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Structure and properties of stacking faulted

A15 tungsten thin films
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A combination of energy-filtered electron diffraction, x-ray photoelectron spectroscopy,
electron energy-loss spectroscopy, field-emission scanning electron microscopy, and x- ray
diffraction are used to establish that oxygen impurities incorporated in the tungsten films
prepared by magnetron sputtering play a dominant role in the formation of the stacking
faulted A15 W structure. Energy-filtered electron diffraction data collected from A15 films
were Fourier transformed to a reduced density function (RDF), which is compared to
theoretical calculations based on several possible structural models. By using a reliability
R-factor analysis the A15 W structure has been determined to be a mixed phase consisting
of ordered and stacking faulted W3W structures. The effect of oxygen in stabilizing the
stacking faulted A15 structure was also elucidated by in situ anneal and discussed on the
basis of structural and thermodynamic stability. C© 2001 Kluwer Academic Publishers

1. Introduction
The stable structure of sputtered tungsten thin films is
body-centred-cubic (bccα-W). However, a metastable
form of A15 tungsten (β-W) has long been reported.
The nature and properties of A15 W films have been
studied extensively by many research groups [1–15].
These investigations have mainly focused on electrical
resistivity, density, phase transition, surface morphol-
ogy, microstructure, and residual stress as a function of
processing conditions. However, structural details of
A15 W films are not yet well characterized or under-
stood because of the difficulty of specimen preparation
and structural analysis. In particular, observations in
transmission electron microscopy (TEM) and analysis
by x-ray diffraction (XRD) did not give structural de-
tails due to large uncertainties involved in diffraction
and spectroscopic measurements and to different inter-
pretations of experiments. In addition, complications
caused by the simultaneous presence of the forbidden
reflections in the A15 W films observed in transmission
electron diffraction (TED) have not been resolved yet
[10–15]. It is far from clear as to how oxygen impuri-
ties play a key role in forming and stabilizing the A15
structure in W thin films.

In this paper, structural details of A15 W films pre-
pared by magnetron sputtering are presented, in which
some new features not reported in previous studies of
this system have been revealed. Oxygen impurities were
analyzed by x-ray photoelectron spectroscopy (XPS)
and electron energy-loss spectroscopy (EELS). The
structure was probed at the atomic level for the first time
using energy-filtered electron diffraction (EFED) with
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a reduced density function (RDF) analysis. By using
a reliability (R) factor analysis to compare the exper-
imental and simulated RDF distributions, the stacking
faulted A15 structure has been determined. The role
of oxygen impurities in stabilizing the A15 phase was
also elucidated byin situ anneal using EELS, XRD,
and field-emission scanning electron microscopy (EF-
SEM).

2. Experiment
Thin films of A15 W were grown on Si(100) and/or
NaCl substrates at room temperature in a deposition
chamber with a base pressure of∼5× 10−6 Torr by dc
magnetron sputtering. A 50 mm diameter tungsten cath-
ode was sputtered with a power of 90 W at an Ar sputter-
ing pressure varying in the range of 5–25 mTorr. Prior
to deposition, the target was sputter cleaned for 5 min
while the substrates were isolated from the plasma by a
shutter. All films were deposited to a nominal thickness
of 50± 5 nm. Using TEM and XRD it was found that the
A15 W phase was irreversibly transformed to a stable
bcc W structure after a thickness of∼100–120 nm was
reached in the pressure range of 5–12 mTorr, in agree-
ment with previous studies [1–5]. At higher pressures
(>20 mTorr), the transformation was not observed up
to∼250 nm.

Elemental chemical-state information and concen-
tration were obtained using XPS. The measurements
were performed in a Kratos Axis/800 hemispherical
energy analyzer equipped with an unmonochromatized
Mg Kα x-ray source (hν = 1253.6 eV). The binding
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energy scale was calibrated using Ag and Au stan-
dards. Surface impurities such as carbon were also
used as internal references. Oxygen impurities were
also analyzed by collecting O K-edge loss spectra us-
ing EELS. Film phase transition was characterized us-
ing a Siemens D5000 diffractometer operated at 40 kV
and 30 mA. The measurements were carried out using
Cu Kα radiation with a Ni filter to remove Cu Kβ re-
flections. Film morphology was also investigated using
FESEM (JEOL JSM-6000) operated at 15 kV.

Transmission electron diffraction patterns were ac-
quired in a Phillips EM430 instrument fitted with a
GATAN 666 parallel electron energy-loss system oper-
ating at 300 kV, as described in earlier papers [16, 17].
Briefly, the electrons passed through a post-column
magnetic spectrometer and the elastically scattered
electrons were selected using an energy window of
about 2 eV in width centred on zero energy-loss peak.
The electron intensity was sequentially recorded under
computer control as a function of the reciprocal space
coordinate by shifting the diffraction pattern across the
entrance aperture of the spectrometer. The background
subtraction was performed using the tabulated electron
scattering factors [18].

3. Theory
Structure in an A15 W material is essentially of a
long-range nature and is best described by RDF, which
gives a measure of nearest neighbour distances between
atoms. The RDF, denotedG(r ), is calculated as Fourier
sine transformation of the electron diffraction intensi-
ties I (q) in real space:

4πr [ρ(r )− ρ0]

= 8π
∫ ∞

0

q[ I (q)− b2]

b2
W(q) sin 2πrq dq (1)

whereρ0 is the average atomic density,ρ(r ) is the
atomic density at a distancer from a given atom at
the origin, andb is the coherent scattering length
of tungsten. The Lorch window functionW(q)=
sin(πq/qmax)/(πq/qmax) was used in the determina-
tion of the RDF’s. The scattering factorq= 2 sinθ/λ
was collected to a maximum value ofq, qmax, of 3.5
Å−1.

The theoreticalG(r ) were calculated from the
diffraction intensitiesI (q) determined using the Debye
scattering equation

I (q) =
N∑

m= 1

N∑
n= 1

fm fn
sin 2πqrmn

2πqrmn
(2)

for an array ofN atoms which takes all orientations in
space andrmn is the distance between atomsm andn.
The calculatedI (q) was truncated to the same range ofq
as the experimental data, then Fourier sine transformed
to produce aG(r ).

In order to quantitatively assess the best fit between
data and simulations, a reliabilityR-factor analysis is
used [19, 20].

R= 1

K

{
K∑

i = 1

[
GEXP(r )− GMODEL(r )

GEXP(r )

]2
} 1

2

(3)

whereGEXP(r ) and GMODEL(r ) are the experimental
and calculatedG(r ) distributions, respectively, andK
is the number of experimental data points.

4. Results
4.1. Oxygen impurities by XPS and EELS
An increase in the oxygen concentration of A15 W
films with increasing Ar sputtering pressure is shown
in Fig. 1. The data were derived from a series of A15 W
films using both XPS and EELS. The points labelled
A and B gave the XPS W 4f and O 1s and EELS O
K-edge spectra shown, respectively. Uncertainties of
the data were estimated to be±10% by XPS and±15%
by EELS. The XPS results show that the A15 W films
contained 5–12 at. % oxygen at Ar sputtering pressure
range of 5–25 mTorr, while the EELS analysis indicates
6–15 at. % oxygen, respectively. These values were
obtained based on repeated measurements involving

Figure 1 Oxygen atomic concentration in the A15 films determined by
both XPS and EELS as a function of Ar sputtering pressure. Typical
XPS W 4f and O 1s and EELS O K-edge spectra labelled A and B,
respectively, are also shown.
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many freshly deposited samples over many weeks. The
good agreement between the oxygen impurities ob-
tained from two independent techniques lends confi-
dence to the oxygen concentration value and the reli-
ability of the experimental data. The oxygen content
became slightly less for higher film thickness.

Close examination of the deposition processing re-
veals that the most likely source of oxygen contami-
nation was either from residual oxygen in the deposi-
tion chamber or from the tungsten sputter target under
the present experimental conditions. The difference in
oxygen concentration was mainly controlled by the de-
position rate, i.e. competitive effect between the tung-
sten deposition rate and the contamination incorpora-
tion rate. The longer the sputtering time, the lower the
oxygen content in the film.

4.2. Stacking faulted structure by EFED
Fig. 2b shows the EFEDI (q) pattern in the momentum
space as a function of the scattering factorq obtained
from an A15 W film containing∼15 at. % oxygen (mea-
sured by EELS). The angular scale of the diffraction
pattern and its centre were calibrated by indexing the
diffraction pattern of a known standard of polycrys-
talline aluminium [see Fig. 2a]. TheI (q) pattern for
the A15 W film in Fig. 2b shows the polycrystalline
long-range order features. The characteristics of the pat-
terns agree with observations obtained by TEM. All the

(a)

(b)

Figure 2 Experimentally measured electron diffraction intensities (a)
from the polycrystalline aluminium film for Miller index calibration and
(b) from the A15 W film deposited at∼25 mTorr. Note that intensities in
(a) for exceeding a maximum permissible count of 214−1 were removed
by filtering (total 20 channels).

lines (hkl) corresponding to the A15 phase are clearly
detected. It is interesting to note that some forbidden
reflection peaks, such as (100)∗ at q≈ 0.20 Å−1 and
(110)∗ atq≈ 0.28Å−1, are observed, indicating the ex-
istence of ordered substitutional or interstitional lattice
defects in the A15 W structure. The forbidden reflec-
tion peaks (220)∗ and (300)∗ also appear in theI (q)
pattern, although they are not resolved. These observa-
tions are in good agreement with previous studies by
several research groups using TED [10–15]. These au-
thors, however, discuss only the stacking faults formed
in the A15 W films without further justification.

In order to obtain detailed structural information, the
most effective and direct method is to compare the ex-
perimentalG(r ) with the corresponding theoretical cal-
culations because a relationship in the coordinate space
can be interpreted much easier than the correlation in
the momentum space. Successive peaks inG(r ) corre-
spond to first-, second-, and higher-order nearest neigh-
bour atomic distances.

A major question concerning A15 W is whether it
is an ordered W3W phase or a stacking faulted W3W
structure or a mixture of both two. There are two differ-
ent atomic positions in the A15 (A3B) structure [21],
six A positions with two nearest neighbours at a dis-
tance of 2.52̊A and two B positions with twelve nearest
neighbours at a distance of 2.82Å. The initial stacking
sequence for A15 is ABCBABCB (Layers A, B, C, and
B are spaced by 1/4 a, the lattice parameter of the A15
structure). The observation of the forbidden reflections
in an electron diffraction pattern restricts any structural
models to the different stacking of A15 layers. We con-
sider three possible stacking faulted sequences: AB-
BCABBC, ACBBACBB, and ABABABAB, respec-
tively. It is noted that the ABABABAB stacking is a
twin-related W3W structure. Close examination reveals
that the nearest neighbour W-W distance of 1.78Å in
both ABBCABBC and ACBBACBB stacking struc-
tures cannot be true because the diameter of a tungsten
atom is 2.52Å. Therefore, these two models can be
excluded. On the basis of the above considerations as
well as possible phase formation induced by oxygen
impurities, five possible models for the A15 structure
can be proposed: (i) model A: an ordered W3W struc-
ture, i.e. normal ABCBABCB stacking; (ii) model B:
a stacking faulted ABABABAB structure, (iii) model
C: a 50% mixture of both (i) and (ii), (iv) model D: a
random distributed W85O15 structure, and (v) model E:
a W3O phase.

Fig. 3 compares the experimentalG(r ) obtained by
Fourier sine transformation ofI (q) in Fig. 2b with
five calculated models. Based on the observed and cal-
culated features inG(r ), the following characteristics
can be discussed: (i) The experimentalG(r ) shows a
broader first peak centred at 2.92Å, due to the exis-
tence of three peaks corresponding to the first, second,
and third nearest neighbours (r1= 2.52,r2= 2.82, and
r3= 3.08 Å, respectively). (ii) The calculatedG(r ) for
model A has almost the same peak positions, shape and
amplitudes of the experimental observed peaks, how-
ever, it fails to predict the peak at 3.80Å. The model B
provides a feature at 3.76̊A, however, its amplitude is

95



Figure 3 Experimentally determined and theoretically calculatedG(r )
for five structural models are compared. Simulations were performed
with 128 atoms for models A, B and C and 64 atoms for models D and
E, respectively, with periodic boundary conditions. The simulatedG(r )
curves have been normalized to the first peak height.

too higher. In addition, for the model B the first peak is
broader and the third peak splits into two peaks, con-
trast to the experimental observations. (iii) The models
D and E also fail to produce the peak at 3.80Å. We con-
clude that the peak at 3.80Å is attributed to the existence
of ordered substitutional or interstitional lattice defects
in the A15 W structure. (iv) Features in the low-r re-
gion (<2.0 Å) for the experimentalG(r ) are the least
reliable because they are most strongly affected by the
small-angle inelastic scattering effect associated with
a considerable fraction of small voids. (v) An O-O co-
ordination cannot be observed by both experiment and
calculation (models D and E) because of its very small
scattering power compared to tungsten and the small
weighting factor in the composition range.

The agreement between the experimental and sim-
ulatedG(r ) was judged on the basis of the reliability
R-factor using Equation 3.R factors were calculated
for comparison of each of the simulatedG(r ) curves
with the experimental data in the range of 2.0–7.5Å
(Fig. 3). The result of theR-factor analysis is shown in

Figure 4 Plot of theR factor versus the model number for comparison
of the experimental and simulatedG(r ) curves of Fig. 3.

Fig. 4, where theR factors are plotted as a function of
the model number. The best fit to the experimentalG(r )
was achieved with the minimumR-factor of R= 0.12
for the model C. This mixed model of ordered and stack-
ing faulted W3W structures provides the best fit to all
of the features, which is a good reproduction of the
experimentalG(r ). In the simulations, the relative per-
centages of model A and model B structures were not
varied. This is direct evidence for the presence of mixed
ordered and stacking faulted W3W structures with ap-
proximately equal abundance. Repeated measurements
involved more than five freshly prepared A15 W sam-
ples in Ar sputtering pressure range of 5–25 mTorr over
several weeks showed that the minimum inR factors
was reproducible to within±15%.

We would like to point out that differences between
model C and experiment can also be clearly seen.
The third peak at∼4.7 Å from the calculation has a
small shoulder at∼5.1Å and the fifth peak at substan-
tially lower value (∼6.9 Å) than the experimental one
(∼7.1 Å). We explain that such discrepancy is related
to stacking faults and localized disorder in the grain
boundaries, leading to deviation from the perfect struc-
ture.

4.3. Anneal effect
The A15 W phase is metastable because it transforms
to the stable bcc W by anneal. However, in many cases
many researchers have misinterpreted the origin of this
transformation as a stress effect or a critical thickness
induced transformation. To understand the role of oxy-
gen in forming and stabilizing the A15 W structure,
three independent measurements were carried out using
EELS, TED, and XRD analysis. The results of EELS
analysis byin situanneal from an A15 film are shown in
Fig. 5, in which the oxygen concentrations are plotted
as a function of film temperature. The points labelled
A and B gave the O K-edge EELS spectra shown. The
corresponding XRD patterns (also labelled A and B)
recorded from the original A15 W film (the film was
deposited on a Si(100) substrate simultaneously) and
after transforming to the bcc are also shown. The re-
sults indicate that with increasing temperature the oxy-
gen atoms move increasing outward. The A15 W phase
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Figure 5 Oxygen concentration as a function of film temperature by
EELS. Error bars are based on 4–6 measurements. From each point, data
were taken duringin situheating at 20◦C min−1, held for 5 min and then
the O K-edge spectrum was taken. The EELS spectra and corresponding
XRD patterns labelled A and B recorded from the original and after the
phase transformation are also shown. The film was prepared at an Ar
pressure of∼25 mTorr.

is completely transformed to the bcc W structure by
annealing to∼625◦C. The most interesting feature for
this observation is that the phase transformation from
A15 to bcc by higher temperature annealing was ac-
companied by reduction of oxygen in the films. These
results have not been previously published and further
support the role of oxygen in forming and sabilizing the
A15 W structure. This direct evidence leads one to be-
lieve that the A15 phase is stabilized by a small amount
of oxygen without forming a W3O compound. We can
suggest that the transformation from A15 W to bcc W
is thermally activated requiring higher temperature to
cause the oxygen impurities to outdiffuse (segregate to
the surface) and to bring about the long-range order-
ing, and then to transit to the stable bcc structure. We
would also like to point out that, once a bcc W phase
was prepared, the reverse transformation has never been
observed.

Our FESEM measurements also indicate that a sig-
nificant increase of the tungsten particles was observed
after the phase transformation from A15 W to bcc W. In
the as-deposited condition the A15 particle size was on
the order of 5–10 nm [Fig. 6a], but after transformation
the particle size was much larger, approaching∼25–
30 nm in diameter [Fig. 6b]. Another interesting ob-
servation is the existence of conglomerates of columns
for the A15 film. Such conglomerates may comprise
some tens to some hundreds of individual columns.
After anneal treatment, the columnar microstructure
has been preserved.

5. Discussion
The results of the present investigation have shown
that energy-filtered electron diffraction in a combina-
tion with XPS, EELS, and XRD is a powerful tech-
nique, which is capable of determining oxygen impu-
rities, detecting the stacking faulted A15 W structure
and producing quantitative data of the atomic distance

Figure 6 FESEM micrographs of: (a) an as-deposited A15 W film and
(b) the same film after complete transformation into bcc W by annealing.
The film was prepared at∼20 mTorr and annealed to 650◦C for 30 min
in a vacuum of∼2× 10−7 Torr.

parameters. TED images reported by many research
groups reveal that the A15 W phase is not a perfect
A15 structure because kinematically forbidden reflec-
tions are observed. However, its exact structure remains
unknown due to large uncertainties involved in diffrac-
tion and spectroscopic measurements. In this study the
particular model was chosen because its simulatedG(r )
curve (model C) provides better agreement with the ex-
perimentalG(r ) curve than any of other models used.
Good correspondence between the observed and cal-
culatedG(r ) distributions indicates that the A15 W is
composed of ordered and stacking faulted W3W struc-
tures.

Because of a small amount of oxygen (about 5–
12 at. % by XPS and 6–15 at. % by EELS in the
50-nm-thick films) observed in the films as well as
its very small scattering power compared to tungsten,
oxygen was not observed directly in the experimental
G(r ) curves. However, it may have effects on the ar-
rangements of heavier tungsten atom bonded to lighter
oxygen. The effects on the bond distances are expected
to be negligible, but the peak heights may be affected
owing to the variations in W-W, O-O, and W-O coor-
dination. We are currently examining this effect and
related experimental questions.

There are three major experimental observations,
which are related to the stability of the A15 W phase by
the presence of oxygen under the current experimental
conditions. First, the A15 W phase is induced by a small
amount of oxygen without forming a W3O compound.
Second, by FESEM the A15 W sample has a very col-
umn microstructure with a finer grain structure. This
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can be explained in terms of oxygen enrichment at the
column boundaries, thus preventing further growth and
promoting fine grains. Third, as examined by EELS
and XRD, temperatures as high as∼550–650◦C (de-
pending on the Ar gas pressure) were required to in-
duce the phase transformation from A15 W to bcc W
in the films investigated. The higher the oxygen concen-
tration in the film, the higher the transformation tem-
perature required. We conclude that thermally induced
phase transformation may serve to stabilize the stable
bcc structure, although the dynamics of the structure
transformation are not known in detail. Based on the
results obtained and the above discussion, the phase
transformation from A15 W to bcc W in the film is
believed to be governed by two main trends: (i) From
an energetic point of view, the stacking faulted energy
required to stabilize the A15 W structure must be over-
come in order for transformation to occur. (ii) From a
structural point of view, the transformation to bcc W oc-
curs by dissolution of the stacking faults and localized
rearrangement of the lattice. No long range diffusion or
atomic movement is required.

In examining the tungsten related phase diagram we
have not been able to identify a unique bulk phase,
which could fully account for the observed A15 W
structure. In light of this, we envision that the A15 W
phase is not characteristic of any bulk compound and
therefore seems to be uniquely associated with the pres-
ence of incorporated oxygen. The exact mechanism for
the formation of the metastable phase stabilized by oxy-
gen impurities is not clear. Further study with ab initio
total-energy calculations for establishing the origin of
the A15 W phase induced by a small amount of oxygen
is in progress in our Materials Research Centre. The
fact that the A15 W phase appears over such a range of
oxygen concentrations may be due to the fact that it is
kinetically prevented from converting to thermodynam-
ically favorable phase, bcc W, or that a very dilute bulk
oxygen composition might be sufficient to completely
stabilize the A15 W structure.

6. Conclusion
The oxygen-induced A15 W structure (50 nm in thick-
ness) prepared by magnetron sputtering was experi-
mentally determined for the first time using energy-
filtered electron diffraction in a combination with XPS,
EELS, FESEM, and XRD. The reduced density func-
tion G(r ) calculated by Fourier sine transformation
from the transmission electron diffraction intensities
collected from the A15 W films was compared to the-
oretical calculations based on several possible struc-
tural models. By using a reliabilityR-factor analysis
the A15 W structure has been determined. The mixed
phase consisting of ordered and stacking faulted W3W
structures showed good correspondence between the
observed and calculatedG(r ) distributions, indicating
that forbidden reflections in some of the diffraction pat-
terns provided direct evidence of a fault-stabilized crys-
tal structure. The role of oxygen impurities in forming

and stabilizing the A15 W structure was also elucidated
by in situanneal in the TEM and EELS system.

The results have at least two general implications.
The first concerns the nature of the interaction of oxy-
gen impurities and tungsten films. The second implica-
tion is related to a general principle of governing the
formation and stability of a stacking faulted metastable
phase induced by impurity incorporation during film
growth.
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