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Abstract

The local structure ofb-tantalum was investigated by comparing experimental extended X-ray absorption fine structure
(EXAFS) measurements with calculated spectra of proposed models. Four possible structure candidates were examined: ab-
Uranium based structure, a distorted A15 structure, a bcc-Ta based superlattice structure with N interstitials and a simple hcp
structure. The local structural measurements were found to be consistent with theb-Uranium based model containing 30 atoms
per unit cell and having the space group P4ymnm. The thermal effect analysis on X-ray diffraction and EXAFS spectra, which2

reveals thatb-Ta is highly disordered, agrees with the low symmetry and anisotropic system of theb-U model.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In sputter deposition experiments, tantalum thin films
exhibit two crystalline phases, body-centered cubic(a-
Ta) and tetragonal(b-Ta, a metastable phase) tantalum,
which differ in both structural and electrical properties.
The beta phase of tantalum has been attracting much
interest since its discovery in 1965 by Read and Altman
w1x. Because of its high resistivity(180–220m V cm),
it is the preferred form for fabricating resistors and
capacitorsw2,3x. It is also a promising underlying layer
to promote the adhesion of copper to dielectrics and
diffusion barrier of copper on siliconw4,5x.
A great deal of work has been devoted tob-Ta, but

its structure has not been well characterized. Numerous
crystal structures have been reported forb-Ta. Read and
Altman w1x proposed a tetragonal unit cell Ta withas
0.534,cs0.994 nm, containing 16 atoms with a theor-
etical density of approximately 16.9 g cm . Thisy3

structure has dimensions consistent with a distorted A15
unit cell w6x. Later X-ray powder patterns were indexed
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by Miller w7x with a tetragonal unit cell, havingas
0.534, cs0.992 nm which is in agreement with that
found by Read and Altman. Dasw8x interpreted the
electron diffraction data onb-Ta as a bcc-based super-
lattice structure with slight tetragonal distortion. Nitro-
gen atoms located interstitially were an integral part of
the unit cell, which has the dimensions ofasbs1.029,
cs0.92 nm, and belongs to the 4ymmm space group.
On the other hand, Burbankw9x proposed a hexagonal
subcell with as0.2831 andcs0.5337 nm forb-Ta,
which is related to a simple hcp structure with space
group symmetry P6ymmc. Mosley et al.w10x prepared3

b-Ta by electrodeposition and indexed the X-ray dif-
fraction pattern in terms of a tetragonal unit cell with
as1.0194,cs0.5313 nm. The crystal structure ofb-Ta
was determined to be isomorphous withb-Uranium.
Our primary aim was therefore to investigate the

structure ofb-Ta from a local perspective in order to
better determine the most accurate structural model.
Whereas all previous studies relied on X-ray or electron
diffraction techniques, a structural probe that determines
atomic structure on a short length scale can complement
measurements previously performed.
In our study, extended X-ray absorption fine structure

(EXAFS) analysis was applied to probe the local struc-
ture of b-Ta. Theoretical calculations have been per-
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Table 1
Lattice parameters of four hypotheticalb-Ta structures,a-Ta and f.c.c-Ta

No. Models Space group Lattice constants Shortest Ta–Ta distance Density Atomsyunit cell Ref.
(nm) (nm) (g cm )y3

A b-Uranium P4ymnm2 as1.0194 0.265 16.33 30 w10,17x
cs0.5313

B1 Distorted A15 Pm(y3)n as0.534 0.189* 16.96 16 w1,6,7x
cs0.994

B2 as0.534 0.267 16.96 8
cs0.497

C Superlattice Ta(N) P4ymmm asbs1.029 0.287 16.70 56 w8x
cs0.92

D Hexagonal P6ymmc3 as0.283 0.283 16.23 2 w9x
cs0.534

a-Ta Im(y3)m as0.331–0.333 0.286 16.55–16.27 2 w21x
f.c.c-Ta Fm(y3)m as0.439–0.448 0.310–0.317 14.21–13.37 4 w21–23x

This Ta–Ta distance is non-physical.*

formed for all candidate models proposed forb-Ta. The
polarized EXAFS and thermal effect analysis on both
X-ray diffraction and EXAFS spectra were applied to
evaluate the most likely candidate model determined by
the comparison analysis of the EXAFS experimental
data and theoretical calculations.

2. Experimental and computational methods

b-Tantalum coatings 30mm thick were deposited on
AISI4340 steel substrate by planar magnetron sputtering
system in a 1.3 Pa argon atmosphere at Benet Labora-´
tories. The substrate temperature was;350 8C. Ta foils
used as standards were obtained from Goodfellow Cor-
poration and were 99.9% Ta. To determine the phase of
the coatings, X-ray diffraction(XRD) was performed
using a Philips X-ray diffractometer with Cu Ka radia-
tion operated at 45 kV and 40 mA. XRD patterns for
bcc tantalum powder(99.9%, Aldrich Chem. Co.) and
foil were also collected for comparison under the same
measurement conditions.
EXAFS measurements were carried out at beam line

X-11A at the National Synchrotron Light Source, Brook-
haven National Laboratory, using a Si(111) double
crystal monochromator. For each measurement, the sec-
ond silicon crystal was detuned to approximately 80%
of maximum transmitted X-ray intensity to reduce the
harmonic content. The storage ring operated at 2.58 or
2.8 GeV with a typical current of 180 mA. Polarized
X-ray absorption spectra were measured for the highly
(002) textured beta samples. Three angles between the
incident beam and sample surface were used, 908 (in-
plane), 2.58 (grazing angle), and 458. At low tempera-
ture(20 K), spectra were measured with the 458 incident
beam for bothb-Ta anda-Ta (Ta foil) and compared
to data at 300 K. All the data were taken in fluorescence
mode and collected at the L-III edge of Ta with the
energy range of 9.732–10.986 keV. Energy calibration
was accomplished by assigning the position of the first
inflection point of the tantalum foil absorption spectrum

to 9.881 keV. Nitrogen and argon gases were used,
respectively, in the ion chamber and fluorescence detec-
tor to measure the incident(I ) and fluorescence(I )0 f

intensities. For thea-Ta samples, six scans were col-
lected; while forb-Ta over 20 scans were measured for
each orientation to improve statistics(25 scans for 458
incidence, 46 scans for 908 and 2.58 incidence). The
reference spectrum was obtained from six scans ofa-
Ta foil.
Theoretical fine structurex(k) spectra for four pro-

posed models were generated using FEFF7w11,12x.
EXAFS data reduction and fitting were performed using
WinXAS w13x following standard proceduresw14x. Crys-
tal structural drawings were generated using PowderCell
w15x and CrystalMakerw16x.
In the theoretical EXAFS calculations, the amplitudes

of the model spectra are larger than the corresponding
experimental spectra. This significant difference is main-
ly due to the following two processesw14x: (a) inelastic
losses such as multielectron excitation of the absorbing
atom and the inelastic scatterings of the photoelectron
and(b) static and thermal disorder effects. Inelastic and
multielectron effects alter the amplitude of the signal.
In addition, the reabsorption of fluorescence photons
results in an amplitude reduction, which is typically
energy-dependent. However, this effect is constant for
systems under consideration. This will be shown later
in Section 4.2 by comparing the electron yield and
transmission spectra(which are not affected) with the
scaled fluorescence spectrum fora-Ta. The foil spectrum
can be used for comparison because the density approx-
imately equals that ofb-Ta (see Table 1). To partially
model the disorder effect we introduced a global Debye–
Waller factor in expwy2s k x term with s s0.005 as2 2 2

obtained from fitting the experimental spectrum of bcc
tantalum. The value ofs was certainly underestimated2

because of the significant disorder in theb-Ta structure.
Large disorders accompanied by asymmetric pair distri-
butions or an anharmonic vibration often leads to a
reduction of the EXAFS amplitudew14x. The x(k)k3
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Fig. 1. Crystal structures of proposed models:(a) b-Uranium model
(Model A); (b) distorted A15(Model B ); (c) bcc-Ta based Ta-N2

superlattice(Model C); (d) hexagonal hcp structure(Model D).

Fig. 2. XRD patterns of Ta powder, Ta foil andb-Ta film.

functions were Fourier transformed(FT) into r space
by using a Bessel window function for the samek range
in each comparable data set.

3. Structural models

Four structures proposed in the literature were consid-
ered(Table 1): (a) a b-Uranium based structure;(b) a
distorted A15 structure;(c) a bcc-Ta based superlattice
structure with N interstitials;(d) simple hcp structure.
The optimized Wyckoff-specific atomic positions were
generated for all structure candidates and are shown in
Fig. 1.
Model A structure(Fig. 1a) is generated from the

model ofb-Uranium based on the work of Lawsonw17x
with space group P4ymnm. The lattice constants are2

from the index results of X-ray diffraction forb-Ta by
Moseley w10x. The unit cell has five distinct Ta sites
with a broad distribution of Ta–Ta distances about each
site. The shortest Ta–Ta distance is 0.265 nm.
For the distorted A15 modelw1,6,7x, two structure

types B and B were tentatively considered. In the B1 2 1

structure, a cell with dimensionsas0.534,cs0.994 nm
and general positionsa, c and e were used. No other
appropriate positions can be found in the International
Tables, which have the A15 symmetry with 16 atoms
per unit cell. However, the shortest Ta–Ta distance for
the constructed structure is 0.189 nm. This distance is
non-physical since tantalum metal has a radius of

approximately 0.147 nmw18x. Another element in the
transition metal group V, tungsten, exhibits a beta form
with a simple cubic A15 unit cell containing eight atoms
w19,20x. Assuming that tantalum has a similar structure
to b-tungsten, it may have a structure of the simple
distorted A15 cell withas0.534,cs0.497 nm, in which
c is one half that found in the B structure. The structure1

would have a density of 16.96 g cm and the shortesty3

Ta–Ta distance is 0.267 nm. Here we regard this
structure as one of the candidate structures called B2

type (Fig. 1b).
In model C(Fig. 1c), b-tantalum was interpreted by

the ordering of impurities in a bcc superlattice with
elongation along thea and b directionsw8x. Interstitial
nitrogen was placed at octahedral sites at the centers of
(010) and (100) faces. The Ta-N superlattice has 56
atoms per unit cell, including two interstitial nitrogen
atoms with a calculated density of 16.70 g cm .y3

Model D (Fig. 1d) is a hexagonal structure with
ABAB stacking order similar to the structure of Zn or
Cd w9x. The nearest neighbor Ta–Ta distance is 0.283
nm (within the atomic layer) and the next nearest Ta–
Ta distance is 0.313 nm(between atomic layers). Table
1 summarizes the cell parameters, space groups, and
other structural data for each model. The details ofa-
Ta (bcc) and anomalous f.c.c structure are also listed
for comparisonw21x. The f.c.c phase of Ta was observed
in very thin films of tantalum with the lattice constants
of ;0.44 nmw22,23x. This structure has a large shortest
distance(0.31 nm), and low density(14.1 g cm ) asy3

compared with other structures.

4. Results and discussion

4.1. XRD analysis

The X-ray diffraction (XRD) patterns of thea-Ta
(foil and powder samples) and depositedb-Ta film
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Fig. 3. x(k)k spectra ofa and b-Ta groups. In(a) we show the3

scaled fluorescence(Fluoy0.82), electron yield and transmission spec-
tra for a-Ta. (b) Theoretical(T) data for bcc-Ta;(c) experimental
(E) data forb-Ta; and theoretical spectra of four hypothetical struc-
ture models:(d) b-Uranium model(Model A); (e) distorted A15
(Model B ); (f) bcc-Ta based Ta-N superlattice(Model C); (g) hex-2

agonal structure(Model D).

Fig. 4. Fourier transforms ofx(k)k spectra fora andb-Ta groups3

over thek range 28.6–143.2 nm .(a) Experimental(E) data fory1

bcc(a)-Ta; (b) theoretical(T) data for bcc-Ta;(c) experimental data
for b-Ta; and theoretical spectra of four hypothetical structure models:
(d) b-Uranium model(Model A); (e) distorted A15(Model B ); (f)2

bcc-Ta based Ta-N superlattice(Model C); (g) hexagonal structure
(Model D).

collected at room temperature are shown in Fig. 2. The
intensities inb-Ta and Ta foil patterns were multiplied
by a factor of 0.02 and 0.5, respectively. Compared to
the Ta powder, the Ta foil shows a slightly preferred
(110) orientation. Forb-Ta film only three peaks which
are referred to the(002), (004) and (006) reflections
were observedw10,21x. The (002) peak is almost one
hundred times greater than the(110) peak in the Ta
powder pattern. The absence of additional peaks poten-
tially suggests a high degree of texture exhibited by the
b-Ta film. In fact, depositedb-tantalum thin films are
known to exhibit(002) texturew24x.

4.2. Comparative study of theoretical and experimental
EXAFS spectra

Detailed comparison of the experimental(room tem-
perature) and theoretical EXAFS(x(k)k ) and Fourier3

transform spectra are shown in Figs. 3 and 4, respec-
tively. The amplitudes of the spectra were multiplied by

appropriate factors for direct comparison. In(Fig. 3a)
we show the scaled fluorescence(Fluo.y0.82), electron
yield (TEY) and transmission(Trans.) spectra fora-Ta.
It can be seen that a scale factor of 0.82 can be used to
account for the self-absorption effect in the fluorescence
spectra. We compare the experimental(Fig. 3a) and
theoretical(Fig. 3b) patterns for bcc Ta; they show the
level of agreement anticipated. By comparing the pat-
terns of candidate models(Fig. 3d to g) with experi-
mental data(Fig. 3c) for b-Ta we can narrow the
possible models for the structure ofb-Ta. The model
spectrum ofb-U is consistent with the experimental
spectrum ofb-Ta structure for a broad range ofk-space
(to 100 nm , at lowk values the Debye–Wallersy1 2

contributions to the amplitude are small according to
expwy2s k x term). No other model matches the data2 2

over this broad region. We note that the f.c.c phase was
not considered since it typically forms a thin layer
(approx. 5 nm) in the early growth phasew22,23x.
The Fourier transforms(FT) of the spectra(uncor-

rected for phase shift) are shown in Fig. 4. We can
observe that among the four proposed models the spec-
trum based onb-U model (Fig. 4d) is the only one,
which shows a similar atomic short-range structure to
the experimental data forb-Ta (Fig. 4c). In both spectra
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Fig. 5. x(k)k spectra of the polarized EXAFS experiment collected3

at angle of;2.58 (grazing) and 908 (in-plane) for (002) orientated
b-Ta film.

Fig. 6. Fourier transforms ofx(k)k spectra from the polarized3

EXAFS data (grazing and in-plane), the averaged spectrum and
experimental data collected at 458 with k range of 28.6 to 143.2
nm .y1

the major shell is located at;0.29 nm with one sub-
peak to the left. This shoulder in experimental data
shows greater amplitude than that from theoretical cal-
culation, but both are located at; 0.24 nm. All other
models reveal large amplitudes at highr resulting from
highly ordered atomic arrangements as compared to the
significant disorder(broad neighbor distributions) exhib-
ited by theb-U model.
Efforts were taken to fit experimental data ofb-Ta at

room temperature(300 K) and low temperature(20 K)
with a two shell model using eleven parameters: the
amplitude reduction factorS , coordination numberN,2

0

atomic distanceR, Debye–Waller factors , inner poten-2

tial shift DE and third and fourth cumulantsC , C .0 3 4

However, fit results show that the cumulant expansion
w25x does not converge up to the fourth order, which
suggests high order terms or a more general distribution
are needed to describe the atomic distribution in the
first Ta shells. Significant local structural disorder exists,
which cannot be modeled by a simple cumulant expan-
sion. Hence, only the qualitative arguments above are
given.

4.3. Polarized absorption spectra of b-tantalum

Angular resolved EXAFS is a useful tool for detecting
differences in the short-range structure in an anisotropic
crystal. Ifb-Ta is isomorphous withb-Uranium, it would
have a very different local structure along thez direction
compared to thexy plane. For the(002) orientation of
the b-Ta film, the spectrum acquired from a grazing
angle(approx. 2.58) setup with the electric field perpen-
dicular to the film approximately reveals local structure
information along thez direction of theb-Ta structure.
The spectrum from the 908 angle (normal incidence)
setup with the electric field parallel to the film provides

information about the in-plane(xy) atomic distribution.
The correspondingk weightedx(k) data are displayed3

in Fig. 5. Large differences exist between the spectra;
the envelope amplitudes peak at differentk values.
Fourier transforms of the two spectra are presented in
Fig. 6 and are compared with their direct average and
the conventional EXAFS data collected at 458. The two
polarized spectra depict quite different short-range atom-
ic distributions. Dissimilar peak positions(nearest neigh-
bor distances) and distinct amplitudes(coordination
numbers) are exhibited for the first two or three shells.
The high anisotropy is consistent with that expected of
the b-U model. No other model yields asymmetry in
the first shell. Differences between the averaged spec-
trum and that for the 458 measurements may be due to
enhanced self-absorption effects resulting in low ampli-
tude in the grazing measurement.

5. Analysis of thermal effects on XRD and EXAFS
spectra

5.1. Thermal effects in the XRD pattern of b-Ta

As illustrated above, the most probable structure of
b-Ta is tetragonal with the same space group of P4y2
mnm asb-Uranium. To further investigate the structure,
the calculated XRD based onb-U was performed as
summarized in Table 2. The values of the anisotropic
thermal parameters obtained in space group P4ymnm2

by Lawsonw17x showed very little anisotropy. Therefore,
in our case we simplified the temperature factor by
using an isotropic form exp(y2M) w26x, where 2Ms
16p Nu M(sin u)yl . The rms displacementNu M is2 2 2 2 2

s s

unknown for b-Ta, but the value for bcc-Ta at room
temperature is approximately 1.5=10 nm , whichy4 2

was obtained from the powder diffraction data. There-
fore, becauseb-Ta is more disordered thana-Ta, values
of 4.0=10 and 1.0=10 nm were used forb-Tay4 y4 2
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Table 2
The calculation of relative intensities for(002), (004), (006) reflections in XRD base onb-U model

2u hkl sinuyl F (10 )2 y3 LP Temp. Rel. Rel.
factor factor intensity(Cal.) intensity

Nu M (10 nm)2 y4
s

(Exp.)

1.0 4.0
1.0 4.0

33.4 002 0.186 766.9 10.7 0.95 0.80 100 100 100
70.0 004 0.372 2230.2 2.07 0.80 0.43 47 30 28
118.7 006 0.558 318.5 1.63 0.61 0.14 4 1 1

Fig. 7.x(k)k spectra of EXAFS experiment collected at temperature3

of 20 K (dashed curve) and 300 K(solid curve) for a-Ta andb-Ta
film.

Fig. 8. Fourier transforms(over thek range of 28.1–157.8 nm fory1

a-Ta and 28.6–143.2 nm forb-Ta) of x(k)k spectra of EXAFSy1 3

experiment collected at temperature of 20 K(dashed curve) and 300
K (solid curve) for a-Ta andb-Ta films.

as a rough estimation. The values of(1qcos 2u)ysinu2

sin2u) are tabulated for Lorentz-polarization(LP) fac-
tors w26x. The calculation shows that the relative inten-
sities with displacementNu M at 0.02 nm, which is2 1y2

s

larger than that for in bcc-Ta, yet is reasonable because
of its highly disordered structure, agree well with exper-
imental data.
The XRD pattern is an effective tool for assessing

structure and has been extensively applied onb-Ta w1–
10,21,24x. However, discrepancies exist in the indexing
results, which are mainly caused by differing relative
intensities in diffraction patterns resulting from texture

effects. Powder diffraction data with totally random
orientation or single-crystal data are required for accu-
rate assessment of theb-Ta structure.

5.2. Thermal effects in the EXAFS spectra of b-Ta

EXAFS experiments at low temperature(20 K) and
room temperature(300 K) were conducted fora-Ta and
b-Ta in order to study thermal effects in the EXAFS
spectra ofb-Ta. Thex(k)k and FT spectra are displayed3

in Figs. 7 and 8, respectively. In Fig. 7, we observe that
x(k)k spectra at 20 K(dashed curve) have greater3

EXAFS signal than that at 300 K(solid curve). The
signal enhancement is due to the decrease in thermal
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vibrations at low temperature. The amplitude change
between 20 K and 300 K spectra ina-Ta is more
significant than inb-Ta, indicating a large contribution
of the thermal component in the Debye–Waller factor
s for bcc-Ta.2

Temperature effects on the local structure(Fig. 8)
reveala-Ta having large relative amplitude changes in
both nearest shells(below 0.4 nm) and distant shells
(above 0.4 nm) between 20 K(dashed curve) and 300
K (solid curve). b-Ta exhibits apparently smaller differ-
ences in amplitude at distant shells than these for the
first few nearest shells between the two temperatures.
This effect indicates that inb-Ta at low temperature the
static disorder contribution, which is an intrinsic prop-
erty of a system and temperature independent, is signif-
icant in high shells demonstrating the system’s disorder.
The disorder increases asr increases. The analysis shows
thatb-Ta has a highly disordered structure, which agrees
with the low symmetry and anisotropic system of the
b-U model.

6. Conclusions

Among the four proposed hypothetical structures,
theoretically calculated EXAFS spectra based on theb-
Uranium model are consistent with experimental data of
b-Ta structure. The polarized EXAFS data verified the
anisotropy ofb-Ta, which is again in agreement with
the b-U model. Temperature effects seen in XRD pat-
terns and EXAFS spectra are consistent with theb-
Uranium Model. Therefore, we conclude thatb-Ta has
a tetragonal structure with the most probable space
group P4ymnm, containing 30 atoms per unit cell.2

Further experiments and quantitative analysis are needed
to refine the exact atomic distribution of Ta atoms in
this unit cell.
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