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Resistivity saturation effect in thin V-Al alloy films

B. Stolecki

Institute of Physics, Technical University of Wroclaw, Wybrzeze Wyspianskiego 27,
50-370 Wroclaw, Poland

Résumé. — La résistivité de films minces d’alliage V-Al de diverses épaisseurs et compositions a
été étudiée en fonction de la température. Les films ont été évaporés sous vide (10~° Pa) a l'aide
d’un canon a électrons sur des substrats de quartz maintenus a température ambiante. Les
mesures de résistivité ont été effectuées in situ entre 300 et 380K dans un vide de
1073-10"%Pa. Il a été observé une dépendance anormale de la résistivité en température sous
forme d’une saturation. Cet effet a été analysé a I'aide d’un modele de résistances en dérivation.

Abstract. — The resistivity of the V-Al alloy films of various thicknesses and compositions was
studied as a function of temperature. The films were evaporated using an electron gun in a
vacuum of 10~ Pa onto quartz substrates held at room temperature. The resistivity measurements
were carried out in situ in vacuum of 105-10~° Pa in the temperature range 300-830 K. It was
found that the resistivity dependence on temperature was anomalous, i.e., the resistivity
saturation effect occurred. An analysis of this effect was performed on the basis of the shunt
resistance model.

Introduction.

The electrical properties of metal alloys frequently differ significantly from the properties of
typical metals. The property differences are particularly evident for alloys with resistivities of
the order of 150 w2 cm or higher. Most of the high resistivity conductors are transition metal
alloys. The resistivity (p) dependence on temperature (7) for these conductors does not
correspond to the Bloch-Boltzmann theory. Mooij [1] observed that they are subject to
certain rules. The temperature coefficient of resistivity (TCR) a = (1/p)(dp/dT) of highly
resistive conductors at room temperature is much lower than that expected from the Bloch-
Boltzmann theory. Moreover, the TCR becomes negative for conductors which have a
resistivity greater than 150 w2 cm and is positive for the others.

In the case of alloys with a high concentration of defects the mean free path (MFP) A of
electrons approaches the inter atomic spacing a. According to the Ioffe-Regel criterion [2] the
MFP values cannot decrease below a, so that the Bloch-Boltzmann theory based on the
nearly-free-electron (NFE) model is no longer valid for such materials. On the other hand the
fact that the MFP may attain its minimum value in the case of highly resistive conductors was
used in the works by Mooij [1] and then by Fisk and Webb [3] for the explanation of
anomalies observed in the temperature dependence of resistivity of these conductors. Fisk
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and Webb described for Nb;Sb and Nb;Sn a resistivity saturation, i.e., an effect that the alloy
resistivity increases with increasing temperature to a certain value p* = 150 wQ cm. The
function p (T') for highly resistive conductors can be described in a wide temperature range
within the framework of the shunt resistance model introduced by Wiesmann et al. [4]. In this
model the conductor resistivity depends on the ideal resistivity p;(7T") derived from the Bloch-
Boltzmann theory and the saturated resistivity p*
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This model was substantiated by Gurvitch [5] who also showed that the saturated resistivity
p* depends on the electron concentration n as follows
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By using compiled experimental data Tsuei [6] demonstrated that the saturated resistivity
can have values ranging from 30 to 400 {2 cm. He also analysed the dependence of the TCR
on the resistivity and showed that its saturated value depends on the Fermi level and degree of
disorder of the studied metal. Therefore, according to Tsuei, no fundamental significance
should be attached to the resistivity value of 150 w{} cm.

It should be emphasized that the shunt resistance model is a rather simplified approach to
the problem of anomalies in electrical properties of highly resistive conductors. However, this
problem has not yet been described theoretically in a satisfactory manner (i.e., with taking
into account its entire complexity). Consequently, the experimental data for conductors
which exhibit the resistivity saturation effect are frequently interpreted by the use of the shunt
resistance model [7, 8]. In this work the above mentioned model is applied to analyse the
resistivity behaviour of V-Al alloy films.

Effective investigations of electrical conductance mechanisms in metal alloys generally
require, a large solubility of one of the alloy components in the lattice of the other one. From
phase equilibria of the V-Al alloy [9] it is known that the solubility of aluminium in vanadium
is large and attains at 800 K a value as high as 40.5 at %. The aluminium atoms dissolved in
the vanadium lattice are, along with the other existing lattice defects, scattering centres for
conduction electrons. Thus, high aluminium concentrations in vanadium lead to the MFP
decrease to values close to the interatomic spacing. According to the previous statements the
electrical conduction behaviour of such a system cannot be interpreted on the basis of the
NFE theory. Therefore, studies of V-Al alloy films offer a good opportunity for the analysis
of the electrical properties of highly resistive conductors. They also create the conditions
required for the resistivity saturation effect to arise.

1. Experimental details.

Thin V-Al alloy films were deposited onto quartz substrates held at room temperature and in
vacuum of 10~° Pa in a Riber UNI 5P system. They were obtained by means of an electron
gun with a controlled beam. The electron gun system possessed two seats. Both components
of the alloy (5 N aluminium and 99.7 % vanadium), placed in separate seats, were evaporated
simultaneously. The schematic diagram of the substrate with the films, ‘electrodes and a
thermocouple is presented in figure 1. Each evaporation process yielded five films (on a single
substrate) of various thicknesses depending on the deposition time, which was controlled by
screening part of the substrate with a shutter.
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Fig. 1. — The substrate with the evaporated electrodes and films : a) current electrodes ; b) voltage
electrodes ; c) films ; d) quartz substrate ; e) hole for a thermocouple.

Vanadium was used for the electrode deposition to prevent chemical reactions at the
interface between the film and the electrodes during the annealing. Such reactions occurred at
higher temperatures when the other metals were used for the electrodes, and as a
consequence, the electrical contacts suffered destruction.

During the measuring procedure the substrate temperature was changed in a range from
300 to 830 K. It was monitored using an iron-constantan thermocouple. The film thickness
was determined by means of the Tolansky method [10]. The film resistance was measured in a
vacuum of 10~5-10-8 Pa. The measurements were carried out for each temperature after a
20 min isothermal annealing step. The atomic fractional composition was determined using
the X-ray microprobe method.

2. Experimental results.

The results of the resistivity measurements for the most representative V-Al alloy films with
various atomic compositions are presented in figures 2 to 5. These data illustrate the
resistivity dependence on temperature related to the composition changes.

Film a shown in figure 2 possessed in the as-prepared state the resistivity marked as point
A. The experimental points on curve AB denote the film resistivity after subsequent

10
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Fig. 2. — Temperature dependence of the resistivity p of film a (VyeAlye, d = 44.5 + 0.5 nm).
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processes of isothermal annealing. Then, the films were cooled to room temperature (the
resistivity marked as point C). The points on curve CD represent the next series (2) of
subsequent annealing processes. The different annealing series are marked by different
symbols and labelled from 1 to 5. Each annealing series started at room temperature and, with
respect to the previous run, finished at a higher temperature.

Figures 3 to 5 present the resistivity dependence on temperature for V-Al alloy films with
atomic compositions 5 and 7 at % Al. The films are denoted b, c, d. The particular annealing
series are marked, similarly to the notation in figure 2, by different symbols and labelled with
appropriate numbers. Several series of annealing processes conducted on the films b, ¢ and d
are presented in figures 3, 4 and 5, respectively.

3. Discussion.

The V-Al alloy films show a significant gas absorption. Oxygen is the particularly active
residual gas which easily forms many compounds with vanadium (VO, VO,, V,0,,
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Fig. 3. — Temperature dependence of the resistivity p of film b (V,g5Alyes, d = 39.5 = 0.5 nm).
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Fig. 4. — Temperature dependence of the resistivity p of film ¢ (V(g4Alyg, d = 20.5 + 0.5 nm).

V,05 and so on) and the well-known Al,O;. The temperature increase activates the process of
residual gas diffusion inside films, and consequently, activates the process of oxygen bonding.
Therefore, to eliminate the residual gas influence the ultrahigh vacuum is required for studies
of electrical properties of the alloy films at high temperatures. It also explains that only a few
experiments on V-Al films have been published. Mooij [1] studied the conductivity of V-Al
alloys (produced by sputtering) with compositions of 20-40 at % Al in a temperature range
from 80 to 400 K. He obtained a negative TCR over the whole temperature range. In this
work the V-Al films were evaporated in the high vacuum and investigated in situ.
Consequently, the analysed films were qualitatively different from those described in the
work by Mooij.

Figure 2 presents the data for the film a of V(¢Al,,, which is a low resistivity conductor
owing to its low aluminium content. Before annealing, the film resistivity (44.1 pnQ cm) was
close to that of pure vanadium films [11] and about twice the resistivity of bulk vanadium
(19.9 pQ cm at 295 K) [12, 13]. The value dp/dT = 0.069 p cm K~! for the film a taken
(curve CB) is slightly smaller than the value dp/dT = 0.074 uQ cm K~ ! for the bulk alloy.
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Fig. 5. — Temperature dependence of the resistivity p of film d (V,gAly o, d = 63.5 £ 0.5 nm).
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Subsequent annealing series (1-5) up to progressively higher temperatures caused neither a
significant decrease in the value of dp/dT nor a rapid increase in the resistivity (from
44.1 pQl cm to 69.2 pQ) cm). The increase in the resistivity which occurred during the final
stage of each annealing series was irreversible. It is obvious that the main reason of the
considered changes is the gas absorption. This was particularly true at higher temperatures
when the vacuum deteriorated to 10~ Pa. The resistivity changes occurring at the early stages
of each annealing series were reversible and linear, in particular in series 2 and 3. This is a
characteristic feature of low resistance conductors with a long MFP of electrons. Thin films of
such conductors exhibit an electrical size effect. Studies of this effect in films of pure
vanadium were reported in the work by Borodziuk-Kulpa et al. [11] and according to these
results the MFP was 1.2 x 10~° m at room temperature.
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The resistivity dependence on temperature for the film b of VjgsAlg o5 alloy is presented in
figure 3. The film exhibited the resistivity saturation effect, especially in the final series of the
isothermal annealing processes. Due to the increased aluminium content (5 %), the sample
became a highly resistive conductor. The film resistivity in the as-prepared state (marked as
point A) was 97.2 pQl cm. The resistivity changes during the first annealing series are
reversible (circles in Fig. 3). Point C indicates the resistivity value of the film cooled to room
temperature. Next annealing series (2-6) which are marked with different symbols led to the
irreversible resistivity increase and the decrease of dp/dT value. The film attained the
negative TCR value after the final annealing series (6). The obtained resistivity dependences
on temperature, illustrated as curves ED, GF and IH for reversible changes, became more
non-linear with increasing annealing temperature. It is apparent that, after the last two
annealing series (5, 6), the film possessed the typical properties of highly resistive conductors.
It exhibited the resistivity saturation effect and satisfied Mooij’s law.

Figure 4 shows the results obtained for the film c of V{gAly; alloy. They are similar to
those found for filmb. The considered sample was also a highly resistive conductor.
Subsequent annealing series (1-9) up to progressively higher temperatures caused the increase
of the film resistivity and the decrease of TCR down to negative values. Film c also exhibited
the resistivity saturation effect and was subject to Mooij’s rule. It is worth noting that the
influence of gas absorption on the resistivity at room temperature is proved by points O and P
where these points present the film resistivities at the pressures 108 Pa and 10° Pa
(atmospheric pressure), respectively.

The resistivity as a function of temperature for the film d of V4Al,; alloy, i.e., with the
same composition as in the case of film c but of greater thickness, is illustrated in figure 5. The
general resistivity behaviour is analogous to that observed in figures 3 and 4. The resistivity
dependences on temperature also became more non-linear with increasing annealing
temperature. Curves LM and ON show the resistivity saturation effect which is in agreement
with the shunt resistance model proposed by Wiesmann [5]. The resistivity (p ) as a function
of temperature for these two curves can be described by equation (1) derived within
Wiesmann’s model. The expression for p,(T) obtained from the NFE model is linear in
character at higher temperatures and may be rewritten in the form

p1(T) = po+ BT, (3)

where p, is the approximate residual resistivity and B is a constant. From equations (1) and
(3) the simple expression which is linear with respect to temperature may be derived

(L L1 pr @
p(T) p* 0 '

The above equation constitutes an important criterion allowing us to ascertain whether a
conductor which shows a given temperature dependence of its resistivity exhibits the
resistivity saturation effect. In other words it renders it possible to find the -conductor
saturated resistivity p *, if any, for which the dependence given by equation (4) is linear. The
p* value calculated for curves LM and ON is equal to 160 nQ cm.

The graphs obtained from equation (4) for this saturated resistivity value are, in fact, linear.
This is illustrated in figure 6. The other values of p* found by means of this method for the
films b and c are 192 pQ2cm and 223 uf) cm, respectively. The fact that the saturated
resistivity values were different for the films b, ¢ and d may be explained on the basis of the
studies by Gurvitch [5] and Tsuei [6]. They showed that the saturated resistivity
p* can vary from 30 to 400 {2 cm and depends very much on the individual material and its
disorder. In the case of the films b, c and d the particular sample disorders were obviously
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Fig. 6. — Plots of {%~ % } versus temperature for film d after the eighth and ninth series of

annealing steps.

different because of the different annealing temperature. Moreover, one may expect that
aluminium dissolved in the vanadium lattice as well as gases absorbed in alloy films can cause
the decrease of the concentration of conduction electrons in the samples. The gas absorption
is especially dependent on the temperature, so it seems to be substantiated that the electron
concentrations were different for films b, c and d. According to equation (2) it also means that
the values of p* were different for these films.

It should also be emphasized that dissolved aluminium and absorbed gases introduced a
significant defect concentration in the studied films. These defects reduced the MFP value
from 1.2 x 10~° m for pure vanadium films at room temperature [11] to values close to the
interatomic distance for alloy films. The above mentioned MFP shortening seems to be the
most reasonable explanation for the occurrence of an anomaly in the electrical transport
properties of thin V-Al alloy films. It is in agreement with various papers [1, 2, 5] on the
mechanisms of the resistivity saturation effect.

Assent to the MFP shortening as the reason for the resistivity saturation effect can be
convincingly substantiated on the basis of the free electron model for metals. In this model the
electron MFP has the form

A=

6 w2h
55 )

where h is Planck’s constant, e is the electron charge, pis the metal resistivity and S is the area
of the Fermi surface. Assuming for simplicity that V-Al alloy films satisfy this simple model,
the MFP of conduction electrons can be determined for the saturated resistivity. Using the
value of p* = 3.5 x 10~ uQ m? for pure vanadium given by Radebaugh and Keesom [14]
the MFP value A = 0.18 nm can be calculated for a saturation resistivity p* = 192 uQ2 cm
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(film b). The vanadium lattice constant is 0.303 nm and the distance between the nearest
neighbours in the vanadium lattice is 0.263 nm. Even if one takes into account the fact that
the free electron model is, in this case, only a rough approximation, one can notice that the
electron MFP is almost equal to the interatomic distances. Consequently, the previous
statement that the cause of resistivity saturation is a reduction of the MFP to the interatomic
distances seems to be sufficiently confirmed.

4. Summary.

The following conclusions can be drawn on the basis of the results of the studies performed on
thin V-Al alloy films :

a) The resistivity of alloy films which contain aluminium up to a few per cent is, in the as-
prepared state, proportional to the aluminium concentration in the samples.

b) The V-Al alloy films with aluminium contents of a few per cent or more become, after
annealing, highly resistive conductors.

c) They also exhibit the resistivity saturation effect as predicted by Wiesmann’s model [4].

d) The films with resistivities higher than the saturation resistivity exhibit negative TCR.

e) The resistivity saturation effect results from a reduction of the electron mean free path
to values close to the interatomic distances.
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