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The residual stress and structural properties of tungsten thin films prepared by magnetron sputtering
as a function of sputtering-gas pressure are reported. The films were analyzedin situ by a cantilever
beam technique, andex situby x-ray diffraction, cross-sectional transmission electron microscopy
~TEM!, x-ray photoelectron spectroscopy, electron energy-loss spectrometry, and energy-filtered
electron diffraction. It is found that the residual stress, microstructure, and surface morphology are
clearly correlated. The film stresses, determined in real time during the film formation, depend
strongly on the argon pressure and change from highly compressive to highly tensile in a relatively
narrow pressure range of 12–26 mTorr. For pressures exceeding;60 mTorr, the stress in the film
is nearly zero. It is also found that the nonequilibrium A15 W structure is responsible for the
observed tensile stress, whereas the stable bcc W or a mixture of bcc W and A15 W are in
compression. Cross-sectional TEM evidence indicates that the compressively stressed films contain
a dense microstructure without any columns, while the films having tensile stress have a very
columnar microstructure. High sputtering-gas pressure conditions yield dendritic-like film growth,
resulting in complete relaxation of the residual tensile stresses. Structural details of the A15 W and
amorphous W phases were also investigated at the atomic level using energy-filtered electron
diffraction with reduced radial distribution functionG(r ) analysis. By comparing the experimental
and simulatedG(r ) distributions, the A15 W structure is determined to be composed of ordered and
stacking faulted W3W structures and the amorphous W has a disordered structure of W3O. The
effect of oxygen in stabilizing the A15 phase found is explained on the basis of structural and
thermodynamic stability. ©2000 American Institute of Physics.@S0021-8979~00!00601-0#
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I. INTRODUCTION

In recent years, there has been considerable intere
understanding the origin of residual stresses and microst
ture in thin films. Many studies show that the mechanic
physical, and optical properties are strongly related to
film microstructure, which in turn is determined by the e
perimental conditions used in the deposition process. For
best-known examples, magnetron sputter-depos
refractory-metal films tend to have high residual stre
which undergoes a transition from compression to tens
with increasing sputtering-gas pressure, resulting in dram
differences in the film microstructure.

To date, metallic tungsten films have been prepared
different deposition techniques including: electron-be
evaporation,1 chemical vapor deposition,2–4 and dc or rf
magnetron sputtering.5–13 Interest in this system has bee
motivated by its useful properties, particularly in respect
its industrial applications, such as high electric conductiv
high melt temperature, high mechanical strength, good m
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barrier performance, and fine patternability. In the case
sputter-deposited films, residual stress has been investig
and resultant crystallinity, density, electrical resistivity, a
surface morphology of W films have been characterized a
function of processing conditions.5–8 The effects of deposi-
tion temperature and postannealing on the phase transitio
the W films have also been addressed.9,10 However, correla-
tion of residual stress with microstructure in the W films s
has to be studied and clarified. Structural details of the n
equilibrium crystalline and noncrystalline phases in W film
at the atomic level are substantially unknown and a sub
of controversy due to large uncertainties involved in spec
scopic measurements and to different interpretations
experiments.8–14 In particular, complications caused by th
simultaneous presence of the forbidden reflections in
A15 W films observed in transmission electron diffractio
~TED! have not been resolved yet.7,15–17In addition, the ef-
fect of oxygen impurities in stabilizing the A15 W structu
is rarely systematically studied.

In this article the effects of the sputtering-gas press
on the residual stress and structural properties in the W fil
deposited by dc magnetron sputtering, are presented
© 2000 American Institute of Physics
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which some new features not reported in previous studie
this system have been revealed. The evolution of the
stress was characterized byin situ real time stress measure
ment. The phase and microstructure of the W films w
analyzed by x-ray diffraction~XRD! and cross-sectiona
transmission electron microscopy~TEM!. The oxygen con-
tent of the films was measured by x-ray photoelectron sp
troscopy ~XPS! and electron energy-loss spectrome
~EELS!. Furthermore, details of the A15 W and amorpho
W ~a-W! structures formed at different sputtering-gas pr
sures were investigated at the atomic level for the first ti
using energy-filtered electron diffraction~EFED! with re-
duced radial distribution functionG(r ) analysis. By compar-
ing the experimentally determined and theoretically cal
lated G(r ) distributions, structural models for the A15 W
anda-W phases are proposed. The role of oxygen impuri
in stabilizing the A15 phase was also elucidated byin situ
anneal in the TEM and EELS system.

II. EXPERIMENT

The tungsten films were deposited by dc planar mag
tron sputtering using a 99.99% pure tungsten disk~50 mm in
diameter! in a deposition chamber with a base pressure
331026 Torr. The substrates were conventionally clean
mounted on a substrate holder located 70 mm above
center of the target, and coated using a sputtering po
density of 4 W/cm2, and an argon gas at pressures vary
from 2 to 100 mTorr. Prior to deposition, the target w
sputter cleaned for 5 min while the substrates were isola
from the plasma by a shutter. The substrates were 330mm
thick silicon with dimensions 10310 mm2, cleaved from 76
mm wafers ofp-type ~100! silicon ~r;1–10 V cm!. The
thicknesses of the tungsten films were determined by m
suring the step height between masked and unmasked
gions on the substrate using a stylus-type surface profilo
ter ~Tencor P10!.

The film stress measurements were performed usin
cantilever beam technique18 to detect changes in the sub
strate curvature. The film stress was then calculated u
Stoney’s equation19

s5
1

6R

E

~12n!

D2

d
, ~1!

whereE, n, andD are the Young’s modulus, Poisson’s rati
and thickness of the substrate, respectively@for Si~100!,
E/(12n) equals 181 GPa#, d is the film thickness~assuming
thatd!D), andR is the radius of curvature of the substra
It has been verified that the original curvature of a bare s
con wafer is negligible compared with the measured cur
tures after deposition.

The XRD measurements were carried out using a
emens D5000 diffractometer with a Cu tube operated at
kV and 30 mA and a diffracted-beam graphite monoch
mator. To ascertain the absolute values of the 2U diffraction
angles, the diffractometer was calibrated with respect to
peak positions of a Si calibration standard.

The films were also analyzed by XPS using a Kra
Axis/800 hemispherical energy analyzer equipped with
Downloaded 18 Feb 2004 to 18.238.0.105. Redistribution subject to AIP
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unmonochromatized MgKa x-ray source (hn
51253.6 eV). The binding energy scale was calibra
against Ag 3d5/2 at 368.25 eV and the instrumental ener
resolution, measured using the same peak, was 0.9 eV~pass
energy set at 20 eV!. Charging corrections were made usin
the as-measured Fermi level of Ag and Au pieces on
metallic substrate holder using the MgKa radiation as a ref-
erence.

EELS spectra and EFED patterns were acquired usin
Phillips EM430 TEM fitted with a Gatan 666 paralle
detection EELS operating at 300 kV. The procedures for d
collection of EFED patterns have been describ
previously.20,21 Briefly, the electrons passed a postcolum
magnetic EELS to record the elastic distributions. The el
tron intensity was sequentially recorded under computer c
trol as a function of the reciprocal space coordinate by sh
ing the diffraction pattern across the entrance aperture of
spectrometer. The background subtraction was performed
ing the tabulated electron scattering factors.22

Cross-sectional TEM images were obtained in a Phill
EM430 microscope operated at 300 kV. Specimens
cross-sectional TEM analysis were prepared by face-to-f
gluing with epoxy resin, and mechanical thinning, followe
by Ar1 ion milling for the final thinning to obtain electron
transparency. A range of samples were also floated off N
for EELS and EFED measurements.

III. RESULTS

A. In situ residual stress measurements

It is well known that the elastic behavior of tungsten
ideally isotropic. Therefore, the thin W films were expect
to contain a biaxial state of stress which has rotational sy
metry with respect to the surface normal. This was verifi
by measurement of the in-plane angle-dependent lat
strains in several different directions by XRD using t
sin2 C method23 and was found to be the case within expe
mental uncertainty~610%!. To follow the residual stress
evolution during thin film deposition, a cantilever beam tec
nique for in situ measurement of the stress was develop
recently in our laboratory. The measurement reveals how
sputtering-gas pressure influences the formation of resid
stresses in the W films. Figure 1 shows the pressure de
dence of the instantaneous stress~force per unit width! as a
function of film thickness. These four curves display a ty
cal evolution which is frequently encountered when varyi
the processing conditions in dc and rf-powered sputter
techniques. The film deposited at a low pressure of
mTorr shows an increasing instantaneous compressive s
with film thickness. A remarkable evolution of the instant
neous stress with increasing film thickness was observe
the W films deposited at 12 mTorr. A state of tensile stre
appears in the first stage of film growth, whereas the str
reversal is observed after a film thickness of about 50
was reached. The film prepared at an intermediate pres
of 26 mTorr exhibits tensile instantaneous stress. At h
pressure,;60 mTorr, the film is almost free of residua
stresses up to 200 nm.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 2 shows the evolution of the stress for a series
150-nm-thick W films as a function of sputtering-gas pre
sure. In our study, the power density was fixed, and the o
variable was the Ar pressure. No delamination of the fil
was observed in all cases. In the low pressure range of 2
mTorr, the W films are subjected to high compress
stresses. As the sputtering-gas pressure is increased
stress changes from compression to tension, reaching a m
mum, and with further increase the stress is gradually
creased. For pressures exceeding about 60 mTorr the s

FIG. 1. Force per unit width vs film thickness for W films deposited
several different Ar pressures.

FIG. 2. Film stress in 150-nm-thick W films as a function of Ar sputterin
gas pressure.
Downloaded 18 Feb 2004 to 18.238.0.105. Redistribution subject to AIP
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in the film is nearly zero. This dependence of residual str
on sputtering-gas pressure shown in Fig. 2 has already b
reported in many other refractory-metal films,24–26deposited
by dc and rf magnetron sputtering.

The stress-versus-pressure curve was obtained afte
peated deposition over many days. The results are repro
ible. The compressive stress observed at low sputtering
pressures was attributed to the bombardment of sputt
tungsten atoms and reflected Ar neutrals through the ato
peening process.24 Conversely, the absence of energetic p
ticle bombardment at elevated pressures due to more sca
ing events in the sputtering-gas region leads to tensile str
With further increasing sputtering pressure, a complete re
ation of residual stresses occurs.

B. X-ray diffraction

Our XRD measurements indicate that the sputtering-
pressure strongly determines whether the film will have
stable bcc W phase, a metastable A15 W phase, or a mix
of the two, and even an amorphous W phase. Typical X
U–2U scans in the Bragg–Brentano geometry show
structural changes in the 150-nm-thick W films as a funct
of sputtering-gas pressure~Fig. 3!. At a pressure of 3 mTorr
@Fig. 3~a!#, the~110!, ~211!, and~220! reflection peaks of bcc
W are mainly observed, while the film deposited at 12 mT
@Fig. 3~b!#, shows a mixture of the bcc W and A15 W
phases. At 26 mTorr@Fig. 3~c!#, only pure A15 W phase
reflections @~200!, ~210!, ~211!, and ~400! peaks# are ob-
served. On further increasing pressure up to 60 mTorr@Fig.
3~d!#, no structure feature is seen, indicating that an am
phous phase was developed. The lattice parameters o
crystal structures from several XRD patterns were calcula
to be 0.3168 nm for bcc W and 0.5046 nm for A15 W,
good agreement with the reported bulk values of 0.3165
0.504 nm, respectively.27 From the XRD scans, we also not
that all films predominantly containing the bcc phase show
a strong^110& preferred orientation.

FIG. 3. XRD diffraction patterns showing the different structure in 150-n
thick W films as a function of Ar sputtering-gas pressure at:~a! 3 mTorr,~b!
12 mTorr,~c! 26 mTorr, and~d! 60 mTorr.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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C. Cross-sectional transmission electron microscopy

The evolution of the microstructure of the W films wit
sputtering-gas pressure has been investigated by exam
the cross sections in comparable thickness films by mean
cross-sectional TEM. Figure 4 shows bright-field cro
sectional TEM micrographs and corresponding selected-
electron diffractions of 150-nm-thick W films. It was foun
that the films deposited at a low pressure of 12 mTorr~com-
pressive stress, Fig. 2! contain a dense microstructure with
out any columns shown in Fig. 4~a!. No evidence of the
presence of voids in compressive stress films was obser
Most of the microstructure is composed of large bcc
grains with a few fine A15 W grains. The coarse bcc gra
are also evident from the spotty rings shown in the inse
Fig. 4~a!. For a film deposited at 26 mTorr~maximum tensile
stress!, a very columnar microstructure is observed@Fig.
4~b!#. It is interesting to note that the surface structure in F
4~b! has changed compared to that in Fig. 4~a!, each column
having a domed top. An in-plane field-emission scann
electron microscopy~JEOL JSM-6000F! image of an as-
deposited 150-nm-thick film also shows that the isola
voids exist at the column boundaries, revealing that the
umns are not free standing~not shown!. At a high pressure of
;60 mTorr, where the stress is nearly zero, the colum

FIG. 4. Cross-sectional TEM images showing the microstructure evolu
of 150-nm-thick W films as a function of Ar sputtering-gas pressure~the
corresponding XRD diffraction patterns are given in Fig. 3!. The electron
diffraction patterns~insets! are also shown:~a! at 12 mTorr,~b! at 26 mTorr,
and ~c! at 60 mTorr.
Downloaded 18 Feb 2004 to 18.238.0.105. Redistribution subject to AIP
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microstructure has disappeared and a dendritic-like struc
is observed@Fig. 4~c!#. Compared to the tensile stress film
Fig. 4~b!, the amount of column boundary voids and t
extent of surface roughness are more dramatic. The elec
diffraction pattern obtained from the zero stress film sho
an amorphous feature. This is in good agreement with
XRD measurements described previously. These res
clearly show that the residual stress level in the films
strongly correlated to their microstructure.

D. X-ray photoelectron spectroscopy

It was previously shown that the A15 structure was m
probably induced by oxygen impurities incorporated in t
films during growth.8–13However, no consensus has yet be
reached whether the A15 film contains a stoichiometric tu
sten suboxide W3O or a metastable form of tungsten
which a small amount of oxygen is present. In addition,
oxygen dependence on the bcc W, A15 W, anda-W phases
is rarely systematically studied. Both XPS and EELS~see
below! measurements are well suited for elucidating this
fect.

We have performed an XPS analysis of the bcc W, A
W, and a-W films. Although the wafer was conventionall
cleaned before deposition, it was exposed to air prior to
XPS measurement~as were all of the samples! and therefore
contains surface oxide contamination. Overview spec
from these films revealed, in addition to the dominant W a
O related peaks, a very small C 1s peak was also present an
disappeared after the sample was irradiated with a smal
ion dose. Figure 5 shows typical high resolution XPS spec
in the W 4f energy region obtained from the A15 W and b
W films. In Fig. 5~a!, the typical as-deposited A15 W film
exhibits four characteristic peaks at 31.2, 33.3, 35.6,
37.7 eV, among which the first two peaks represent W 4f 7/2

and W 4f 5/2 electrons for elemental tungsten~zero oxidation
state! and the latter two peaks at higher binding energ
correspond to those for a tungsten oxide. After a few minu

n

FIG. 5. Typical W 4f XPS spectra for:~a! the as-deposited 150-nm-thic
A15 W sample,~b! the same sample at a depth of approximately 8 nm; a
~c! the 150-nm-thick bcc W sample at a depth of approximately 8 nm. T
films are those used for Figs. 3~b! and 3~c!, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ar sputter cleaning to remove the contamination layer, t
XPS spectrum@Fig. 5~b!# from the same A15 W film as Fig.
5~a! indicates that the A15 W is a metallic phase with bind
ing energies identical to bcc W@Fig. 5~c!#.

Tungsten and oxygen depth profiles for the A15 W an
a-W samples are shown in Figs. 6~a! and 6~b!, respectively.
As expected, both film surfaces contain a considera
amount of oxygen due to surface oxide contamination. B
low this surface layer, however, the oxygen concentrati
becomes essentially constant at a value of about 10 at. %
the A15 W sample and 18 at. % for thea-W sample. When a
similar measurement was carried out on a bcc W sample~not
shown!, the oxygen concentration was reduced to be abou
at. %.

On a day-to-day basis, the bcc W, A15 W, anda-W
films deposited under different sputtering-gas pressures w
readily produced and very reproducible in such a way th
the bcc W is a stable phase with little oxygen contaminati
~typically ,2 at. % oxygen!, the A15 W is a metastable form
of tungsten in which a small amount of oxygen is prese
whereas thea-W contains more oxygen~close to the 25 at. %
oxygen necessary for a disordered W3O stoichiometry!. De-
tailed chemical composition analysis on six freshly repeat
depositions at a pressure range of 20–30 mTorr in the X
system indicates that the A15 W films prepared under t

FIG. 6. XPS depth profiles of:~a! the A15 W and~b! the a-W samples.
Films are those used for Figs. 3~c! and 3~d!, respectively.
Downloaded 18 Feb 2004 to 18.238.0.105. Redistribution subject to AIP
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experimental conditions contained;5–12 at. % oxygen in
the film thickness range of 50–200 nm. Our measureme
unambiguously show that the A15 W structure is stabiliz
by oxygen impurities without forming a W3O compound.
This conclusion has been further confirmed below by us
EELS measurements.

Close examination of the deposition processing reve
that the most likely source of oxygen contamination w
either from residual oxygen in the deposition chamber
from the tungsten sputter target under the present experim
tal conditions. The difference in oxygen concentration w
mainly controlled by the deposition rate, i.e., the competit
effect between the tungsten deposition rate and the cont
nation incorporation rate. The longer the sputtering time,
lower the oxygen content in the film.

E. Electron energy-loss spectrometry

A series of OK-edge EELS spectra are shown in Fig.
for three 100-nm-thick W films prepared at different Ar spu
tering pressures. The energy of the OK-edge peak was cali
brated using C 1s–p transition peaking at 284.0 eV, whic
is due to carbon absorbed on the specimen by the elec
beam. It is noted that the OK-edge loss spectra observed a
remarkably similar, indicating that the matrix element a
the density of states accessible to an OK-shell electron are
identical for the three films investigated. The OK-edge peak
observed at around 532 eV in Fig. 7 can be identified to
the transition from O 1s to W 5d. We also note that the
signal in the O K-edge loss spectra is different for each fi
mainly due to the different oxygen concentration contain
in the films. The analysis of EELS spectra to yield quanti
tive concentration is straightforward. The O K-edge is sup
imposed upon a monotonically decreasing background.
background is modeled by a least-square fit of a power-
energy dependence over an energy region immediately
ceding theK edge and a subsequent extrapolation to hig
energies. After background subtraction, the OK-edge inten-
sities are integrated over an energy window~;50 eV!. The
values for OK-edge intensities are proportional to the e
emental concentration. Quantification was done using a
ichiometric crystalline sample of W0.75O0.25 as a standard.28

The results derived from these films indicate that the O
purities in the bcc W, A15 W, anda-W films are 2%62%,
15%62%, and 22%63%, respectively. The quoted erro
reflect the magnitude of random scatter based on 4–6 in
pendent measurements.

Further extensive measurements of oxygen impurities
corporated in the films using EELS analysis have been
ried out on a series of samples: three bcc W, five A15 W, a
five a-W in the film thickness range of 50–100 nm. Th
results indicate that the as-deposited bcc W, A15 W, a
a-W films contained 1–4, 6–15 and 18–26 at. % oxyge
respectively. These values are in good agreement with
XPS results, described above.

The A15 W crystal structure is metastable because
transforms to the stable bcc W by anneal. However, in m
cases many researchers have misinterpreted the origin o
transformation as a stress effect or a critical thickness
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



n
a
in
e
c
ve
a

at
so
tu
W
b

hi

bcc
duc-
en
en
ct
ized
a
tion
er
se

e
We
as
ob-

dy
in

ural
nd
ed

ick
a

by
, data

ding
the

182 J. Appl. Phys., Vol. 87, No. 1, 1 January 2000 Shen et al.
duced transformation. To understand the role of oxygen
forming and stabilizing the A15 W structure, three indepe
dent measurements were carried out using EELS, TED,
XRD analysis. The EELS results are shown in Fig. 8,
which the oxygen concentrations of a 50-nm-thick film d
rived from the OK-edge EELS spectra are plotted as a fun
tion of film temperature. The points labeled A and B ga
the OK-edge spectra shown. The corresponding XRD p
terns~also labeled A and B! recorded from the original A15
W film ~the 50-nm-thick film was deposited on a Si substr
simultaneously! and after transforming to the bcc are al
shown. The results indicate that with increasing tempera
the oxygen atoms move increasingly outward. The A15
phase is completely transformed to the bcc W structure
annealing to 625 °C. The most interesting feature for t

FIG. 7. OxygenK-edge EELS spectra obtained from three 100-nm-th
films: ~a! bcc W, ~b! A15 W, and~c! a-W. Fitted background and spectr
with the background subtracted are also shown for each case.
Downloaded 18 Feb 2004 to 18.238.0.105. Redistribution subject to AIP
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observation is that the phase transformation from A15 to
by higher temperature annealing was accompanied by re
tion of oxygen in the films. These results have not be
previously published and further support the role of oxyg
in forming and stabilizing the A15 W structure. This dire
evidence leads one to believe that the A15 phase is stabil
by a small amount of oxygen in the film without forming
W3O compound. We can suggest that the transforma
from A15 W to bcc W is thermally activated requiring high
temperature to cause the oxygen impurities to outdiffu
~segregate to the surface! and to bring about the long-rang
ordering, and then to transit to the stable bcc structure.
would also like to point out that, once a bcc W phase w
prepared, the reverse transformation has never been
served.

F. Energy-filtered electron diffraction

EFED is a good technique to extend the structural stu
of polycrystalline and amorphous films not accessible
most other techniques. In order to address the struct
question related to atomic arrangement for the A15 W a
a-W films, the EFED technique together with the reduc
radial distribution functionG(r ) analysis are applied in the
present study.G(r ) is defined by

G~r !54pr @r~r !2r0#, ~2!

wherer0 is the average atomic number density, andr(r ) is
the atomic density at a distancer from a given atom at the
origin. G(r ) is obtained by collecting EFED patternsI (q)
using Fourier sine transformation in real space:

G~r !58pE
0

qmax I ~q!2N f2

N f2 qD~q!sin 2prq dq, ~3!

FIG. 8. The oxygen concentration as a function of film temperature
EELS. Error bars are based on 4–6 measurements. From each point
were taken duringin situ heating at 20 °C min21, held for 5 min, and then
the OK-edge spectrum was taken. The EELS spectra and correspon
XRD patterns labeled A and B recorded from the original and after
phase transformation are also shown.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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whereq52 sinU/l, 2U is the scattering angle,l is the de
Broglie wavelength of the electrons,N is the number of at-
oms in the sample,f is the atomic scattering factor, andD(q)
is a damping function, in this caseD(q)5sin(pq/qmax)/
(pq/qmax). The data were collected to a maximum value ofq,
qmax, of at least 3.0 Å21.

The theoreticalG(r ) were calculated from the diffrac
tion intensitiesI (q) determined using the Debye scatteri
equation

I ~q!5 (
m51

N

(
n51

N

f mf n

sin 2pqrmn

2pqrmn
~4!

for an array ofN atoms which takes all orientations in spa
and r mn is the distance between atomsm and n. The I (q)
was computed for the same range ofq and processed in th
same manner as the experimental data, then Fourier
transformed to produce the experimentalG(r ).

Figure 9 shows the EFED patterns in the moment
space obtained from the films investigated. The diffract
pattern was calibrated by indexing the diffraction pattern o
known standard of polycrystalline aluminum@see Fig. 9~a!#.
The I (q) from the A15 W film prepared at an Ar sputterin
pressure of 26 mTorr shows the polycrystalline long-ran
order features@Fig. 9~b!#. The characteristics of the pattern
agree with observations obtained by TEM. All the lin
(hkl) corresponding to the A15 phase are clearly detecte
is interesting to note that some forbidden reflection pea
such as~100! at q'0.20 Å21 and~110! at q'0.28 Å21, ap-
pear in theI (q) curve, indicating the existence of ordere
substitutional or interstitional lattice defects in the A15
structure. These observations are in good agreement
previous studies by several research groups using TED.7,15–17

These authors, however, discuss only the stacking fa
formed in the A15 W films without further justification. In
contrast, the pattern from thea-W film prepared at a high
pressure of;60 mTorr exhibits characteristics typical of th
amorphous state@Fig. 9~c!#. We observe three broad and di
fused halos without contamination of the Bragg peaks si
the TEMs in the dark field do not reveal microcrystallite
The observed feature inI (q) is a strong intensity atq
50.42 Å21. We also note that the diffraction intensity pa
tern exhibits a split second peak, which is a form of behav
found for many amorphous metal or metal–metalloid allo
and is in agreement with the dense random packing of
hard spheres model.

In order to obtain detailed structural information, th
most effective and direct method is to compare the exp
mentally determinedG(r ) with the corresponding theoret
cally calculated curve because a relationship in the coo
nate space can be interpreted much easier than
correlation in the momentum space.G(r ) is related to the
probability of finding an atom in a shell of thicknessdr at a
distancer from an arbitrary origin. Successive peaks inG(r )
correspond to first-, second-, and higher-order neigh
atomic distributions. The theoreticalG(r ) for the model
structure was calculated by appropriateq–r Fourier sine
transformation using Eq.~4!.
he
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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. There are two different atomic positions i
the A15 (A3B) structure,29 six A positions with two nearest
neighbors at a distance of 2.52 Å and two B positions wit
12 nearest neighbors at a distance of 2.82 Å. The initi
stacking sequence for A15 is ABCBABCB~layers A, B, C,
and B are spaced by 1/4a, the lattice parameter of the A15
structure!. The observation of the forbidden reflections in a
electron diffraction pattern restricts any structural models
the different stacking of A15 layers. We consider three po
sible stacking faulted sequences: ABBCABBC
ACBBACBB, and ABABABAB, respectively. It is noted
that the ABABABAB stacking is a twin-related W3W struc-
ture. Close examination reveals that the nearest neighb
W–W distance of 1.78 Å in both ABBCABBC and
ACBBACBB stacking structures cannot be true because t

FIG. 9. Experimentally measured EFED intensitiesI (q) as a function ofq
for three 50-nm-thick films;~a! the polycrystalline Al film for Miller index
calibration,~b! the A15 W film deposited at 26 mTorr, and~c! thea-W film
deposited at 60 mTorr.
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diameter of a W atom is 2.52 Å. Therefore, these two mode
can be excluded. On the basis of the above considerat
three possible models for the A15 structure can be propo
~i! an ordered W3W structure~S0!, i.e., normal ABCBABCB
stacking;~ii ! a stacking faulted ABABABAB structure~S1!,
and~iii ! a 50% mixture of both S0 and S1 models~S01S1!.

Figure 10 shows a comparison between each theo
cally calculated model and the experimentalG(r ) in the
range of 2.0–7.5 Å for the ordered crystalline A15
sample. The experimentalG(r ) shows a broader first pea
centered at 2.96 Å, due to the existence of three peaks
responding to the first, second, and third nearest neigh
(r 152.52,r 252.82, andr 353.08 Å, respectively!. The sec-
ond small peak at 3.80 Å is attributed to the existence
ordered substitutional or interstitial lattice defects in the A
W structure. The peaks at higherr values correspond to
higher-order neighbor atomic distributions. The calcula
G(r ) for the S0 model has almost the same peak positio
shape, and amplitudes of the experimental observed pe
however, it fails to predict the peak at 3.80 Å. The S1 mo
provides a feature at 3.84 Å, however, its amplitude
higher. In addition, for the S1 model the first peak is broa
and the third peak splits into two peaks, in contrast to
experimental observations. The~S01S1! model provides the
best fit to all of the features, which is a good reproduction

FIG. 10. Comparison of the theoretically calculatedG(r ) for the A15 W
structure using the models of S0, S1, and mixed~S01S1! with the experi-
mentally determined data. Some curves have been displaced verticall
clarity.
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the experimentalG(r ). The relative percentages of S0 an
S1 structures were not varied. This is direct evidence of
presence of mixed ordered and stacking faulted W3W struc-
tures with approximately equal abundance. This mix
model of ordered and stacking faulted W3W structures has
been further confirmed by using theR factor analysis30 to
compare the experimental and calculatedG(r ). It should be
pointed out that differences between the~S01S1! model and
experiment can be clearly seen. The third peak at 4.74
from the calculated~S01S1! model has a small shoulder a
5.19 Å and the fifth peak at substantially lower value~;6.96
Å! than the experimental one~;7.14 Å!. We explain that
such a discrepancy is related to stacking faults and local
disorder in the grain boundaries, leading to deviation fro
the perfect structure.

Figure 11 shows the experimentally measuredG(r ) for
the a-W structure. In the first two coordination shells, th
first and second nearest-neighbor distances appear at a
3.02 and 4.98 Å, respectively. This is mainly due to a bro
range of W–W~also W–O! next-neighbor distance in th
less ordered specimen. The atomic distance observed
comes less localized, indicating the transition from a crys
line to an amorphous state. Features in the low-r region are
the least reliable because they are most strongly affecte
the small-angle inelastic scattering effect associated wit
considerable fraction of small voids. Our XPS data show
presence of;18 at. % oxygen in thea-W film, while the

for

FIG. 11. Comparison of the calculatedG(r ) for the a-W model with the
experimental data.
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EELS indicates 18–26 at. % oxygen. Therefore, the e
tence of a disordered tungsten suboxide W3O is highly prob-
able. Actually no general structural model exists, which p
mits us to describe the amorphous state. One way
represent the atomic arrangement of this state is the d
random packing~DRP! of the hard spheres model.31 This
model has been successfully used to produce the experim
tal G(r ) distributions for thea-WO3 model in our previous
study.32 In this study, the amorphous model is a disorde
phase of W3O with A15 structural symmetries, consisting
a random continuous matrix. As one can see from Fig.
the calculatedG(r ) compares quite well with the experimen
tal data apart from some discrepancy in the second peak.
agreement of the first peak position between theory and
periment is very good, indicating that the first coordinati
shell is located at the mean bond length. However, in
second peak region the theory shows some differences
tween the model and the experimental data. The calcul
second peak at;4.84 Å is lower than the experimental on
at ;4.98 Å. We believe that the discrepancy is related
inhomogeneities in real amorphous films, particularly vo
on a scale of 50–100 Å.

IV. DISCUSSION

A. Kinetics of film growth and correlation between
stress and microstructure

The kinetics of growth is controlled by the mobility o
the atoms on the surface. This mobility can be enhanced
increasing the temperature or by supplying impact ene
through ion bombardment. Since the experiments were
formed as a function of sputtering-gas pressure at low t
peratures with constant input power, we will consider on
the effects of sputtering-gas pressure.

It is apparent from the above results that the domin
processes in sputter deposition, which control the kine
and mechanisms during film growth, are changing at diff
ent sputtering-gas pressures. Monte Carlo~MC! calculations
of such transport of sputtered atoms have been extrem
helpful in delineating these processes. Under the presen
perimental conditions, a MC calculation33 by one of the cur-
rent authors indicates that Ar sputtering pressure determ
the average impact energy of the sputtered W particles
they arrive on the substrate. For example, the average im
energy of W changes from;20.0 eV at 2 mTorr, 4.0 eV a
26 mTorr to 1.2 eV at 60 mTorr. The decrease in aver
impact energy with sputtering pressure is due to the incre
ing proportion of thermalized atoms and decreasing prop
tion of high energy atoms arriving at the substrate. For de
sition at low pressures of 2–12 mTorr~corresponding to high
impact energies in the range of 8–20 eV!, penetration, local
atomic rearrangements, and atomic displacements incre
and the original W particles as well as W atoms neighbor
the collision site can acquire sufficient energy for mobil
enhancement. When this enhancement is sufficient to o
come the surface diffusion barrier,33 the atoms are able to
reach sites, which are conducive to the stable crystal
growth. As the pressure increases, the mobility of W p
ticles decreases. In addition, the incorporation of oxygen
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purities in the films is significant at higher pressures, res
ing in the formation of a metastable crystalline structure
intermediate pressures of 26 mTorr. The exact mechan
for the formation of the metastable phase stabilized by o
gen impurities is not clear. Further study withab initio total-
energy calculations for establishing the origin of the A15
phase induced by a small amount of oxygen is in progres
our Materials Research Center. At a high pressure of;60
mTorr, atomic displacements, local atomic rearrangeme
and enhancement of mobilities are minimal. The W partic
may not be sufficiently mobile to migrate to the preferr
sites for the crystalline growth. This results in the accum
lation of permanent defects, followed by transition to am
phous at larger thicknesses.

The stress and microstructure of the films are influen
by changing sputtering-gas pressure through ion bomb
ment. We have shown that the residual stress is an impor
parameter which either correlates with, or directly influenc
most of the structural properties of W films deposited by
magnetron sputtering. The features observed in the plot
Figs. 1, 2, and 4 are a manifestation of the correlation of
stress and microstructure. At low pressures the films con
a dense microstructure, without any columns, which is
sponsible for the observed compressive stress. Usually,
occurrence of residual stress is due to the atomic pee
effect24 caused by energetic particles such as sputtered at
and sputtering-gas atoms or ions, leading to densification
the microstructure. The sputtered atoms normally arrive
the surface of the growing film with enhanced energy. Th
energetic particles strike the surface, limiting the develo
ment of a columnar growth morphology. With increasing
pressures, the films obtained show a columnar microstruc
and develop a tensile stress. The columnar structure obse
for the tensile stress films indicates the presence of void
the material. This type of defect tends to shrink the films d
to the high surface tension of the inner surface of the vo
As a result, the film volume decreases and tensile stres
generated. The films deposited at high pressures sho
dendritic-like microstructure. It is evident that open colum
nar structures are unable to support large internal stress in
film.

B. The role of oxygen in forming and stabilizing the
A15 W structure

During film growth oxygen is always incorporated in th
films. The XPS results show that the bcc W, A15 W, a
a-W films contained 1–2, 5–12, and 18 at. % oxygen~Fig.
6!, while the EELS analysis indicates 1–4, 6–15, and 18–
at. % oxygen~Fig. 7!, respectively. These values were o
tained based on repeated measurements involving m
freshly deposited samples over many weeks. The g
agreement between the oxygen impurities obtained from
independent techniques lends confidence to the oxygen
centration value and the reliability of the experimental da
The oxygen content became slightly less for higher fi
thickness.

In examining the W related phase diagram we have
been able to identify a unique bulk phase which could fu
account for the observed A15 W structure. In light of th
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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we envision that the A15 W phase is not characteristic of
bulk compound and therefore seems to be uniquely ass
ated with the presence of incorporated oxygen. The fact
the A15 W phase appears over such a broad range o
sputtering pressures may be due to the fact that it is kin
cally prevented from converting to thermodynamically f
vorable phase, bcc W, or that a very dilute bulk oxyg
composition might be sufficient to completely stabilize t
A15 W structure.

It is of interest to determine the thermal range of stabi
of the A15 W structure. It was found that a short anneal
several minutes at 625 °C was sufficient to complete
phase transformation from A15 W to bcc W~Fig. 8!. The
conclusion from the data is that annealing to temperature
625 °C ~about 0.2Tm , whereTm is the melting temperature
of the bulk film! is sufficient to activate atom diffusion, atom
exchange, and structure conversion. We conclude that t
mally induced phase transformation may serve to stabi
the stable bcc structure, although the dynamics of the st
ture transformation are not known in detail. Above the te
peratures of the activated transformation, the bcc W str
tures are stable to temperatures as high as 0.27– 0.3Tm as
long as this temperature is below about 850 °C, where re
tion between the W film and Si substrate begins to occur
significant rate.

Our combined EELS, TED, and XRD results indica
that by anneal the A15 W does not fully transform to the b
W as long as the oxygen content remains above abo
at. %. Only after a critical amount of oxygen in the film h
been reduced, does the subsequent transformation of
structure occur. In other words, if the loss of oxygen in t
film is locally increased above a certain level, then a tra
formation of the A15 W into the bcc W occurs. This can
explained in terms of original oxygen enrichment at the c
umn boundaries in the A15 W film. With increasing tem
perature the oxygen atoms move increasingly outward.
pyrophoric nature of A15 W is an indication of how strong
oxygen can absorb on its surface. Based on the results
tained and the above discussion, the phase transforma
from A15 W to bcc W in the film is believed to be governe
by two main trends:~1! From an energetic point of view, th
stacking faulted energy required to stabilize the A15
structure must be overcome in order for transformation
occur.~2! From a structural point of view, the transformatio
to bcc W occurs by dissolution of the stacking faults a
localized rearrangement of the lattice. No long-range dif
sion or atomic movement is required.

C. Film structure

The results of the present investigation have shown
energy-filtered electron diffraction with reduced radial dist
bution functionG(r ) analysis is a powerful technique, whic
is capable of detecting the structure of polycrystalline a
amorphous thin films, and producing quantitative data of
atomic distance parameters. By comparing the experime
G(r ) with the model calculations, the structures of both t
A15 W anda-W phases at the atomic level have been de
mined.
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TED images reported by many research groups7,15–17re-
veal that the A15 W phase is not a perfect A15 struct
because kinematically forbidden reflections are obser
@also see Fig. 9~b!#. However, its exact structure remain
unknown due to large uncertainties involved in diffractio
and spectroscopic measurements. In this study the partic
model was chosen because its simulatedG(r ) scan@Fig. 10,
curve ~S01S1!# provides better agreement with the expe
mental G(r ) scan ~Fig. 10, experiment! than any other
model. Good correspondence between the observed and
culatedG(r ) distributions indicates that the A15 W is com
posed of ordered and stacking faulted W3W structures.

Because of the small content of oxygen~about 5–12
at. % by XPS and 6–15 at. % by EELS! observed in the A15
films as well as its very small scattering power compared
tungsten, oxygen was not observed directly in the exp
mental G(r ) curves. However, it may have effects on th
arrangements of heavier tungsten atom bonded to lig
oxygen. The effects on the bond distances are expected t
negligible, but the peak heights may be affected owing to
variations in W–W, O–O, and W–O coordination. We a
currently examining this effect and related experiments.

Both XPS and EELS show that thea-W contains oxygen
close to the 25 at. % oxygen necessary for a disordered W3O
stoichiometry. Therefore, the existence of a disordered tu
sten suboxide is highly probable. The structure of an am
phous film is characterized by its local atomic ordering.
was frequently observed that this short-range atomic or
exhibits similarities to the local symmetry of the correspon
ing crystalline compound. Overall, theG(r ) calculated based
on the DRP model shows good agreement with the exp
mental data, although there are some regions of discrepa
We believe that the discrepancy is related to inhomogene
in reala-W films, particularly voids on a scale of 50–100 Å

V. CONCLUSIONS

The stress and structural properties of the tungsten
films prepared by dc magnetron sputtering have been stu
at Ar sputtering pressures in the range of 2–100 mTorr. T
film stress, determinedin situ using a cantilever beam tech
nique during the film formation, is found to strongly depe
on the Ar pressure and changes from highly compressiv
highly tensile in a relatively narrow range of 12–26 mTo
The microstructures of these films were characterized us
XRD and cross-sectional TEM. A strong correlation of t
stress with the microstructure in the films is clarified. T
results indicate that the compressively stressed films con
of single-phase bcc W or a mixture of bcc W and A15 W
while the films having the tensile stress have only A15
structure. With elevated sputtering pressures between 60
100 mTorr, an amorphous tungsten is observed, resultin
complete relaxation of internal tensile stresses.

The role of oxygen impurities in the formation and st
bility of the A15 W structure was elucidated herein by XP
EELS, TED, and XRD. Both XPS and EELS indicate th
the A15 W structure is stabilized by a small amount of ox
gen without forming an ordered W3O compound. The ther-
mal range of stability of the A15 phase was investigated
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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in situ anneal in the TEM and EELS system. It is found th
phase transformation from A15 W to bcc W by higher te
perature annealing is accompanied by reduction of oxyge
the film. We believe that the reaction is controlled by a d
fusive process at void surfaces and/or grain boundaries in
A15 phase.

The structures of the A15 W anda-W films formed at
different sputtering-gas pressures were experimentally de
mined for the first time using energy-filtered electron diffra
tion with reduced radial distribution functionG(r ) analysis.
By comparing the experimentalG(r ) with the theoretically
calculated models, we propose that the A15 W crystal str
ture is composed of an ordered and stacking faulted W3W
compound, while thea-W phase is formed of a random con
tinuous matrix of clusters with the W3O-like symmetry.
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