?

T
51

T
S .
+ —5(022 —o11) + #013 sin 29,

2

L _.T T
Eg3 =813(011 + 022) + $33033

(1 = 29.50°)

+ [(51T1 - 3?3)‘711 + (31T2 - 5?3)‘722 + (sr1f3 - 5§3)033] sin® (U

sT
+ #O’lg, sin 29,

(1 = 58.52°)

(23)
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5153 =31T3(CT11 + 022) + S3TgU33
+ [(5?1 — s13)011 + (813 — 513)022 + 815013 + (513 — 53T3)033] sin” ¢
5r1F5 5}4 . o
+ 7(011 - 0'22) + 7013 S1n 2’(/1 (’L/) =70.53 ) (24)
For the case of ¢ = 90°, we have the following equations
gy =s13(011 + 022) + 553033
+ [(siz — s13)o11 + (s1y — s13)022 — 515023 + (si3 — 533)033] sin” ¥
3,1% 5}4 . o
—I— 7(0’11 — 0'22) + 70’23 Sin 2¢, (w = 29.50 ) (25)
€53 =s13(011 + 022) + 533033
+ [(31T2 — si3)o11 + (s — s13)022 + (513 — 5?3)‘733] sin® ¢
T
n %023 sin2y, (¢ = 58.52°), (26)
€53 =s13(011 + 022) + 533033
+ [(s12 = 513)011 + (s1y — 513)022 + 815023 + (513 — 533)033] sin” ¥
51T5 5:{4 . o
— 7(0’11 — 0'22) — 70’23 Sin 2’(p (1/} = 7053 ) (27)

For any (h'k'l") diffracting plane, the average nor-
mal strain £55 along (¢,¥) orientation can be rewritten
as

dgy — do

By = gy = 4 (28)

where dy is the unstressed spacing of the (h'k'l")
diffracting plane and can be calculated from un-

stressed lattice constant ag,[*°]

ago

do = b,
h/2 —‘,—k'2 _|_l/2

where dgy is the stressed plane spacing along (¢, ¥)

(29)

orientation and can be determined from the diffraction
peak position 0 of the (h'k'l") plane and the radiation
wavelength A through Bragg’s law:

2d¢1/, sinf = A. (30)

By substituting the six determined values of
x-ray strain into Egs.(22)-(27) and corresponding
single-crystal compliances into Eq.(19) and then into
Eqgs.(22)—(27), three-dimensional (residual) stresses in
thin FCC films or bulk materials with [111] fibre tex-
ture can be determined by solving Eqs.(22)—(27).

It is noted that the accuracy of the three-
dimensional (residual) stresses are determined by the

accuracy of the average normal strain 5y = €4y Which

is determined further by the unstressed and stressed
plane spacing do and dgy of the (R'K'l') diffracting
plane. In order to avoid large errors in g% = €y, the
unstressed plane spacing dy or unstressed lattice con-
stant ap must be known very accurately. Since dgy, is
also required to have an accurate value, Ka doublet
should be separated, the intensity should be corrected
and the environment temperature had better be kept
constant. Furthermore, from differential formula of
Bragg’s equation (30)

AN
Adgy = —ctgh - A+ —,
dgy A

(31)
we know that the error in dg, comes from both er-
rors of the diffraction peak position Af and errors of
the radiation wavelength A\A. Since the accuracy of
the x-ray wavelength has already come up to 10~ "nm
and the errors of the radiation wavelength A\ are
kept constant for all measurements, the A\ can be

neglected and Eq.(31) becomes

Adgyy

—ctgh - AG.
dgyp

(32)
Obviously, a large 0 of a selected (h'k’'l") diffracting

plane will result in a small error in dgy for a certain

AB.
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4. Conclusions

A novel x-ray method is proposed for the eval-

uation of three-dimensional (residual) stress in cubic

films having any [hkl] fibre texture with the fibre axis

perpendicular to the film surface.

The method can

also be extended to other crystal systems.
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