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Electrical conduction and ordinary Hall effect in

thin nickel films
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A new interpretation is proposed for the size effects in the electrical resistivity of thin nickel
films and in the temperature coefficient of resistivity, starting from theoretical equations,
recently published. The size effect in the ordinary Hall coefficient is satisfactorily interpreted in
the framework of a polycrystalline model; the agreement is questionable in the framework of a
columnar model and the assumption of polycrystalline structure is retained.

1. Introduction
The transport properties of nickel films deposited in
high vacuum have been examined recently by De
Groot [1]in order to measure the effects of CO super-
fical adsorption; the experimental data have been
interpreted in the terms of the partial theoretical
results which have been published to date [2, 3].
Further systematic studies have now been published
[4-12] and new interpretations can be proposed for
the variation in the film resistivity, ¢, the temperature
coefficient of resistivity (t.c.r.), §;, = dlng;/dT (where
T is temperature), and the ordinary Hall coefficient,
Ry,, with film thickness, d. For this purpose, prelimi-
nary theoretical results [4—12] are summarized in the
following section.

2. Preliminary results

2.1. Theoretical linear variations in g; and p;’
with o

Whatever the film structure (polycrystalline, mono-

crystalline or columnar) and whatever the model of

the grain boundary [13-15], the following equations

hold [8, 9, 16, 17]

dor = 0,[d+ H(d, D, p, 1, 4)], dig' > 0.1
(1)
dgrt = Bld+ H(d, D, p,t, &), di;'> 0.1
2

where g, (f,,) is the resistivity (t.c.r.) of the infinitely
thick film, 4, the electron mean free path in the bulk
material and H an analytical function of 4, of the grain
diameter, D,, of the electron specular ‘reflection coef-
ficient at film surface, p [18], of the statistical trans-
mission coefficient of electron flow at grain boundary,
t [19, 20], and of 4,. ;

When the Mayadas—Shatzkes conduction model
[13] is used, the transmission coefficient, ¢, can be
replaced by the so-called reflection coefficient, R {13],
whose physical interpretation has been discussed
previously [8].

In the case of the polycrystalline films, three com-
ponents of the grain diameter must be used, but it has

0022-2461/86 $03.00 + .12 © 1986 Chapman and Hall Litd.

been established [21] that the assumption of a cubic
shape of the grain remains valid even if the deviation
from such a shape is very marked; hence, for the sake
of simplicity we put

D, = D, = D, = D 3)

8x &x g

In the case of columnar and monocrystalline films
the same reason holds and we put

D, =D, =D )

8y gy g

assuming that the thickness lies in the z direction.

One must not overlock the fact that the
Mayadas—Shatzkes model [13] gives a unidimensional
representation of three-dimensional transport proper-
ties [8] and therefore cannot be used for describing the
Hall effect [8]. This is the reason why we restrict our
attention to multidimensional statistical models [8]
based on the statistical representation of a grain
boundary [8].

In the case of monocrystalline and columnar films,
a simple linearized term is [8, 22, 23]

1
QooH(d’ Dga P, t: /lo) = Cng‘llOQOln<—t->

5)
+ Cz/loQoln(é) p > 0.3 (

where @, is the bulk resistivity with C, = 1.144,
G, = 0.36, D, < d for columnar films, and D, = d
for monocrystalline films.

In the case of polycrystalline films with large grains,
one can write {8, 10}:

1
0o H(d, Dy p, 1, J) = Cilogoln ~>, p> 039

where C; = 3.

At low reduced thickness, diy ', when the electronic
specular reflection coefficient takes value lower than
0.3, the discrete variations in the electron flow cannot
be accurately represented by an exponential law [8], an
alternative expression can be proposed, by substitut-
ing 2[(1 — p)/(1 + p)] for In(1/p) in Equations 5
and 6 [23]. Except in this case, the above theoretical
relations hold [22].
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One can observe that the expression of Equations 5
and 6 clearly shows that

0
ﬁQwH(d, D, p, t, 4) =0
where T'is temperature. Consequently, the presence of
the same analytical function, H, in Equations 1 and 2
is not surprising since

0
ﬁ@f = Pror @)

2.2. Calculations of ¢t and p
From the values of 4, cited in the literature {24, 25],
the slopes of the linearized equations 1 and 2 gives the
values of ¢, and B'; if they markedly deviate from g,
and f;', the ratios g, /g, and fB,/B., can be expressed
in terms of the transmission coefficient [8], whose
experimental values are thus available.

The values of p are then calculated from the slope of
the linear curves (o;/d ') and (87" /d~") [8].

2.3. Theoretical expression for the Hall
coefficients, Ry,

In the absence of impurities within the film a general

expression for the Hall coefficient, Ry, of a metal film

is [7, 8, 10, 12, 26, 27]

Ru/Ru, = BreilBogo ®)

where Ry, is the Hall coefficient of the bulk material.
This equation has been established [8] by following the
Sondheimer procedure [18] for solving the Boltzmann
equation in the presence of a longitudinal electric field
and a transverse magnetic field and by assuming that
the only thermal variation in the electrical parameter
is that in the bulk mean free path. Cottey [28] has
shown that the Sondheimer procedures holds, as long
as the direction of the electron velocity in the film
plane does not vary with surface scattering; further-
more, the validity of the partial derivatives with
respect to temperature does not require knowledge of
the relationship between g, and 4, and thus is not
altered in the case of non-spherical Fermi surface.

The simplest equations for the Hall coefficient are
[7, 10

2
Ry, /Ry, ~ §A MN/IBO)Y )
where
Ay = 7' =2+ 2yIn(1 + 77 (10)
1
B@p) =y -5+ 0 —-y)( + yH (A
with
/1 1 -c\"'
y = {1+ —]{-+ (12a)
v 1 v
for polycrystalline films
2 —1
y = (1 + 9_) (l - g) (12b)
v U v
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for columnar and monocrystalline films where

1 —1
= Dgio‘<ln7) > 03 13)
1 -1
dl(;l(lnl—)) p>03 (14)
4
C = - (15)
T
In the case where p takes values lower than 0.3 and at
low film thickness, 2[(1 — p)/(1 + p)] is substituted
for In(1/p), as above [23].
It has been shown [27] that the presence of

impurities, randomly distributed within the film, leads
to the expression

&*ﬂ = Brer (16)
RH(,i Boo

where the index i marks the presence of impurities
similarly distributed at any film thickness.

Equation 8 also holds in the case of magnetic metal
films, restricting the attention to the ordinary Hall
coefficient [8]; this feature has been verified in the case
of iron films [29].

Recent theoretical studies [10] have shown that the
behaviour of the Hall coefficient can be an efficient
tool for checking the assumptions related to the film
structure because the Hall coefficient is sensitive to the
grain boundary scattering. In the case of polycrystal-
line films a linear plot for the variations in the reduced
Hall coefficient with reciprocal thickness is [10]

C -1 Cyv \ /(1
Ry /Ry, = 1 — C0<C2 - v> + (c2 n v) (ﬁ) (17)

where C, = 0.04, and C = 4/n, and p and v are
defined by Equations 13 and 14 respectively, provided
that y (Equations 12a and b) takes values between 0.04
and 0.4 [10].

Since

C—1 Cc -1
<
C? + v Cc?
one can say that the ordinate intercept defined by
Equation 17 is close to unity.
In the case of monocrystalline or columnar film, a
linearized expression for the reduced Hall coefficient is

[10]
y 1
RH;/RHO ~ 1 + CO(—'[I - C) (v + C2> (19)
Since

= 0.163 (18)

C 1 i
—_—< = = = 20
c’+v C 4 (20)
the ordinate intercept defined by Equation 19 is close
to unity in the case of columnar films (D, < d) where-
as it is not the case for monocrystalline films, with
D, = d, since the ratio v/p is thickness independent

[10].

3. Comparison with experiments [1]

3.1. Correlated variations in Ry, and f;/¢;

The correlation in the variations of Ry, and of the
product (B;o,) is clearly seen (Fig. 1) (1] Fig. 35]).
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Figure 1 Compared size effect in the reduced Hall coefficient Ry,/
Ry, and in the reduced product resistivity x t.c.r. (from [1}) at
273K.

At large thickness, the product fg, takes values
near to that of the bulk material

Biotlinw = 40 x 107" QmK ™
whereas, from the values cited in literature {1, 24, 25}
Bogy = 46.9 x 107"OQmK ™!

Hence no impurity effect can be retained.
Moreover, the asymptotic value for Ry, is

RHfid%OO = 0.63 X IOV‘OmSC*l

whereas the set of values for Ry lies from
0.55 x 10710 0.66 x 10~ ""m*C'[1]. Consequently
the assumption of negligible impurity effects seems
adequate [28].

It may be noted that the marked variations in Ry at
low thickness suggests a low value of p, in agreement
with extended tabulated data [8, 11] about columnar
or polycrystalline structure.

3.2. Experimental values of ¢, fi,,. p and ¢

Plotting do, and df;' against d gives linear curves
(Figs. 2 and 3), and constant slopes that can be
attributed only to a structural state independent from
thickness. From Equations 1 and 2 we deduce
0 = 9.75 x 107Qm and B, = 3.68 x 10 °K™".
These values differ markedly from those of the bulk
material, as cited in the literature [24, 25} ¢, = 6.8 x
10780Qm and B, = 6.9 x 10 *K~". It can then again
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Figure 2 Size effect in the product resistivity x nickel film thickness
at 273K (from [1]).
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Figure 3 Size effect in the product t.c.r. x nickel film thickness at
273 K (from [1)).

be concluded that the film does not have a mono-
crystalline structure.

Let us recall that the films were deposited in high
vacuuwm on to a substrate whose temperature was 77 K
[1] and that the ageing temperature was 363 K [1]; the
procedure was closely similar to that used by other
workers who have performed ageing procedures at
293 and 482K [30-32}; they have shown that the
average grain diameter is practically equal to the film
thickness if the ageing temperature exceeds 483 K,
whereas it is not the case at 293 K ([31], Fig. 3). Since
the resistivity varies with the deposition rate before
and after ageing we assume that the size of the grains
varies with deposition rate, in good agreement with
several experiments [24, 33-36]; the presence of
impurities cannot be retained because the Hall coef-
ficient of films of large thickness takes values close to
the bulk ones without any correcting coefficient due to
impurity effect [27].

In order to estimate the grain diameter in the film
plane, we have measured the thickness threshold cor-
responding to an infinite value of the resistivity; this
procedure applies both to columnar and polycrystal-
line structure since the cubic shape of polycrystaliine
grains is generally satisfactory, as shown previously
[21].

Starting from the experimental data [1], the van-
ations in the reciprocal square of the resistivity with
thickness (Fig. 4) give a thickness threshold of about
5nm; hence we put D, = 5nm. This value is in close
agreement with the observation of many workers
[35, 36].
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Figure 4 Size effects in the reciprocal sensitivity square of nickel film
thickness at 273K (from [1]).
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Figure 5 Variations in the specular reflection coefficient, p, with assumed value of the bulk mean free path, J,, W starting from (g;, d~1),
® starting from (87!, d~!), assuming (a) a polycrystalline structure, (b) a columnar structure.

From the slopes of the linear plots of g, against d~!
and B;' against d~' and for a given value of A,
experimental values of p can be found from Equations
5 and 6.

A large number of values for the mean free path in
bulk nickel, 4,, has been proposed [24, 25, 33-36];
however, our attention is focused on experiments
using a high vacuum apparatus [36], similar to that
used in De Groot’s experiments [13; it leads to data
exhibiting a good consistency [1, 36] so that the value
Ay = 10nm seems preferable for interpreting the
experiments [1]; it is well known [35, 36] that the value
of resistivity markedly depends on the type of vacuum.
We thus obtainp = 1.6 x 10*andp = 1.5 x 107*
in the case of polycrystalline film,and p = 1.1 x 107?
and p = 1.1 x 107* in the case of columnar film.
These values vary slowly with the assumed value of 4,
{Figs. 5a and b). The deviation in the values derived
from resistivity or t.c.r. plots is marked but it may be
observed that the value of p is very low in any case,
and the inaccuracy could play an important role.

From the experimental values of ¢, and f, and
taking 4, = 10nm and D, = 5nm, the values of the
parameter v are calculated, and the values of ¢ are

0.5 L L
0 10 15
(a) Alnm)

derived (Equation 13). It vields t = 0.86and ¢ = 0.74
in the case of polycrystalline structure, and ¢ = 0.83
and ¢ = 0.68 in the case of columnar structure. Vari-
ations with the assumed value of A, are slight (Fig. 6a

and b).

4. Discussion
In the general linearized expressions for the resistivity
and the t.cr., the bulk mean free path, 4,, is
introduced [8]; its definition is based on the assump-
tion of isotropic scattering over the Fermi surface; this
procedure seems inadequate for nickel films, since
nickel has a very markedly non-spherical Fermi sur-
face [24, 36] but it only alters the validity of the physi-
cal interpretation of A,; moreover, the expressions of
the transport properties in the presence of several
sources of electronic scattering are obtained [8] by
assuming the superimposed effects of the sources of
scattering. It is then concluded that the non-spherical
shape of the Fermi surface alters the quantitative
results but not the qualitative interpretation.

The very low value of p could be seen as somewhat
surprising. However, it is in agreement with the fact
that an ageing temperature of 363K does not allow

A

0.5 0 P '

(b) A (nm)

Figure 6 Variations in the transmission coefficient, ¢, with assumed value of the bulk mean free path, i,, ® starting from (g;, ¢ —1), @ starting
from (87", d™'), assuming (a) a polycrystalline structure, (b) a columnar structure.
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Figure 7 Theoretical and experimental variations in the reduced ordinary Hall coefficient of thin nickel films at 273 K. assuming either {a}
a polycrystalline structure, or (b) a columnar structure. Key: (a) + experimental; ® theoretical, p = 1.5 x 107%: mp =16 x 107 ()
+ experimental; @ theoretical, p = 1.1 x 1073; m theoretical, p = 1.1 x 1074,

the existence of grains whose thickness is equal to the
film thickness [31] and therefore cannot replace the
top surface of the polycrystalline layer by a smooth
surface.

The unique specular reflection coefficient, p,
represents the scattering at both bottom and top sur-
face and can be regarded [37] as the geometrical
average of two specular reflection coefficients, p, and
p., where p = (p,p.)'”?. A very low value of p can then
take its origin in a practically diffuse reflection at the
film surface whose roughness is due to an incomplete
reordering of the surface, as suggested above.

Introducing into Equation 9 the experimental value
of v (without any assumption related to 4, and D,)
gives theoretical variations for Ry, in the case of a
polycrystalline structure (Fig. 7a) and of a columnar
structure (Fig. 7b). A better agreement with exper-
imental results is obtained in the case of a polycrystal-
line structure.

Starting from the Mayadas—Shatzkes model [13],
variations in the resistivity has led to [1] p = 0.5 and
R = 0.57, where R is the reflection coefficient of the
Mayadas—Shatzkes model. Since the statistical trans-
mission coefficient, 7, can be expressed as [8, 38]

€X — R
P{TTTR)

t takes the value 0.27 for R = 0.57. For the value of
p the deviation is marked, but it may be pointed out
that p has been calculated from a linearized equation
([1] Equation 1.28, p. 53) due to Mola and Heras [39]
related to monocrystalline film, whereas the film does
not exhibit monocrystalline structure.

[ =

5. Conclusion

Previous experiments [1] related to the size effects in
the resistivity, the temperature coefficient of resistivity
and the ordinary Hall coefficient of nickel films can be
satisfactorily reinterpreted in terms of a statistical
conduction model, suggesting the existence of a poly-
crystalline structure.
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