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Three-dimensional analytical expressions
of strain gauge coefficients of infinitely
thick polycrystalline metal films

C. R. PICHARD, C. RR.TELLIER, A.J. TOSSER
Laboratoire d’Electronique, Université de Nancy-I, 54037-Nancy, France

Theoretical equations for the longitudinal and transverse strain coefficients of resistivity
in infinitely-thick polycrystalline films are derived from a three-dimensional conduction
rnodel; the changes in the grain sizes in the directions parallel and perpendicular to the
applied electric field are considered. Numerical calculations are performed in the typical
case of silver, the strain coefficients are found to depend mainly on the grain parameter v.

1. Introduction

In the past few years the electrical resistivity, pg,
of infinitely thick polycrystalline films was found
[1-12] to depend on grain-boundary scattering
effects. These effects have been recently studied
[13] by taking into account the scattering effects
due to three arrays of grain-boundaries respectively
perpendicular to the x-, ¥- and z-axes (see Fig. 1)
and by introducing {13, 14] a transmission coef-
ficient, ¢, to describe the average property of the
boundaries.

Hence it is reasonable to expect that the
scatterings from the grain-boundary will affect
all the transport properties and therefore the strain
coefficient of resistivity. The purpose of the
present paper is to derive a general expression for
the strain coefficient of resistivity, v,, in infinitely-
thick polycrystalline metal films.

2. Theoretical work
When the substrate is bent to produce a longi-
tudinal (or a transverse) strain it is reasonable to
expect variations in length L, width w, and also
in the average grain-boundary spacings a,, @, and
a, (Fig. 1) which lie in the x-, y- and z-directions,
respectively, and which are commonly identified
with the grain size [13]. At the same time the
strain introduces a change in the background mean
free path /y and in the background resistivity po.
In terms of a three-dimensional model [13] the
total film resistivity is represented by the function
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Pe = pg(Po,lo, ax,ay,az), (1)

but it is not easy to determine the strain coef-
ficient by using the general expression of the
polycrystalline film resistivity commonly derived
from the three-dimensional model [13].

The difficulty may be overcome by separately
considering the contributions to the total resis-
tivity pg of the three distributions of grain-
boundaries.

2.1. The film resistivity

It has recently been shown [15] that such an
approximate analysis leads to small deviations in
the total film resistivity p, provided that the grain
boundary parameter v;, defined [13] as

1 -1
v = ail()_l (ln ;') fOr l= X, y: Z, (2)

keeps values greater than 0.4.

Let us recall that in terms of the above approxi-
mate model the contribution to the resistivity, p, ,
of the boundaries perpendicular to the applied
electric field E,, is given by [15]

pilpo = [F(Vx)]-l -1, (3)
where [14]
Fry) = v, g—v, +02In (1 +v;'}. (@)

The contribution to the resistivity, py, of the
grain-boundaries parallel to the electric field E, is
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Figure 1 The geometry of the model.
‘expressed [15] as
% = [GE)] ™ —1 for i=y,z,  (5)
0

where

GE) = vy, — 3+ (A —vh)In(1 +27"). (6)

Hence, the approximate form of the polycrystal-

line film resistivity becomes
= M(ny Vy, VZ)

FEI™ + [GE)I ™ + (6] ™ —2.
(M

pg/Po

2.2. The strain coefficient

According to the preceding discussion, when a
longitudinal strain dL/L is applied to the substrate,
the elasticity formulae [16--19] yield the follow-
ing equations

da,
Ax

(8)

2

g

Y~

ay

=8 =|E ~B

©)

(4L
I“‘SL )
_ _ lom(dly r(%

(10)

where ¢ is the film thickness, dW/W is the trans-
verse strain and u and ug are the Poisson’s ratio of
the film and substrate materials, respectively.

In a similar way, when a transverse strain dW/W
is applied to the substrate, the strain equations can
be written
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Figure 2 The grain-boundary longitudinal gauge factor,
YgL. as a function of the grain-parameter, v, for n = 1.15,
p=0.38 and yg = 0.25.

da, dw

a, ~ ”s( W ) (1 1)
day, AW

2 ~ W (12)
da, AW

L Sk ( ” ) (13)

With the assumptions that the film material is
isotropic and that the variations in [, with defor-
mation may be entirely attributed to the change in
the amplitude of the thermal vibrations of atoms
[20], the strain coefficients of pg and ly are given

by [20] 14)

(15)

where de is the change in general strain e and
7 = 2g(1 — 2u), where g is Griineisen’s constant.
Logarithmic differentiation of Equation 7 gives

din pofde = n+1,
din ly/de = —n,

Kg'r -0.a8
ﬁ:o.ﬁ!
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Figure 3 The grain-boundary transverse gauge factor, vgr,
as a function of the grain-parameter, v, for n= 1.15,
u = 0.38 and ug = 0.25.
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Taking into account Equation 2 and noting that (n+1) F*ve)+ G*(v,) + G*(¥,)
=W -n
. . M(Vx: ’V)
W Sy xyz (D) o
veooa b Gy F(v,)
and further introducing, for convenience, the func- M@,,v,,v,) *MQ,,v vy, V)
tions .
dF(v ) o , GYw)
= = oy (24)
ve =1, FRII? = F'@) (18) ¥ o

dG(Vz)

[G)I? = G*@)i = y,z, (19) Simple analytical expressions for the film strain
coefficients can then be expressed from the grain-
where boundary strain coefficients by introducing an
approximate linear effective size-effect function

4. = g*61},6 + o2 In (1 +v7") {21].
dv, 2 Equations 23 and 24 can then be helpful for
— 3021 +p,)! (20) analysing the strain effects in polycrystalline films.
and In the three-dimensional conduction model pro-
posed by Pichard et @l [13] it is assumed that the
M - .3_[3 +(1 -3 In(1+ V'l)} grain sizes measured in the x-, y- and z-directions
do; 2 take equal values (ie. v, =v, =p, =v). Figs 2

(21)  and 3 show the variations of the longitudinal and
finally, after some rearrangements, the relation is  transverse gauge factor with the grain parameter, v,

obtained that taking the values of u and n typical for silver

(m=1.15, =038, [20]) and the value of
dpg _dpo _ 1 dly . typical for glass (ug = 0.25, [17]). It is seen that
;g— o M(Vx,vy, )| b [F* () the values of gauge factors v, and vy,p slightly

decrease with decreasing values of v, that is, when

the grain-boundaries act as more efficient scat-
terers.

da da The gauge factors v, and 7y, appear to reach

—G*(py) x =2~ G*p,) —= } (22)  the bulk values y L, and yp, when the grain param-

&y 2 eter v takes values greater than 50. This result is

Inserting Equations 8 to 10 and 14 and 15into  not surprising and could be deduced from the

Equation 22, the longjtudinal strain coefficient of limiting forms of F(v), G(v) and their respective

grain boundary resistivity, v, = d1n pg(dL/L)™"  derivatives (with respect to v). Effectively in the

+G*py) + G*,)] — F*(v,) da,

X

is found to be limit of very large v, Equations 4, 6, 20 and 21
reduce to the simple forms
Fve) + G*(vy) + G*(v2) 3
= +1)— Fylipysw=1l——, 25
Yoo = (Mt 1—n Mo, vy 7.) )iy " (25)
F* * 3
_ (Vx) + g G (Vy) G(D)Iv—)w ~l—=—, (26)
M(sz VyaVZ) M(nyvyayz) 8V
_ GY) dF ) 3
—— 23 T N, 27
K M., vy, 23) W |poe 42 @D
In a similar way the transverse strain coefficient dG () ~ 3 (28)
of grain boundary resistivity, vz, takes the form dv |, e 8U2°
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3. Conclusions

An approximate form of the electrical resistivity
of polycrystalline film previously derived in the
light of the three-dimensional model of grain-
boundaries gives analytical expressions for the
strain coefficients of resistivity which mainly
depend on the average grain parameter, », and tend
to bulk values when the efficiency of the grain-
boundary scattering processes is low.
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