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Electron transport properties of Cn-based alloy films
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The resistivity (p), Hall coefficient (RH), temperature coefficient of resistance (TCR), and mobility (Ltf,) of Cu-

based alloy films containing 1, 2, and 5 at. % of Al, Ge, and Sn, in the temperature range 80—600 K, have

been investigated. The resistivity increases linearly (and the TCR decreases correspondingly) with

concentration of the impurities in accordance with Matthiessen's rule. The magnitude as well as the
temperature dependence of RH and p, decrease on addition of impurities. At a concentration of S-at.% Ge and

Sn, the temperature dependence of R„ is reversed. The addition of S-at.% Al makes R„ independent of
temperature. The observed electron transport properties have been explained in terms of scattering behavior of
electron and hole states in a mixed conduction mechanism, and distortions in the Fermi surface.

I. INTRODUCTION

We have established' ' that large contributions
of structural defects to such electron-transport
properties as p, 8„, and thermoelectric power
(TEP) of Cu films have to be understood in terms
of marked changes in the number of carrier states
(n), the energy dependence of the relaxation time
(7), mean free path (l), and the effective mass
(m*) produced by distortions in the nonspherical
Fermi surface of Cu. Progressive distortions of
the Fermi surface' ' and enhanced anisotropic
scattering' "are also known to occur in noble
metals by addition of impurities. From the point
of view of both understanding fundamental aspects
of the physics of metals as we11 as technical ap-
plications of thin metal films in microelectronics,
a natural question arises as to how the Fermi
surface and consequently the electron-transport
properties of a metal fil~ are modified by the
presence of defects and impurities. In particular,
one mould like to know the influence of defects and
impurities on the transport properties and hence
such parameters as n, m*, 7, and p, . This can be
achieved by a systematic and simultaneous study
of p, R„, and TEP on the same specimens of a
typical noble metal such as copper. The con-
venience of preparing alloys of various composi-
tions and that of transport measurements make
thin films ideally suited for electron-transport
studies. No such studies have, however, been
reported in the literature on any metal system.

A few limited studies on Rz~ ' and TEPi2-is
of e-phase alloys of bulk metals have revealed
considerable difficulties in understanding the ob-
served results. Taking the particular case of
bulk Q. -phase alloys of copper, the resistivity
obeys" "Maithiessen's rule (generally above
80 K) so that scattering from impurities is simply
additive to the ideal phonon scattering of the sol-
vent metal. However, studies of Hall coeffi-

cients' present a bewildering confusion. The
typical behavior"" is a steep drop in n*= 1/
(Rz~ Nec with increasing number of available con-
duction electrons (n =a, number of available con-
duction electrons per atom) followed by a steady
rise displaced from the corresponding free-elec-
tron value. These observations cannot be rea-
sonably explained" in terms of distortions of the
shape of the Fermi surface alone; the scattering
mechanisms must also be considered. It has been
further suggested' that the initial rapid changes in
n* occur as the resistivity due to the impurity
scattering (pz) becomes dominant over the ideal
resistivity due to phonon scattering (p~). There-
after, there is a steady rise in n* corresponding
to the new form of 7(k) resulting from the swelling
of the Fermi surface as more electrons are added
to the solvent metal. For some series of n-phase
alloys, the two contributions have been sepa-
rated' ' empirically with the scattering contribu-
tion being dependent on concentration and tem-
perature while the other contribution depends only
upon the p value. The latter contribution is in
accordance with Ziman's' predictions for rea-
sonab1e values of the energy-gap parameter u.

The scattering contribution to &H requires'~
anisotropy [A, = (v„/rs)„ the ratio of relaxation
times at neck and belly regions of the Fermi sur-
face] of scattering by impurities to be less than
one. The same has also been predicted theoreti-
cally. ' However, the results on the temperature
dependence of R„of several alloys cannot be ex-
plained" unless we assume A, greater than one.
The existence of anisotropic scattering for pho-
nons as well as impurities is also evident from
ultrasonic attenuation, '4 de Haas-van Alphen ef-
fect,"deviations from Matthiessen's rule ""
electronic specific heat, ~ and infrared absorption~
measurements on Cu and its alloys. Unfortunately,
these results show" that different values of A, are
required to explain different properties of the same
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systems. Also, different values of A, derived
from the experimental data cannot be understood
or reconciled. The conclusions are hampered by
the fact that data on the temperature dependence of

R„of various alloys are lacking. These data are
expected to give most valuable information on the
role of the scattering mechanisms. A similar sit-
uation exists for the thermoelectric-power" "
data on dilute Cu-based alloys.

The preceding discussion makes it clear that the
behavior of R„(and TEP) of bulk o.-phase alloys
of copper (and also other noble metals) is hardly
understood, largely as a result of lack of appro-
priate data. This calls for a comprehensive study
of transport properties in one or more of the alloy
systems. We have thus undertaken a study of the
electron-transport properties of Cu alloys with

Ge, Sn, and Al in thin-film form. These alloying
impurities have been chosen because they dissolve
substitutionally" in Cu and have a large scattering
potential due to their valency being different from
that of Cu by 2 and 3. Germanium and tin, which
are expected to provide the same number of elec-
trons (=3}, have been chosen to delineate the ef-
fect of scattering on R„by two different solute
atoms. This paper reports results on resistivity,
temperature coefficient of resistance (TCR}, R„,
and p. of Cu-based alloy films. The results on
TEP are discussed elsewhere. "

II. EXPERIMENTAL DETAILS

Alloys of copper with Sn, Al, and Ge of 1-, 2-,
and 5-at.% concentrations were prepared by mixing
respective materials of 99.999% purity in proper
proportions and heating them in a graphite boat in

vacuum for about an hour. The temperature of
the boat was so adjusted that no evaporation of the
constituents could take place as indicated by a
quartz-crystal monitor placed near the boat.
Films of dilute copper alloys were obtained by
thermal evaporation of the bulk alloy from a tung-
sten basket, in a vacuum -10 ' Torr. Deposition
was carried out through a mask onto suitably
cleaned glass substrates (with predeposited thick-
Cu-film contacts) held at temperatures ranging
from 80 to 600 K. The rate of evaporation and
film thickness were controlled by a quartz-crystal
monitor precalibrated against thicknesses mea-
sured (to an accuracy of 20 A) by Talystep. The
films were subsequently annealed in situ and mea-
surements of p and R„, at 80 to 600 K, were per-
formed"'~ simultaneously usirig Van der Pauw's
technique. The fact that the results of measure-
ments on these films could be reproduced by depo-
sition in different sequences from the same melt
shows that the film composition was maintained

throughout. The composition of some alloy films
was checked by mass-spectrometer analysis.
The microstructure of the films deposited on mica
substrates was investigated by transmission elec-
tron microscopy and electron-diffraction tech-
niques.

III. RESULTS

The diffraction pattern of the alloy films showed
the existence of a single homogeneous polycrystal-
line phase having fcc structure. There was no

segregation of the constituents in any of these as-
deposited films, nor on annealing and deposition
at elevated temperatures. The grain size esti-
mated from the transmission electron micrographs
was found to be same as that of similarly pre-
pared pure-Cu films. No significant difference
was found from the corresponding Cu films' even
on annealing.

The thicknesses of the alloy films used in our
studiesare in the range from 800 to 1100 A. The
choice of thickness for measurements of transport
properties is determined by the fact that, in this
range of thickness, the size effects arising from
the limitation of the mean free path are found to
be negligible, as expected. "

The large number of structural defects (mainly
vacancies} frozen in during the formation of a
vapor-deposited film contribute significantly to
the electron-transport properties. On annealing
these films, the defects migrate/annihilate and

bring about changes in these properties. A typical
annealing curve showing changes in resistivity of
some alloy films is shown in Fig. 1. The effect
of both annealing temperature and deposition tem-
perature on p and R„of some alloy films is shown
in Figs. 2 and 3. Note that R„ is plotted deleting
its negative sign. For reasons associated with the
nucleation and the growth kinetics" "of a vapor-
deposited film, deposition at an elevated tempera-
ture has a larger effect on transport properties
than annealing of a low-temperature deposited
film at the same elevated temperature. From
Figs. 1-3, it is clear that the defects anneal out
completely at -500 K so that no further irreversi-
ble changes in p and R„occur on raising the tem-
perature beyond 500 K. Thus, from the measured
data on p and R„of as-deposited and annealed
copper and copper-based alloy films, the con-
tributions due to structural defects and impurities
can be separated. The results on resistivity, so
obtained, are shown in Fig. 4. The impurity con-
tribution (4p} to the resistivity increases linearly
with impurity concentration and its value of 1.50,
3.75, and 2.75 p, Q cm/at. % for Al, Ge, and Sn,
respectively, is nearly the same as that observed"
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FIG. 1. Variation of resistivity of Cu-based alloy
films deposited at 300 K with cyclic annealing at higher
temperatures, indicating reversible and irreversible
changes.

FIG. 3. Variation of negative Hall coefficient (at 300 K)
of Cu-based alloy films with temperature of deposition.
The dotted curve represents the variation of Rz of films
deposited at 300 K with annealing temperature. Note
that the negative sign of Rz is deleted in this and all
other figures.
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FIG. 2. Variation in resistivity (at 300 K) of Cu-based
alloy films with temperature of deposition.

FIG. 4. Contributions to the resistivity of Cu films by
(1) impurities ( ) and (2) structural defects (- ~ —~ )
in films of different compositions. The half-filled
symbols in the dashed curve refer to the aQoy systems
represented by the corresponding open symbols.
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in corresponding bulk systems. The contribution
of the structural defects to the resistivity (shown

by dash-dotted line in Fig. 4) is almost the same
in the three alloy systems. Its value is, however,
larger than that found in pure-Cu films' deposited
under the same conditions. This point is discussed
later. The temperature dependence of the resis-
tivity of the alloy films is essentially linear (see
Fig. 1). The corresponding values of the TCR
of annealed films are shown in Fig. 5.

Figure 6 shows the contributions of impurities
and structural defects to the Hall coefficient of
copper films. The Hall coefficient decreases
smoothly with Al concentration. Qn the other hand,
for Cu-Sn and Cu-Ge systems, it decreases rapid-
ly first and then very slowly beyond 2-at%0 con-
centration. The corresponding mobility of these
alloy films, obtained from the relation p =R„/p,
is shown in Fig. 7.

The temperature dependence of R„of various
as-deposited (at 300 and 500 K) and annealed (at
500 K) alloy films is shown in Figs. 8-10. By nor-
malizing the data with respect to the room-tem-
perature values of R„, the variation of R„with
temperature for various alloy systems has been
replotted, as shown in Fig. 11. Clearly, all the
three impurities tend to reduce the temperature
dependence of RH at low temperatures with in-
creasing concentration. A reverse temperature
dependence is observed at 5-atop Ge, 2-at%() Sn,
and 5-at.% Sn concentrations.
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FIG. 6. Contributions to the negative Hall coefficient
of Cu films by (1) impurities ( ) and (2) structural
defects (-~ —~ ) in films of different compositions. The
half-filled symbols in the dashed curve refer to the alloy
systems represented by the corresponding open symbols.
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FIG. 5. Variation of temperature coefficient of re-
sistivity (TCR) at 300 K with concentration o. various
impurities in annealed Cu films.

FIG. 7. Variation of mobility with concentration of
Al, Ge, and Sn in (1) as-deposited (at 300 K) Cu films
(---) and (2) annealed (at 500 K) Cu films ( ).
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FIG. 10. Temperature dependence of negative Hall co-
efficient of Cu-Ge alloy films. The description of sym-
bols is same as that in Fig. 8.
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FIG. 11. Temperature dependence of negative R& of a
series of Cu-based alloy films normalized to the cor-
responding room-temperature values.



ELECTRON- TRANSPORT PROPERTIES OF Cu-BASED ALLOY. . . 4687

IV. DISCUSSION

A comparison of the annealing behavior (depen-
dence on deposition and annealing temperature}
of p and R„of Cu-based alloy films with that of
pure-Cu films" shows that their annealing kinetics
are similar. Since the grain sizes of correspond-
ing Cu and Cu-based alloy films are nearly the
same, it follows that the defect structure asso-
ciated with the grain boundaries in the two cases
is nearly alike. Thus, as in pure-Cu films, the
excess resistivity in alloy films may be attributed
to the presence of vacancies. As seen from Fig. 4,
the contribution of defects to resistivity increases
with concentration of impurities to reach a con-
stant value of 2 p, Q cm at 1-at% composition.
This corresponds to a vacancy concentration of
1.54 at.% in alloy films as compared to a vacancy
concentration of 0.77 at% found in similarly de-
posited pure-Cu films. Furthermore, in the case
of Cu films, "we have shown that it is the defects
associated with the grain boundaries and not the
grain boundaries themselves that are responsible
for the additional scattering of current carriers.
The observed magnitude of the defect contribution
in alloy films suggests that either the vacancy
concentration associated per grain boundary is
increased on alloying or the scattering power of
vacancies has increased.

As already mentioned, the impurity contributions
to the resistivity are in accordance with the corre-
sponding bulk values" " and follow Matthiessen's
rule. The corresponding TCR [=1/p(dp/dT)] is
found to be proportional to 1/p (dp/dT is constant,
see Fig. 1). This result further emphasizes that

the contributions of various impurities to p are
primarily due to additional scattering from these
impurities.

The defect contribution to R„(aR„}increases
with concentration of Al, Ge, and Sn from a value
of -0.20 units for pure-Cu films to a value of
-0.26 units for 1-at.% compositions. It is constant
for concentrations greater than l-at. /o. Following
arguments advanced elsewhere' in the case of re-
sistivity, this contribution can be attributed to a
vacancy concentration of -0.7 at.%. Since mobility
is derived from R„and p, the changes in p. on
annealing are understandable.

Although the resistivity increases linearly with
impurity concentration, the magnitude of R» (and
hence p) first decreases rapidly on addition of
l-at.%0 Al, Ge, and Sn and thereafter gradually.
It appears that changes in RH and p, occur as im-
purity scattering becomes comparable to that by
phonons (that is, p~ p, ). T-hus, when impurity
conduction dominates, changes in R„and p. are
small. In sharp contrast to the variation of the
magnitude of RH, its temperature dependence
shows gradual changes with increasing concentra-
tion of alloying impurities (Fig. 11). The magni-
tude and temperature dependence of RH of alloy
films can be understood by the following analysis.

In a mixed-conduction mechanism due to elec-
tron and hole states, the Hall coefficient is given"
by

n„p, ', -n, p.'
(n„p„+n, p.,)' Nec '

The temperature dependence of R„ follows from
Eq. (1}:

2n„p„„"—2n, p, , „' (n„p,„+n, p, } ' —2(n„p, '„—n, p,')(n„p,„n,+p, ) ' n„d&" +n,
d

'' dT Nec'

(2)

Since p =e7/m, we have

' (n„p„+n, p } ' —2eRe(n„p, „+n, p,,} ' " " + ' ' . (3}

It can be easily verified that the sign of dR„/dT
will be determined by the first term comprising
of the differentiation of the numerator in Eq. (1)
(which determines the effective balance of holes
and electrons}. The second term, which comprises
the differentiation of the denominator of Eq. (1)
is a second-order effect and is small in magnitude.
Hence we may consider the first term only.

Identifying electron states to the states lying in
the belly (subscript B) regions of the Fermi sur-

dR~ I n~p, „de~ nBpB d7BN N N B B
dT Nec m„dT mB dT

("N&~+"cps) (4)

The magnitude and temperature dependence of
R„of Cu on addition of various concentrations of

face and hole states to those lying in the neck
(subscript N)regions of the Fermi surface, we can
rewrite Eq. (3) as
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impurities can be understood in terms of Eqs. (1)
and (4) as follows.

or

d7~ d7„
4T cfT

(5)

since d7/dT is negative in both cases. From Eqs.
(5) and (6), one finds that dR„/dT is positive, so
that R„will decrease at low temperatures. Since
R„ is negative in pure Cu, R„wil.1 therefore be-
come increasingly negative, in accordance with the
exper iment results.

From the experimental (and theoretical) data'0"
for bulk Cu, we know that the effective mass of
hole states at necks is 0.46 (in free-electron mass
units) while that at belly is 1.37. Since g =e7/m
and 7„=re at 300 K, g„/p, =m, /m„=1.37/0. 46. On
the basis of Eq. (1), the ratio of the number of hole
states to that of electron states required to explain
the observed R„[=-5.5 units, R„(free electron}
=-7.45 units] of Cu at 300 K is,—', . At 80 K, the
scattering at necks and bellies is such that 7„
=0.8v'~. Since the number of carrier states is not
expected to change, g„/u, =r„m, /~, m„= (0.8X1.37}/
0.46 and n„/n, = ~. Substituting these values in
Eq. (1), we get, R„at 80 K =-6.1 units which is
close to the experimental value. Thus the tem-
perature dependence of R„of pure Cu can be under-
stood in terms of a mixed-conduction mechanism
by taking the relative scattering at neck and belly
regions into account and assuming that the num-
ber of carrier states remains the same.

B. Effect of impurities

The belly regions of the Fermi surface of Cu
correspond~ to electron states (having s symme-
try, with maximum amplitude at the ion sites).
The neck regions correspond to holelike states
(having P symmetry, with maximum amplitude in
between the ion sites). The impurities Al, Ge,
and Sn are known to go substitutionally" in copper.

A. Temperature dependence of RH of pure Cu

It is well known' that the probability of umklapp
processes to occur for electron states at belly
regions decreases at low temperatures until a
cutoff is reached at a particular temperature where
these processes are completely frozen. However,
for hole states (that is electron states at necks),
all scattering processes are allowed. Consequent-
ly, the increase of relaxation time with decreasing
temperature is larger"'' for belly states than
that for neck states. Thus,

tfT~ dT

dT dT

From symmetry considerations, it follows that
electrons in belly states will be scattered more
severely than holes in the neck states, implying
thereby that &„&~~. Consequently, on addition of
these substitutional impurities, R„will become
more positive in agreement with the observed ex-
perimental results on alloy films. Note that since
these impurities have large perturbation potentials
extending to few atomic dimensions, the holes in

the neck states are also scattered by these im-
purities but to a much lesser extent than electrons
in the belly states.

Since p, » p~, especially for 5-at.% impurities, a
large part of 7~ consists of v~, while a large part
of 7„ is due to ~» which is temperature dependent.
Thus,

4T~ QT~

QT QT (6}

Since d7/dT is negative for both the bands, dr„/dT
&dna/dT Acco. rding to Eq. (4) (n„p~(dv„/dT)(
& ~neue(doe/dT}~, that is, dR„/dT will become
negative so that R„will increase as the tempera-
ture is reduced. Since R„ is still negative for
alloy systems and the majority carriers are still
electronlike, the magnitude of RH decreases with
decrease in temperature. This agrees with the
results for 5-at%0 Ge and Sn alloys. Thus, we
have shown that without actually changing the num-
ber of electron and/or hole states, the differen-
tial scattering by impurities at the two regions of
the Fermi surface reverses the temperature de-
pendence of R„of Cu. The same arguments also
explain the observed temperature dependence of
R„ in Al, In, and Pb, "which have dominant states
available for conduction as those lying in the hole
zone (second Brillouin zone) and for which dR„/dT
is negative irrespective of the sign of R„. Thus,
whereas the magnitude of R„ is determined by
electrons, its temperature dependence is domi-
nated by hole conduction.

We can now calculate from Eq. (1) the ratio of
p, /g„ for various values of R». Taking n„/n, to
be the same (= x. ) as that for pure Cu and further
assuming that the effective masses of electrons
and holes remain unchanged in dilute alloys, the
ratio p, /p, „(—=ps/p„) yields directly 7„/ws. The
results so obtained are shown in Fig. 12. For
comparison, we have also shown the theoretical
plots obtained by Matsuda" and Dugdale and Fi,rth
on the basis of a two-band model. The three curves
differ from each other appreciably. Matsuda's
calculations are made by dividing the Fermi sur-
face of copper into eight similar cones' having
n =I and u =0.40. The value of u taken is question-
able as it is quite different from that observed
in bulk Cu (u =0.20).' Our calculations are based
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FIG. 12. The calculated dependence of negative Hall
coefficient on anisotropy (Tz/&z) of relaxation time.
A—Matsuda; 3—Dugdale and Firth; and C—present
work.

on a simplified two-band model in which n, /n„and
m, /m„are assumed to be constant and same as
that in pure Cu. The calculations of Dugdale and
Firth, based on Tsuji's" generalized expression
of R„, also consider only scattering at neck and
belly regions to be different, with the other trans-
port parameters being constant. Their results
differ from ours probably because their method of in-
tegration involves adifferentvalue of m, /m„andn, /
n„. This is supported by the fact that the limiting value
of R„ for r„/rs-0, which is a function of n, only,
is different for the two cases (see curves B and C
in Fig. 12). It is important to note that, in atwo-
band model, R„can be increased to a maximum
value of -7.6 units by changing the ratio of r's or
m's. This value is close to the free-electron val-
ueM of -7.45 units, the difference of 0.15 units is
obviously due to the existence of a small number
(2%) of hole states Physic. ally speaking, ~~/r~ 0-
implies that the necks do not contribute to the
process of conduction and R„approaches the free-
electron value.

With the help of curve C of Fig. 12, values of
r„/~s can be calculated from the corresponding
values of RH for alloys of different compositions.
Some typical values of r„/rs as a function of con-
centration and temperature are shown in Figs.
13-15. The corresponding values of p, ,/p„are also
shown. By substituting these values of p, ,/g„, we
have verified that dR„/dl' is indeed negative for
5-at@ Sn, 5-at% Ge and 2-at.g Sn alloys and is

holds for reasonable values of g, /g„. A close
examination of Eq. (1) reveals that this is due to
the fact that p.„ is greater than p., by a factor of
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FIG. 14. Variation in anisotropy &z/7z (and the cor-
responding p, /p&) at 80 K {-—~ ) with concentration of
alloying impurities in Cu films. The cross (X) symbols
show the corresponding variation when the distortions are
also taken into account.

positive for all other alloy films as also for pure
Cu. This is obviously a cross check and indicates
that though

isa all & ln. u.'I,
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nearly three in pure Cu. Any further decrease in
the electron mobility would bring about a con-
siderable change in R„and a still larger change in
dft„/dT

It is important to emphasize here that the above
treatment of the Hall coefficient of Cu in terms of
changes in p, , does not affect the corresponding
resistivity values of the alloy films.

The deduced values of r„/Ts (-=A, ) are large,
particularly for 5~$ alloys, primarily because we
have so far neglected contributions due to distor-
tions in the Fermi surface. Taking these contribu-
tions into account, more reasonable values of
Tg/Ys are required to explain the observed results.
The effect of distortions in alloy films can be cal-
culated by using the published data" on similar

bulk alloys. For series of bulk Cu-based alloys,
the Hall coefficient may be separated ' empiri-
cally into two terms, one associated with the band
structure (and hence the distortions in the Fermi
surface) and the other associated with the scatter-
ing mechanism. Assuming the values of distor-
tion contribution to RH in alloy films to be same as
that in bulk, we have deduced the values of &„/Ts
from the observed values of R„of alloy films.
The results are shown in Figs. 13-15. As seen,
these values of r„/rs are physically more meaning-
ful.

The distortions in the Fermi surface are expected
to change the ratio of the effective masses of elec-
trons and holes in the two bands as well as the
ratio of the number of corresponding states. The
distortion contribution due to these factors can
also be calculated by using Eq. (1), that is, from
mixed-conduction mechanism. Some of the typical
parameters so calculated from curve C of Fig. 12
are shown in Table I. For comparison, the values
of n, 7, m*, and p, for electrons and holes in pure
Cu are also shown. It may be noted that R„be-
comes very sensitive to the choice of n, /n„and
hence r„/vs because of the large weightage of the
first term in Eq. (1). Further, the values of r„/rs
required to explain the observed results on R„of
alloy films are reduced by increasing the ratio of
n„/n, or m, /m„.

%e have shown that changes in A~ of Cu on al-
loying can be understood in terms of scattering be-
havior of electrons and holes in a mixed-conduc-
tion mechanism. The difference in the behavior of
Ge and Sn impurities is primarily due to the
known' ' different scattering power of these im-
purities.

Our interpretation of the results is based on sim-
plifying assumptions and average values of the
transport parameters. A more rigorous analysis
of the results should consider the variation of all
the transport parameters within each band.

Finally, a comparison of our results with those
on the TEP behavior of alloy films is of interest.

TABLE I. Values of RH given below are in units of -10' cm C, those of m~ are in free-
electron mass units, and n, and nz denote the percentage of electrons and holes.

Rg Rg
at at

300 K 80 K n~ ng

pe/A ~sr/~s &e sa Tg/7's
at at at

my* 300 K 300K 80 K 80 K

Pure Cu

Cug5 Sns

Cug5 Sns
Cug5 Sn&

5.5
3.1
3.1
3.1

6.1
2.4
2.4
2.4

98 2

98 2
95 5
98 2

1.37
1.37
1.37
2.29

0.46
0.46
0.46
0.46

0.3357
0.201
0.3357
0.201

1.0
1.67
1.0
1.0

0.420
0.183
0.280
0.183

0.8
1.84
1.2

~]
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S =+S)p

PPP SI Pl d Pd

p p p p
(8)

where subscripts P, I, d, and v refer to phonons,
impurities, dislocations, and vacancies, respec-
tively. In well-annealed films, the latter two con-
tributions are expected' to be negligible. Further,
since pz is significantly larger than p~ (typically,
for 5-at.% Sn alloy, p, =14.45 p, Q cm as compared
to p~ =1.8 gQ cm), the impurity contribution is the
dominant factor. For example, the impurity con-
tribution is 0.645 gV/K as compared to the phonon
contribution of 0.155 p V/K in Cu„Sn, films at
300 K. As analyzed elsewhere, " two-thirds of the
change in TEP on alloying is due to enhanced scat-
tering from impurities and the rest is due to addi-

Whereas the addition of impurities tends to make

R„of Cu more holelike, the TEP tends towards a
more electronlike character. Vacancies tend to
make R„as well as TEP more electronlike. On

the other hand, dislocations tend to make the
thermopower of Cu films more holelike while R„
remains unaffected. Further, we have shown"
that the effect of vacancies and dislocations on
TEP (as also R„2) can be understood only in terms
of distortions of the Fermi surface and hence ener-

gy dependence of 7, mfP, or m*. In the preceding
discussion, we have shown that the understanding
of R„of alloy films requires both the Fermi-sur-
face distortions and the scattering mechanisms to
be taken into account. On the basis of Matthies-
sen's rule, TEP may be rewritten as

tional distortions of the Fermi surface of Cu.

Thus, the behavior of both R„and TEP can be
understood by similar physical mechanisms.

V. CONCLUSIONS

(i) IVhereas vacancies make R„of Cu films more
electronlike (magnitude increases), the substitu-
tional impurities Al, Ge, and Sn make it more hole-
like (magnitude decreases}.

(ii) The observed contributions of various im-
purities to R„of Cu have to be understood in terms
of both, the distortions of the Fermi surface of Cu
as well as the differential scattering from neck
and belly regions of the Fermi surface and hence
anisotropy of v(k). On the other hand, the con-
tribution of vacancies (dislocations do not con-
tribute significantly} to R„ is primarily due to the
distortions of the Fermi surface.

(iii) Although the magnitude of R„of pure-Cu
and alloy films is determined by electrons, its
temperature dependence is determined by holes
and at 5-at.@ concentration of the alloys, it is
dominated by hole conduction.

(iv) For better quantitative understanding, a
more rigorous theoretical analysis which will in-
corporate actual variation of all transport param-
eters within a band itself instead of taking average
values into consideration is required.

(v) The enhanced anisotropic scattering and dis-
tortions of the Fermi surface in alloy films need
independent verification by such studies as de
Haas-van Alphen and cyclotron resonance on thin
films of several alloy systems.
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