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ELECTROCONDUCTIVITY AND TENSOSENSIBILITY
OF MULTILAYER FILMS

The experimental-research resulls for a size effect on the thermal coefficient of resistance {TCR) and
coefficient of longinudinal-strain sensitivity (C5) of rwo-layer and multilayer strucazres based on Cr, Co,
Ni, and Mo are discussed. The results obtained are in satigfactory agreement with micrascopic and macro-
scopic theoretical models. The diagrams in the co-ordinates TCR—thickness® and ‘CS—thickness' are

ploned.
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1. Introduction

Recently a considerable attention has been fo-
cused on the research of electrophysical properties
of general-type multilayer-film structures (ie.
d./.../dy /dy /S, where § — is a substrate, d, = dy =
# .. = d,) or periodic ones, in which the films'
structure of general type acts as a fragment {t‘_hat is
dyf.../dy fdy [do .}ds [ 15).

Such multilayer structures have their special
features in reference to size phenomena in view of
the fact that along with the traditional mechanism
of electric-current carriers scattering on phonons,
defects of a crystal lattice, grain boundaries, and
external surfaces, there occurs an additional one
which is connected with interfaces of separate
layers.
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With reference to technical applications of the
multilayer film systems, they have a number of po-
tential advantages in comparison with one-layer
systems.

The results of investigation of the size effect on
electrophysical properties (the thermal coefficient
of resistance (TCR) and the coefficient of strain
sensitivity (CS)) in multilayer film structures on
the basis of Cr, Co, Ni, and Mo films are pre-
sented in this paper. A succession of the layers
was such that two ferromagnetic films (Co, Nij)
with or without a separating paramagnetic Cr film
represented a fragment of a periodic structure.

The submitted results permit to the understand-
ing of size phenomena as well as to a generalized
understanding for film systems prepared on the
basis of other metals.
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2. Theoretical Models of Size Effects
in Electroconductivity and Strain Sensitivity
of Maltilayer Metal Films

2.1. Double-layer films

A question about the size effect on the clectro-
conductivity (o) and the thermal coefficient of resis-
tance (B) of two-layer metal films has beecn repeat-
edly discussed in literature [1—>5]. Thus, in Refs.
i3, sl amhjectofrmamhwasn'nalcuysul films;
Refs. [3, 6] considered basically polycrystalline
samples, and Ref. [5] was dedicated to the condi-
tions of an atomic interdiffusion under arbitrary
ratio between the thickness of layers, d; and dy,
and the mean free path, iy and ig.

In these works, a model of a double-layer film
of thickness d = d; + d; (an axis Oz is parallcl to the
normal of its surface) is considered, in which the
interdiffusion of atoms takes place or docs not.

To determine the specific conductivity of such
a film, it is necessary to solve the Boltzmann ki-
netic equation for the nonequilibrium additive to
the Fermi—Dirac distribution function f(e)-
Authors of [3—6] have obtained the expressions
for o5 having an identical mathematical structure,
but have written them in different ways. In a
general form it can be presented as:

o = $loy ~ Goaha/d) [do [dnr” - 1) x
=l

cos’p

* T o (F+ G, n
where o, and o, are the specific conductivity ofa
one-layer film, limited by grain boundaries (ie.
d - =) and that of a massive crystal; (F+ G) isa
complex function of single-crystal parameters P* =
={l - W- P)and Q" = (W- ), which characterize
the probability of reflection and tunneling of an
electron with a tangential component being kept
with respect to the interface of the layers of the
quasi-impulse component (W, P and Q are the
probabilities of a tunneling electron through the
interface, the diffusion scattering without transition

and with transition into the next layer).
For short times of the diffusive annealing fp.
when the characteristic length of the decreased
concentration of atoms on other sort is shorter

than the characteristic scale of the change of the
electron distribution function, the size effect in
double-layer systems determines the width of a
pure region. If the characteristic depth of the
penetration of atoms of another sort has a value of
the order of the thickness 4;, but Ay, > d;, the size
effect is takes place.

In this respect, the expression of the double-
layer film, obtained in Ref. [7], opens wide pos-
sibilities for comparison with the experimental
results:

: E
s-anli-25-%5) @
=l

where A;= doyF/ZdguF, F;= aJ/oy — the Fusch
function; k; = dfAg;and L;= D/l are the reduced
thickness and reduced average size of crystallites,
B, is TCR for massive polycrystalline samples.

In limiting case of large thicknesses

B=FABu - ®)
-l

A comparison with experimental results indicated,
that it was more correct to take the TCR value B,
at d; —» = instead of B

Recent decade a considerable attention was di-
rected to investigations of the strain sensitivity effect

_in double-layer films. General physical considera-

tions indicate that the stfain sensitivity of the multi-
layer seems to be of importance in comparison with
the one-layer film of the same thickness, which is
connected with an additional electron scattering at
the interface of the layers. In Ref. [8] the theory of
the strain-sensitivity effect was offered for the dou-
ble-layer single-crystal films of metals. The basis of
the theory is the representation of the parallel con-
nection of two films.

Afer differentiation of the logarithm of the film
resistance R on the longitudinal (de,= di/)) and
transverse deformation flow (de, = dafa), Khater
and El-Hiti [8] have obtained an expression for
coefficients of longitudinal (y,= K 'dR/dz) and
transverse (y,= R 'dR/de) strain sensitivities. In
view of their identical mathematical structure, we
shall present the expression only for yg

dR/R (dd, /d, dag/og dF,a_'F,)
dift *tdifr/ -

ayr = M\ gyt *
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i z(dd1,;_‘d1 dogy/90y dﬂ{ﬁ) _dafa |
ag Tyl todyr ) T

which, under assumption that yg;r=1 + Toui = Yise has
been transformed by rearranging as in Ref. [9):

1-
vi= Aglyu+ (B/Boi = 1)(“.1:- H11__%i]ﬂmz’ﬂuzl +
+ Aslyu+ (BePoa- 1) =

1-ps
*(flu- B =y

1 o j
where n;= - ﬁ"i‘% is the deformation coeficient of

Bail. (4a)

the mean free part, p; and pgare the Poisson co-
efficients of the one-layer film and the substrate.

in Ref [10] an attempt to modify the Eq. (42)
has been made so that it was suitable for polycrys-
talline films. The allowance for the grain-interface
scattering was realized only by means of the mul-
tipliers F/ and £, an explicit view of which was
written within the framework of the model of the
effective length of the mean free part.

Ultimately the expression, which (see section
4.1) corresponds to the experimental results in the
best way, has been written as follows

n= Al['['l';l.i"’ ]v‘-ﬂ) +(1- Bfﬂ]l}{ Al - T‘Il} + M *
+ iaBa/Be))] + Acllrg +i2) + (1= B/B2 ) x
=2(1 — 1)+ + i BBl + 1+ 205 )

2.1. Multilayer films

It is known that electrophysical properties of
double-layer films are sufficiently investigated
both in theoretical and in the experimental as-
pects, which can hardly be said to periodical

multilayer structures or the general forms because

the achievements of this field are not so signifi-
cant. So, Ref [2], which was devoted to the
theoretical consideration of electrical properties of
the periodical multilayer structures with the frag-
ment (period) dy = d, + d;, was reduced totally to
the analysis of properties of a separate fragment,
which represents the same double-layer film. The
simplified expressions (2) and (3) of the Dimmich
theory can be generalized for the case of the arbi-
trary number of layers [11].

However, there are great difficulties of the
mathematical character, making impossible to ob-
1ain rigorous relations of type (2). (3), (4) within the
framework of the microscopic models. It has not
been realized now, on the other hand the analysis of
physical processes, as well as a forecast of electro-
physical propertics can be realized also in the
framework of the macroscopic approach.

According to Ref. [1] in terms of the represen-
tation of the parallel connection of the sample
layers the expressions for TCR and CS for the
film with arbitrary (n) number of layers have been
obtained. The derivation of the above mentioned
expressions is based on taking the logarithm and
the subsequent temperature differentiation or the
deformation of the following expression for the
resistivity (p):

B py pp.-Pn { dy+ dy+.+ d,) 6)
P = d, Py P1-Put GP1P1-- P+t AuP1P2-Pt’

In the case of TCR we obtain

1 3 Yda, LdopiPa-
ﬁr_aﬁ: ZB‘+ Ed! - Edptp-“- -

(P +Ba bt Ba) 010
2dopm

For the coefficient of the longitudinal strain
sensitivity it is possible to write down a similar
expression

(izk=zm..). (7)

dinR dinp
v="anl = dni*' W=

Ydivu + Vim +~BAOEm
(1/2)Ldp1m -

Sy

_z-‘-‘ﬁ+[4.z,., (izkzm= ..). ®)

i

In the limiting cases d; = = and 4, — 0, it fol-
lows from (8) that

|i|.'l'|‘n= li-rn'f" +.n= Iil‘l'lT" - = T“',
dern e o
~ timy =y )
e

Here yv/" is the coefficient of strain sensitivity of
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r&r.w-dmmuuummnmnx)

Films (thickness, nm), | Buper. 10%, K! I Brese 10°. K
Cr{40)/Col40)/S s 0,90 1.70
Cr{80)/Co(65)/S 202 220
Co(25)/Cr{45)/S 0.30 1.72
Co{75)/Cr(55)/S 156 2.60
Co25)/Ni(20)/5 200 295

=2.00 -2.50

a* — Mo(90)/Cr(130)/S

*g is an amorphous phase.

multilayer films with the number of layers (i~1).
The expressions (7)—(9) will be used in section

=
T
s
= 3
Iy
2
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100 150
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Fig. 1. The dependence of B on the thickness for double-
tayer films of Cr/Co and Co/Cr (a) snd Ni/Co and Co/Ni
and Co/Ni (5): 1—3 are the experimental of dependences
B (d) for films of Cr, Co and Ni; 4—6, #'—6",'7=9, 7'—%
arc the calculation dependences B (dy) for Cr/Co, Co/Cr,
Co/Mi and Ni/Co, respectively

4.2 for plotting the size diagrams p—d and y,—d
and for forecasting the electrophysical properties

_ of periodic and general type multilayer structures.

3. Experiment

Condensation of multilayer film structures (up
to 10 layers) on to carbon (for the electron-micro-
scopic researches), glass (for measurements of a
specific resistance and TCR) and textolite sub-
strates (for CS measurement) was realized using a
standard vacuum apparatus BYI1-5M (~ 107 Pa)
at the substrate temperature T = 300 K. The an-
nealing of samples was performed in vacuum
within the temperature interval from 300 to 650 K
{when researching the crystal structure, resistance,
and TCR) or 300 to 500 K (when researching CS)
according to a scheme ‘heating—cooling’.

The technique of the measurement of the longi-
tudinal and transversal coefficient of the strain
sensitivity consists in determination of the relative
resistance change AR/R, under bending deforma-
tion of a film on a substrate (ae = 0—0.06%) or
under stretching one (ac = 0—4%) with the aid of
a microscrew [12, 13].

Processes of the interdiffusion were investigated
using the method of ion-sccondary mass-
spectrometry (MC': 7201 M) with argon for produc-

ing primary ions.

4. Resuits

We have accumulated a significant expenmen-
tal material on' double-layer metal films on
chromium, cobalt, nickel and molybdenum basis.
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Table 2. The comparison of the experimental and calculated data for the coefMiclent of the longitudinal strain seasitivity

Films (thickness, nm) T exper. r ¥ | caie BY (5)

Films (thickness, nm) l Y | caper. I T 1 caic BY (51

Bending deformation {(Ag, = 0—0.06%)

Cr(60)/Ca(90)/S 26.7 16.1 Co(65)/Cri60)/S 21.0 16.3
Ni(60)/Co(30)/S 14.4 36 Co(80)/Cr(50)/S 9.0 11
Ni(50)/Cr(70)/S 7.7 4.7 Cr(60)/Ni(30)/S 87 50
Stretching deformation (Ag = 0—4%)
Ni(115)/Co(90)/S 39 4.0 Cr(60)/Co(90)/S 26.7 15.1
Ni(70)/Cr(80)/S 129 32 Ni(60)/Co(30)/S 14.4 15.6
Co(90)/Cr(120)/S 118 5.0 Ni(90)/Cr(70)/S 9.0 1.6
Col100)/Ni{70)/S 50 20 Co(60)/Cr(60)/S 220 18.6
Cr(110)/Ni(90)/S 1.5 11 CoGOyN (TS 8.0 17.2

It is imporntant here to emphasize, that a level of
understanding of physical processes, occurring in
a double-layer sample, largely predetermine un-
derstanding of these processes in multilayer films.

4.1. Double-layer films

The most characteristic data on TCR for dou-
ble-layer films are generalized in Table i. The
calculated values have been obtained both using
the expression (2) and the expression (7), in
which the summation to the index i was taken
from 1 up to 2.

Let us note, that in view of the affinity of the
calculated results according to the expressions (2)
and (7), Table lists only the calculation and the
auxiliary data for a microscopic model. The sig-
nificant difference in the experimental and calcu-
lated values can be explained by the influence of
the residual atmosphere (ABpn, macrostresses,
arising on the interface, (AB)gS and the interdif-
fusion processes (4B, The contribution of the
first two mechanism to our experimental condi-
tions is 16—20% and 2—5%, respectively.

Hence, the main mechanism, which influences
the difference of the experimeatal and calculated
values of p most essentially, is the interdiffusion of
elements. The results of the researches of these
processes have been repeatedly published by us
earlier [14].

The simplicity of the formula (7) permits to
calculate the size dependence b on the thickness
d, with the fixed thickness of the lower layer 4.

In Ref. [10] it has been shown, that the laws of

size effects on TCR of double-layer films essentially
differ from those of the one-layer films; when the
thickness of the upper layer (d, = const) increases,
the value p increases (if B, < B,; or By < Bg) or de-
creases (if By > B or By > Pga). taking the asymp-
totic value B, while in one-layer films B is only
increasing monotonously with growing thickness d,
taking the value B,,. The diagrams, which show the
size effects on TCR for Cr/Co, Co/Cr, Ni/Co and
Co/Ni are represented in Fig. 1. For other film sys-
tems the similar diagrams take place. Experimen-
tally the plotted diagrams are completely similar to
the calculated ones, but a carrespondence between
them is the same as in Table |.

Additionally, let us note that in calculations
according to the expression (2) the earlier ob-
tained data for one-layer films on such values as
Ao, P and the transmittance coefTicient r, which
had been calculated in the framework of the
linearization expression [15] or in the framework
of an isotropic model [16] were used. '

10

0 0 & 120 d,.nm
Fig. 2. The dependence y on d; for double-layer films: @
— NifCr (d; = 80 nm); O — Co/Cr (4, = 120 nm); ® —
Co/Ni (d, = 0 nm); O — Ni/Co (d, = 90 am); O —
Cr/Ni (d, = 90 nm); & — Cr/Co (d;, = 95 nm)
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Table 7. Comparison of experimental and calculated data of the TCR

Films (thickness, nm) p-10%, K p1o’, k'

3 expenimental data

dara calculated by (2)
Cr{60)/Co(30)/Cr(40)/5 0.88 122
Co(50)/Cr{50)/Ca(35)/5 1.29 1.46
Ni(50)/Co(20)/Ni{20)/5 1.86 238
Co(20)/Ni(40)/Co(20)/S 205 243
Cr{20)/Co(20)/Ni(20)/S 1.80 2.2
Ni{75)/Co(75)/Cn(65)/S 135 2.09
Cr(150)/Co(10)/Cr(80)/Co(10)/S 0.42 1.04
Co(10)/Cr(150)/Co(10),/Cr{80)/Co( 10)/5 0.9 0.87
Cr(80)/Co(10)/Cr(150)/ Co(10)/Cr180)/Co(10)/S 0.32 1.05
Co(10)/Cr(80)/Co(10)/Cr{ 150)/ Cox( 10)/Cr{80)/Co( 10)/S 115 093
Cr(150)/Co(10)/Cr(80)/Co(10)/ Cr{150)/Ca(10)/Cr{80)/Co{ 10}/S 091 1.12
Co(12)/Ni(20)/Ca(12)/Ni(20)//Co(12)/Ni(20)/Ca( 12)/Ni(20) /Co(12)/Ni(20)/5 1.9 2.84

Tuming to the phenomenon of the strain sen-
sitivity, let us note, that the comparison with the
experimental data of expressions (5) and (8) was

810", K*

] 2

p-10°, K*

performed using different series of experiments,
r.e. for the various values of d, and d, (Table 2).
Figure 2 permits to understand the size de-

. - - owperim

.2 CrfBe, Cal B/ Cr{10) /18 :

LE P

9 W0 0w 0 g

1 < 3 4 5
¢ N

Fig. 3. The dependence P on the number (a—c) and the thickness (
within the separate lragment

Tk ' B
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2 2 CopCasB 3 - Cr/CafCriCa
£} ITCa g CrCe/CrClCrCa

0 20 40 650 80 100 120 140 d, nm

o) of the Fragment. In the irdert there is a change

ISSN 0204-3580. Memasroduuxa u noseiduue mexvosoeuy. 1998 T 20, M|

4]



Prossenko I, Odnodvareiz L., Chomous A

Tuble 4. Comparison of experimental and calculated data on the longitudinal strain sensitiviry coefMicient

Films (thickness, nm) I T texpar I ¥ rewe by ()
Cr(20)/Co(20)/Ni(20)/5 227 24.3
Ni(75)/Co(75)/Cr(65)/S 24.4 138
Co(50)/Cr{50)/Co{35)/S 19.8 212
Cr{60)/Co(30)/Cr(40)/S 216 221
Ni(50)/Cr{10)/Ni(50)/Cr(10)/5 20.7 72.2
Ni(30)/Co(30)/Cr(30)/Ni(30)/Ca(30)/Cr(30)/5 50.0 52.5
Ni(50)/Cr(10)/Ni(50),Cr{10)/Ni{50)/Cr(10)/Ni(50),/Cr(10)/Ni(50)/Cr(10)/S 217 p 3

pendence y, on the thickness of the upper layer
with the fixed thickness of the base one under
stretching deformation. Let us note, that in com-
parison with the other film pairs the inversion of
dependence for Cr/Co films can be explained
both from the point of view of a stronger surface
scattering if to compare with that of the grain in-
terfaces and by the influence of atoms of the re-
sidual atmosphere, which seems to be more prob-
able. The same anomaly takes place also in
Ni/Co/S films under bending deformation.

If to generalise all the obtained data on the
tensosensibility, one can make the following con-
clusions.

First, the value y, may differ up to two times
when measured in the region of small deforma-
tions (bending) and large (stretching).

Second, in double-layer films the value y is
higher in comparison with one-layer ones of the
same thickness, the ratio being as follows: y/y, =
=13=3.1 and y/yp=14—24 (Cr/Ni, Ni/Cr,
Cr/Co, Co/Cr, Ni/Co films) or y/yn = 1.0—1.1
and v/yp = 1.0—1.1 (Co/Ni films). This secems to
be explained by an additional electron scattering
at the layer interface in the process of film defor-
mation.

4.2. Multilayer films

To investigate the size effect on TCR and €S, a
series of samples of a multilayer structure of general
type and a multilayer periodic structure with various
numbers of layers in a fragment and various thick-
nesses has been prepared. Table 3 represents a de-
gree of conformity between the experimental and

calculated data on TCR (according to the expres-
sion (2), where i=1,2, for / from | to a).

Figure 3 shows the calculated (on the basis of
the experimental data for one-layer films) de-
pendence B, on the number of fragmenis () and
the thickness of the fragment (dj. The inserts in
this figure show the experimental dependences
BAd) within the limits of the fragment. The data
of Table 3 and Fig. 3 permit to make following
conclusions.

Practically, starting from the second fragment,
the value P is hardly changed. The thickness 4,
defines it size dependence. In spite of the fact that
p does not almost change at N> 2—3, within the
limits of each fragment is observed size oscillation
dependence, on character similar to that, that is
observed in the case of two-layer films (Fig. 1). In
accordance with an increase N this oscillation
dependence is completely smoothed.

Table 4 gives an idea about the level of accor-
dance between the experimental and calculated
data of strain sensitivity coefficient of multlayer
films. :

In Fig. 4 the dependences CS on number of
fragments and thickness of i-layer are submutted.
As well as in the case TCR, the value of CS is
weak depends from N, though strongly depends
from dyand d; within the limits of a fragment.

The value y, and it size dependence is com-
pletely defined by quantity of layers and value y,
For any (i + 1)-th Iaye'r, y; has larger value in
comparison with y; for i layers.

At increasing thickness di.y). v at fisst grows
and then decreases, coming nearer to asymptolic
significance vy, In Fig. 4, d the settlement de-
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pendences, about 2 degree of conformity of which
to experimental results are submitted, it is possible
to judge under Table 4.

Sop, receiving result allowed prognosis of elec-
trophysical properties of muiltilayer films by mac-
roscopic theory.
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