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PHYSICAL REVIEW B

VOLUME 37, NUMBER 5

Electronic structure and properties of sputtered Ta-Cu films

K. D. Aylesworth, S. S. Jaswal, M. A. Engelhardt, Z. R. Zhao, and D. J. Sellmyer
Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588
(Received 13 July 1987)

Films of Ta,Cu,_, have been produced in a co-sputtering system with dc- and rf-sputtering
guns and a substrate attached to a rapidly rotating, water-cooled table. Samples were produced in
the composition range 0.1 <x <0.9. X-ray diffraction and electrical resistivity data between 4.2
and 300 K have been obtained. Diffraction measurements show that for 0.6 <x <0.9 the samples
are glassy. The room-temperature resistivities follow the Mooij correlation with a zero tempera-
ture coefficient of resistivity at a resistivity of 35 uQlcm. The resistivity-versus-temperature data
for Tay goCuyg, o are compared to the extended Ziman-Faber theory and a localization theory by
Kaveh and Mott. Of these two theories, the Kaveh-Mott theory best describes the experimental
results. Ultraviolet and x-ray photoemission measurements have been made as a function of com-
position. The position of the Cu 3d levels appears to be correlated with the amorphous or crystal-
line character of the structure. A linear muffin-tin-orbital calculation of the electronic structure of
amorphous Taj syCug4; has been performed. The calculation, based on a periodically extended
amorphous cluster of 39 atoms, gave an electronic density of states in good agreement with photo-
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emission results.

I. INTRODUCTION

Disordered and glassy metals are a challenge to under-
stand since they require theories that differ markedly
from those employed to describe crystalline and liquid
states of matter. The Bloch theorem does not hold in
these metals because there is no long-range order, and
modeling these systems classically as “frozen” liquids
does not work for electron transport, because quantum
effects due to localization can appear. Several of the
anomalous physical properties of disordered metals have
resisted clear explanations for over a decade: In particu-
lar, these materials often exhibit negative temperature
coefficients of resistivity that are difficult to reconcile
with any of the existing transport theories.'™> As a re-
sult of these circumstances, there has been considerable
recent activity in this field.*~'°

Among these disordered systems, refractory metal
glasses are particularly interesting because of possible
application in electronic devices. Specifically, glassy Ta-
Cu alloys have the potential for making excellent
diffusion barriers because of their high crystallization
temperatures and relatively low resistivities.'!"!?

While some technological aspects of Ta-Cu glasses
have been studied, no known data exist on the funda-
mental properties of this alloy system. This study was
undertaken to provide information on the electronic
structure and transport properties of these alloys.
Presented here are comparisons of experimental resistivi-
ty data with two different theories, x-ray data on the
structure of the Ta-Cu system, and electronic structure
information as derived from photoemission measure-
ments and self-consistent band-structure calculations.

II. EXPERIMENTAL METHODS

The alloys were prepared with a multiple-gun sputter-
ing system which is shown in Fig. 1. Prior to sample
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production calibration curves for the sputtering rate
versus power were produced for each element. These
curves were produced by sputtering a single element
onto a substrate of known area for a known length of
time and power. The substrates were weighed before
and after deposition, and the thickness was determined
using the bulk density of the element.

Ta,Cu;_, (0.1<x<0.9) films were produced by
cosputtering targets of pure Ta and Cu onto a glass sub-
strate attached to the water-cooled, rotating table as in
Fig. 1. The Ta was rf sputtered and the Cu was dc sput-
tered. The total sputtering rates at the substrate were
about 1 A/s, while the rotation rate of the table was 60
rpm. This ensured that the samples were homogeneous
alloys rather than layered materials. The films were
about 3000 A thick.

The base pressure of the sputtering system was
2% 1077 Torr. The sputtering was performed in a con-
stant argon flow with the chamber pressure held at 5
mTorr.

The four-probe technique was used to measure the
resistance of the films. In order to attach leads to the
samples, it was necessary to sputter copper contacts onto
the samples. The probe wires were then soldered to the
contacts with low-melting-point (47°C) solder. The
resistance was measured while the probe was dipped
slowly into a Dewar of liquid He. The resistance mea-
surements were repeatable to within 0.005 Q over the
entire temperature range.

The thickness of the films was inferred from the
sputtering rates, and the length and width were deter-
mined with a traveling microscope. The estimated un-
certainties in the resistivity, due mostly to the uncertain-
ty in the thicknesses of the films, are about 15%.

The compositions of some of the films, calculated from
the sputtering rates, were compared with the composi-
tions calculated semiquantitatively from Auger depth

2426 © 1988 The American Physical Society
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FIG. 1. A diagram of the sputtering apparatus.

profiling performed at NASA —Lewis, and were found to
agree to within a few percent.

The structure of the films was studied by Cu Ka x-ray
diffraction with a Phillips diffractometer. This showed
that they were disordered over a large range of composi-
tion.

A Kevex Analyst 770 unit was used to perform x-ray
fluorescence measurements to estimate the argon content
of the films. The measurement conditions were opti-
mized to search for argon, but the signal was less than
the sensitivity of the system. This sensitivity is estimat-
ed to be considerably better than 0.1 wt. %.

III. RESULTS AND DISCUSSION

A. Diffraction and resistivity

Figure 2 shows a summary of the x-ray data for the
sputtered films. These data indicate that sputtered Ta-
Cu films are noncrystalline or glassy over the range
60-90 at.% tantalum. In a recent study'? this range
was determined to extend from 55 to 95 at. % Ta. This
corresponds well with the data for the films produced by
e-beam evaporation.'!

A plot of the temperature coefficient of resistivity
versus resistivity for the entire set of samples (Fig. 3) fol-
lows the Mooij correlation, with a critical resistivity of
35ulem.

Few theories of resistivity in highly disordered metals
yield quantitative results that can be compared to experi-
ment. Two theories that can be compared to experiment
are the extended Ziman-Faber theory,'>~'® and a locali-
zation theory of Kaveh and Mott!® that was recently ex-
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FIG. 2. A summary of the x-ray data for sputtered

Ta,Cu,_, films.

tended by Tsuei.?® Other theories are discussed in Refs.
21-28.

Least-squares fits to the Ziman-Faber and Kaveh-Mott
theories are shown for one glassy alloy, Tag ¢qCuyq 1q, in
Figs. 4, 5, and 6.

The original Ziman-Faber theory was derived from
the Boltzmann equation for liquid metals and is based on
a diffraction model. In this theory the resistive structure
factor and the x-ray structure factor are assumed to be
identical; the temperature dependence of this structure
factor determines the temperature dependence of the
resistivity. However, in disordered solids the x-ray and
resistive structure factors are significantly different.'?
The extended Ziman-Faber theory takes this difference
into account.

Cote and Meisel'® obtained the following equation for
resistivity based on the extended theory:

1400
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FIG. 3. A plot of temperature. coefficient vs resistivity for
sputtered Ta, Cu, _, films.



2428

p=ap, +p0e_2[W*<T)“W*‘°’] i (1

where p; is the ideal electron-phonon resistivity and
a << 1. The Debye-Waller factor is
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0

(2)

where K =2K, and M is the weighted average of the
atomic masses.
The equation that was fitted to experiment is

e, /T

T? x
fo ex—ldx

0

R(T)=AT+Rexp | —BK}

’

(3)

where B = 1272 /Mkz =2.13 A’K.

In fitting this equation to experiment the Debye-
Waller factor was evaluated numerically, using an
infinite series substitution. The series was truncated at
each experimental point when a term in the Debye-
Waller factor was smaller than 1x107'". The best
least-squares fit to this equation is shown in Fig. 4. The
values of the parameters obtained in the fit are
©,=60+£10 K, 4=(1£1)x10"% QK~!, K.=0.085
+0.005 A~!, and R;=29.43+0.01 Q.

The values for ®, and Ky were expected to be around
300 K and 1.5 ;\", respectively. Since the values found
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FIG. 4. A least-squares fit of the extended Ziman-Faber
theory to the experimental data for Tag¢oCug 9. A is the
difference between the experimental and theoretical curves.
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from the fit to experiment are unrealistic, it would seem
that the extended Ziman-Faber theory is not likely to be
adequate as a model for the resistivity of transition-metal
alloys containing both s and d electrons.

The Kaveh-Mott theory,19 like the Ziman theory, is
based upon the Boltzmann equation; however, in this
case quantum corrections to the Boltzmann equation are
considered. These quantum corrections are necessary
because the elastic mean free path for the electrons be-
comes so small that the electrons are weakly localized.

Kaveh and Mott found that the corrected conductivi-
ty, assuming A, << A,;, is given by

3
(T)=05(0) |1— —>—
7= os (Kph, P
ez 1 (‘Klf;"e)2
. _ , 4
T (D T 3AT) @

or

172
1

, 5)
A(T)

o(T)=A"+B’

where A;(T) is the inelastic mean free path, A, is the
elastic mean free path (assumed to be independent of
temperature), and o5(0) is the Boltzmann conductivity
at T =0 K.

Converting this to resistance gives

1
)= .
A" +B"[1/M(T)]V2—C"[1/7,(T)]

R(T (6)

In order to fit this theory to experiment the precise
temperature dependence of A; must be known or as-
sumed. According to this theory 1/A; varies as T7
(2<p<5) as T—0 and T' at high temperatures. The
Griineisen function,?’

4 ®n/T xPe*

fO (eX—1)2

D

G'p o« dx , (7)

fits this behavior and is assumed to determine the
electron-phonon component of A;.

The experimental data are consistent with the assump-
tion of a phonon moderated mechanism for the resistivi-
ty since the temperature coefficient of resistivity—
a=p~'dp/dT—goes to zero as the temperature goes to
zero.

To determine the value for p, the low temperature be-
havior of the resistivity must be examined. As 7 —0,
Eq. (6) can be expanded in powers of x =(T/®p)!"? as
follows:
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where a =1/4; b =B /A*®@}/*. This prediction is con-
sistent with the Kaveh-Mott theory for a three dimen-
sional conductor.!®20

Similarly, if p is assumed to equal 4, R (T)—a —bT?
as T—0. Unfortunately, the resolution of our data is
not adequate to distinguish between these two tempera-
ture dependences.

Least-squares fits to Eq. (6) with 1/A; proportional to
G; and G, are shown in Figs. 5 and 6. Again, the in-
tegrals were performed numerically. Table I shows the
results of the least-squares fits to the Kaveh-Mott
theory. The last column is the sum of the squares of the
differences between experiment and theory (S2). These
results indicate that the fit between experiment and
theory is slightly better for p =3. This is consistent with
the R(T)=a —bT>’? behavior as T—0 that was pre-
dicted for a three-dimensional conductor by Kaveh and
Mott.

From the fit it can be seen that the temperature
dependence is dominated by the (1A,A;)~!/ 2 term in Eq.
(4). This is reasonable since estimates of A; and A, for
these materials are ~10° A and ~10 A, respectively.

Based upon the above results, this theory looks
promising; however, in order to further determine the
validity of this theory the electron-electron contribution
to A; and the temperature dependence of A, must be in-
cluded in the analysis.

B. Photoemission and electronic structure

Since no experimental atomic structure data on the
Ta-Cu system were available, the structure was deter-
mined by simulating the glass by randomly packing 23
Ta atoms and 16 Cu atoms into a cube. The mass densi-
ty of the glass was assumed to be 5% lower than the
weighted average of the densities of crystalline Ta and
Cu. With these assumptions the side of the cube is 8.746
A.

Periodic boundary conditions were then applied, and
the atoms were relaxed with the Lennard-Jones poten-
tial:

The parameters for the Ta-Ta and Cu-Cu potentials
were determined from the cohesive energy and lattice
parameters of the respective crystals, with the truncation
distances (where the potentials and their derivative van-
ish) set to 7 A. The Ta-Cu parameters were then calcu-
lated by averaging the magnitudes and positions of the
minima in the above potentials, and setting the trunca-
tion distance to 7 A. The total and partial pair distribu-
tions determined from these potentials are shown in
Figs. 7 and 8, respectively. These pair distributions are
typical of transition-metal glasses: A large main peak at
the nearest neighbor distance is followed by smaller
peaks corresponding to more distant neighbors.

The self-consistent calculations are based on the linear
muffin-tin-orbital (LMTO) method in the semirelativistic
approximation.’® The basic LMTO programs are de-
scribed in Ref. 31. The Hedin—von Barth form>®? of the
local spin-density approximation to the exchange-
correlation potential with Janak parameters®> was used

1 M 1 v ]
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FIG. 5. A least-squares fit of the Kaveh-Mott theory (p =3)
to the experimental data for Ta, ¢oCug 0. A is the difference
between the experimental and theoretical curves.
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TABLE I. The fitting parameters for the Kaveh-Mott theory with A; < Gj.

P a (Q) b (QK P C ®p (K) S? (1072 Q?)
3 29.44+0.01 (1.44+0.01)x 107* 0 770+30 3.47
4 29.43+0.01 (8.62+0.01)x 10~ 0 600430 7.87

in these calculations.

The Wigner-Seitz radii (r;) in Ta and Cu metals were
used to find their values in the glass [»(Ta)=3.18 a.u.
and r,(Cu)=2.765 a.u.].

The core states for Ta (1s? 252 2p® 352 3p® 3410 452
4p% 4d'© 4f'* 552 5p°) and Cu (l1s? 252 2p® 3s5% 3p%)
were frozen to be the same as the atomic states found
self-consistently. The valence electrons are 5 per Ta and
11 per Cu. The s, p, and d basis functions were used for
the valence states of each atom, thus the Hamiltonian
and overlap matrices are 351 X 351.

As shown for Ni-Zr glasses®* simulated by a 39-atom
periodic cluster, the energy bands for this system are ex-
pected to be fairly dispersionless; hence the long-range
order effects due to the periodic boundary conditions on
the electronic structure must be negligible. Therefore
these time-consuming self-consistent calculations are
performed only at the zone center.

The calculated total and partial densities of states
(DOS’s) are shown in Fig. 9. The DOS is dominated by
the Cu 3d band centered around 3.5 eV below the Fermi
level. The density of states at the Fermi level is 0.90
states/eV atom.

X-ray photoemission spectroscopy (XPS) data for
several Ta-Cu alloys are shown in Fig. 10. It is interest-
ing that the Cu 3d peak is shifted about 1 eV in the
glassy alloys, while remaining unshifted for the crystal-
line alloy.

v_ 1 v 1 v 1

o 4
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o °
O o -1
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[{0]
St ]
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n @ N
o o
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= |Experiment —
T ] = -
1
o | ]
= op _
4 "?— 1 L 1 N 1

50 150 250

Temperature (K)

FIG. 6. A least-squares fit of the Kaveh-Mott theory (p =4)
to the experimental data for Tag ¢oCug 0. A is the difference
between the experimental and theoretical curves.

Figure 11 shows the comparison of the experimental
data for TagssCupys, and LMTO calculation for
Tag soCug 49 The slight difference in composition is not
expected to significantly affect the quality of the compar-
ison.3® In order to compare the theory with the photo-
emission data, the total DOS was multiplied with the
zero-temperature Fermi function, and broadened with a
Gaussian of 0.3 eV width. It is seen that the main
features of the Cu 3d and Ta 5d states agree well in ex-
periment and theory.

The electronic structure of Ta-Cu is very similar to
that of other early-late transition-metal combination
glasses, such as Zr-Cu;* the valence band of the alloy
resembles a superposition of the shifted Cu 3d and Ta 5d
bands.

IV. SUMMARY AND CONCLUSIONS

As expected, sputtered Ta-Cu films are glassy over a
wide range of composition, and they show a negative
temperature coefficient for resistivities above a critical
value of 35 uQ cm. In attempting to explain this behav-
ior, fits to two different theories were performed.

The first fit was to the extended Ziman-Faber theory.
The original Ziman theory is a diffraction theory, based
on the Boltzmann equation, for transport in liquid met-
als. The extended theory pertains to glassy metals by
taking into account the difference between the resistive
and x-ray structure factors. Since the physical interpre-
tation of the fitting parameters gives unreasonable values
for the Debye temperature and Fermi momentum, this
theory appears to be an inadequate model for electron
transport in these glasses.

The resistivity data were also compared to a localiza-
tion theory by Kaveh and Mott, and this provided a
good fit with parameters that are at least of the expected
order of magnitude. However, Kaiser*® has raised some
objections to the assumption that the temperature

M T
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(o} 3 Q 12
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FIG. 7. Total pair distribution for Tag soCug 4;-
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FIG. 8. Partial pair distributions for Ta-Cu, Cu-Cu, and
Ta-Ta pairs in Tay s5oCug 4.

dependence is contained entirely in the electron-phonon
contribution to the inelastic scattering term. This sug-
gests that further theoretical work is required, particu-
larly for glassy metals for which the critical
resistivity — where a =0—is rather small.

Finally, it was demonstrated that LMTO calculations
with semiempirical pair distributions can qualitatively
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FIG. 9. Total and partial densities of states for Ta, soCug 4;.
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predict the band structure for these transition-metal al-
loys. The experimental and theoretical densities of states
show that the Ta-Cu system is similar to other early-late
transition-metal alloys in that the Cu 3d and Ta 5d
bands are the main features of the band structure for the
alloy. In addition, it can be seen that the shift in the Cu
3d band predicted from theory corresponds well with the
shift observed by photoemission.
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