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Elastic strains and enhanced stress relaxation effects induced by ion irradiation in W„110…ÕCu„111…
multilayers: Comparative EXAFS and x-ray diffraction studies
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Laboratoire de Me´tallurgie Physique, UMR 6630 du CNRS, Universite´ de Poitiers SP2MI, Te´léport 2, Bd Pierre et Marie Curie,
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~Received 26 February 2001; published 21 September 2001!

A characterization of the local structure in Cu/W superlattices~period L520 nm! prepared by ion beam
sputtering with average composition Cu50W50 has been performed by x-ray absorption spectroscopy~EXAFS!
and x-ray diffraction~XRD!. Copper and tungsten are immiscible and so, sharp concentration modulation is
obtained. The elasticity analysis of the EXAFS data evidences the existence of large strains due to compressive
stress in the growth planes of W sublayers. The stress level determinated from EXAFS agrees fairly well with
the one deduced from XRD while lattice parameters obtained from EXAFS are smaller than those measured
with XRD. This discrepancy can be attributed to the inherent differences between short-range and long-range
order methods for probing the material, but also to the limited accuracy of the EXAFS method for determining
lattice parameters. However, EXAFS is well suited to the study of the disorder inside each elemental compo-
nents of these superlattices. After an irradiation with a low Kr ions dose (1013 ions/cm2), the W sublayers are
partially relaxed to a stress level equal to one half of its original value while the structure of the Cu remains
unchanged. The combination of the EXAFS and XRD techniques is a unique approach to achieve a complete
characterization of the structural properties of strained nanometric layers as those considered in the present
paper.

DOI: 10.1103/PhysRevB.64.144106 PACS number~s!: 68.65.2k, 61.10.Ht, 61.82.Bg, 62.40.1i
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I. INTRODUCTION

Recently, much interest has been devoted to the stud
metallic multilayers due to their unusual physical and m
chanical properties. Thus, drastically reduced shear mod
and significantly enhanced biaxial and Young moduli ha
been observed in some metallic systems when the period
length of the compositional modulation is decreasing.1 It is
generally accepted2 that these elastic anomalies are cor
lated with the extreme strain states of the constituents re
ing from bulk or interfacial effects. Several explanatio
based on electronic3,4 or structural arguments5–7 have been
proposed in the last few years to explain the elastic ano
lies of superlattices. To obtain a better understanding of s
anomalous physical properties, the issue of the stress-s
relation in multilayered systems is essential. In this resp
x-ray scattering method has been demonstrated to be a
ficient technique for determining strain and stress, e.g.,
elastic response of the constituents.8,9 Moreover, by measur-
ing independently the stress in the different layers by x-
diffraction ~XRD! and the force applied by the modulate
structure on the substrate via the measurement of its cu
ture, the interfacial contribution stress10–12 can also be esti-
mated. For nonepitaxial thin films with nanometric thic
nesses, such as those often obtained by the sputte
technique, strain measurements often raise some experi
tal difficulties. Indeed, due to texture and mosaicity effects
large spreading of the intensity of the asymmetric diffract
lines makes their apparition rather difficult and conseque
a detailed strain-stress analysis turns out to be rather del
and inaccurate. A second difficulty is related to the scatter
method that probes ordered regions within the cohere
length of the beam and that consequently does not acc
for stresses present in disordered areas.
0163-1829/2001/64~14!/144106~15!/$20.00 64 1441
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In a previous paper,13 a determination of the strain state o
W layers in textured Cu/W multilayers elaborated by t
sputtering method with a modulation wavelength of 7.5 n
was performed by XRD. It was more particularly shown th
the individual tungsten layers sustain considerable ela
strains, far above the yield strain reported for bulk metal, d
to the presence of residual compressive stresses ('26
GPa!. Such large strains developed in tungsten seem to
count for the total out-of-plane expansion ('10.9%) of the
average lattice spacing of the superlattice. A whole und
standing of the complete strain-stress state of these mult
ers to get some insight into the possible relation with
elastic softening observed in this system14 also requires that
we obtain structural information about copper layers.

Extended x-ray absorption fine structure~EXAFS! spec-
troscopy is a well-suited technique for structural charac
ization of solids. It can also be, in proper cases, a versa
method for determining strain and stress, e.g., the elastic
sponse of materials and more especially that of multilaye
Indeed, EXAFS is element selective: by recording a sp
trum at the edge of a given element, one can get accu
information on its specific local crystallographic enviro
ment including the average coordination numberN of the
different surrounding atoms, their distancesR to the ab-
sorber, as well as the spatial fluctuation of distancess
~Debye-Waller factors!. Furthermore, using the linear pola
ization of the x-ray synchrotron radiation~SR!, structural
information both in-plane and out-of-plane with respect
the sample’s surface can also be extracted through inde
dent measurements. Up to now, this technique has b
mainly used to determine the anisotropic structure of t
metastable epitaxial films.15–20 However, each set of atomi
distances deduced from an EXAFS analysis for each dif
ent first near neighboring shells can be viewed as anin situ
local strain gauge and thus EXAFS potentially allows one
determine the stress state of the constituents of the pro
©2001 The American Physical Society06-1
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sample. The present work intends to obtain complemen
information about local atomic order, e.g., on the short ra
structure, of the two elements constituting the Cu/W mu
layers by performing EXAFS experiments. To check the s
sitivity of this approach, a~111!Cu/~110!W multilayer which
composition wavelength is large (L520 nm! has been se
lected to minimize at maximum the specific contribution
the interfacial environments to the EXAFS signals. Taki
full advantage of the polarization properties of the SR, o
purpose is to resolve the anisotropic strains both in the
of-plane direction and in the plane of growth. An attempt
determine the residual stress state of the two sublayers
be presented for an as-deposited multilayer and after an
induced stress relaxation has been performed. In the cas
the W sublayers, the results will be compared to those
duced from a strain-stress analysis using XRD meas
ments. Therefore, the question which is mainly addresse
this paper is that of the origin for the strains observed
Cu/W multilayers deposited using an ion beam sputter
technique at the microscopic scale.

II. EXPERIMENTAL METHODS

A. Sample preparation

Cu/W multilayers were prepared in a sputtering depo
tion system equipped with a broad Kauffman ion source
ing an argon ion beam extracted under an acceleration v
age of 1.2 kV. The base pressure was about 1024 Pa before
initiating the growth and about 1022 Pa ('831025 Torr!
during deposition. The tungsten and copper layers are s
tered from pure metal targets~grade : 99.995%!. Single-
crystalline silicon wafers with the~100! orientation and
fused quartz substrates, used for XRD and EXAFS meas
ments, respectively, were fixed on a rotating substrate ho
The deposition was carried out at room temperature.
deposition rates were controlled with a quartz oscillat
Their values, calibrated by preliminary thickness measu
ments using an x-ray reflectometry setup, were 3.6 nm/
for Cu and 1.2 nm/min for W. The multilayer consists of
periods of alternate W and Cu layers which thickness’ ratio
adjusted to get a nominal 1:1 composition. The modulat
wavelengthL5tW1tCu as determined by small-angle XR
was 20.07 nm,tW and tCu being the thickness of the W an
Cu layers, respectively. Thus, the total thickness of
multilayer is'100.4 nm. Energy dispersive x-ray spectro
copy ~EDX! measurement gives as overall compositi
Cu55W45 ~within an uncertainty of61%). Therefore, the
layering pattern@Wm /Cun#N , wherem and n are the num-
bers of atomic stacking planes in the direction of growth
W and Cu sublayers andN the number of bilayers, can b
noted@W47/Cu46#5. Excepted for trapped Ar atoms comin
from the sputtering beam ('0.7%), no impurities were de
tected from the EDX analysis.

B. Ion irradiation experiments

The samples were irradiated at liquid nitrogen tempe
ture with 340 keV Kr21 ions under a vacuum of about
31025 Pa. The energy was selected so that the ions p
14410
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jected range slightly exceeds the total film thickness. In t
case, the energy deposition is, within'620%, nearly uni-
form throughout the whole film thickness. The ion curre
density was kept below 0.3mA/cm2 to avoid heating effects
TheTRIM code21 was used to calculate the dose, expresse
displacements per atom~dpa!, assuming an average thres
old energy of 50 eV. The value so obtained was 0.386 10214

dpa/ion. The nuclear energy deposited per depth length
was approximately equal to 5 keV/nm.

C. X-ray diffraction measurements

1. Strain measurements

The structure of the multilayer and strain measureme
were carried out using two diffractometers. Symmetric
flection x-ray measurements were performed on a Siem
D501 powder diffractometer equipped with a backsi
monochromator and a proportional detector using CuKa
radiation. The XRD measurements were carried out in
high-angle 2u region (37°–47°) around the~110! and ~111!
Bragg’s peaks of the tungsten and copper layers, res
tively. By tilting around theu-2u direction (v scans! for the
~110! W and~111! Cu reflections, a relatively good stackin
of the dense packed planes was evidenced since the
width at half maximum~FWHM! of the rocking curves de-
duced from thev scans is equal to 9° for both bcc and fc
structures, a result in good agreement with high resolut
transmission electron microscopy~HRTEM! observations.22

Asymmetric plane spacings were measured using a
circles diffractometer~Seifert XRD 3000! equipped with a
Cu x-ray source, a fiber optics and an Eulerian cradle foc
tilting, e.g., tilting of the sample around the axis defined
the intersection between the scattering plane and the sa
surface. The focused incident beam size was 131 mm2.
The detector setup was defined by two slits (0.28° div
gence!, a flat graphite analyzer, and a proportional detec
The same diffractometer was also used, without the grap
analyzer, for grazing-incidence x-ray scattering~GIXS! mea-
surements with a grazing angle of 2°. The peak positio
were obtained from the scattering profiles by fitting a line
background and each peak to identical shapedKa1 andKa2
pseudo-Voigt profiles with a fixed intensity ratio. For ea
measured reflexion$hkl%, specimen tilt and rotation angle
(c,f), the lattice parameter was deduced from the aver
lattice spacingdc,f according to the Bragg law.

2. Strain determination

The XRD method for strain measurement is based on
determination of the average lattice plane spacingdhkl of the
stressed layer via the measurement of a specific$hkl% reflex-
ion recorded along a direction which is defined with resp
to the specimen geometry by the Eulerian anglesc and f,
wherec denotes the tilt angle between the normals to
surface and to the diffracting planes whilef is the rotation
angle between the projected lattice plane normal and a
erence axis in the plane of the sample. For each meas
reflexion $hkl%, the lattice strain in the direction describe
by the anglesc andf can be expressed according to
6-2



re
or
n
ne

d
to

th

tic
in

p

ys
ro
s

or
h
re
s
re
e
en
ha
s

e
n
re

ire

sis

the

ce

oles

ine

o-
etry
s-

r a

ed
ll
de-

hic
the
po-

ani-

e

ELASTIC STRAINS AND ENHANCED STRESS . . . PHYSICAL REVIEW B 64 144106
ec,f5
dc,f2d0

d0
, ~1!

whered0 is the lattice spacing corresponding to a stress-f
specimen. In multilayers or thin films, due to alloying
relaxation effects, the unstrained lattice parameter is
known accurately. Therefore, the strain cannot be obtai
directly.

Strains and stresses in thin films are usually reference
the sample reference frame defined by the vec
(SW 1 ,SW 2 ,SW 3) whereSW 3 denotes the direction of the thin film
normal ~e.g., the crystallographic growth texture axis!, the
two others being referenced in the plane with respect to
orientation of the crystallites axis. So the strainec,f can be
expressed as

ec,f5e11cos2 f sin2 c1e12sin 2f sin2 c1e22sin2 f sin2 c

1e33cos2 c1e13cosf sin 2c1e23sinf sin 2c, ~2!

whereec,f refers to the sample reference frame. An elas
ity analysis via the Hooke law allows to relate the stra
tensor to the stress one~or vice versa! by the introduction of
the stiffness or compliance tensors23 through the well known
relationss i5ci j e j ; e j5si j s i whereci j andsi j , using Voi-
gt’s notations, are the elements of the stiffness and com
ance tensors, respectively.

A detailed and useful presentation of the stress anal
for extracting the stress and unstrained lattice parameter f
both uniformly oriented and cubic fiber-textured thin film
has been given by Clemens and Bain.9 In the case of textured
films, it is assumed that all crystallites having the same
entation are considered as forming a unique crystal. T
means that every crystallite is submitted to the same st
state which is the Reuss averaging scheme. Due to the
cific geometry, a thin film deposited onto a substrate is f
to expand or contract along the film normal direction. It r
sults that the stress in this direction and shear compon
that involve the normal direction are equal to zero so t
s335s135s2350. In many cases, an equal-biaxial stre
state is moreover observed (s5s115s22), consequently all
shear components are also zero. Nevertheless, when an
taxial relationship between crystalline lattices of differe
symmetry takes place, it appears a nonequal biaxial st
state. Such a situation is quite conceivable in the case
Cu~111!/W~110! multilayers.

For a layer which growth texture is~111! as it will be the
case here for Cu layers, assuming the principal stress d
tionss11 ands22 to be along the directions@ 1̄10# and@ 1̄1̄2#
of the sample reference frame, the strainec,f in an arbitrary
direction defined by the anglesc andf is given by

ec,f
[111]5~s222s11!F2s1122s122s44

6A2
sinf sin 2c

1
2s111s122s44

6
cos 2f sin2 cG1~s221s11!

3F2s1114s122s44

6
1

s44

4
sin2 cG , ~3!
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where the elastic compliance constantssi j are expressed in
the crystallographic reference frame defined from the ba
vectors of the unit cell.

For a bcc material with a~110! texture as it will occur in
W sublayers, a similar expression can be derived under
assumption that the principal stress directionss11 and s22
coincide with the main in-plane axis of the sample referen
frame that are@ 1̄10# and @001#, respectively,

ec,f
[110]5~s222s11!F22s1112s122s44

8
1H 6s1126s1223s44

16

1
26s1116s122s44

16
cos 2fJ sin2 cG

1~s221s11!F2s1116s122s44

8

1H s44

4
1

2s1122s122s44

8
sin2 fJ sin2 c G . ~4!

Thus, it appears that measurements at different distinct p
with the same azimuthf result in a lineard versus sin2 c
distribution. The above analysis refers to single crystall
grains; it implicitly assumes a known value off for each
measured (hkl) reflexion. The mismatch between the tw
fold symmetry of the stress state and the threefold symm
of the ~111! fcc layers therefore implies that equivalent cry
tallographic directions in the same set$hkl% can experiment
different strains. In fiber textured~111! thin films, such re-
flexions are nevertheless undistinguishable. Indeed, fo
given diffraction geometry, distinct$hkl% reflexions belong-
ing to different sets of crystallites contribute to the observ
interference line and thed spacing will be averaged over a
equivalent directions which otherwise cancel the term
pending ons222s11 in Eq. ~3!. For ~110! textured bcc films,
similar strains are obtained for equivalent crystallograp
directions and consequently the x-ray measurement of
lattice spacing allows one to determine the stress com
nents.

For the special case of tungsten layers, due to its mech
cal isotropy@s4452(s112s12)#, some simplification of Eq.
~4! occurs and it can be accordingly rewritten as

ec,f
W[110]5~s222s11!F26s1116s1225s44

32
cos 2f sin2 cG

1~s221s11!F2s1116s122s44

8
1

s44

4
sin2 c G . ~5!

From this, one can get24 the f-dependent ‘‘strain-free di-
rection’’ c* :

sin2 c* )f505
2s12

s112s12
S 11

s22

s11
D ; sin2 c* )f5

p
2

5
2s12

s112s12
S 11

s11

s22
D . ~6!

So the three unknownss11, s22 and the stress-free lattic
6-3
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parametera0 can be deduced assuming that lattice spaci
could be measured for a set of reflexions obtained for dist
f directions belonging to the same crystallite-group.

D. EXAFS measurements and data analysis

The EXAFS experiments were performed at the Labo
toire pour l’Utilisation du Rayonnement Electromagne´tique
~LURE! at Orsay on the DCI storage ring operating at 1.
GeV with a typical current of 250 mA. As the total thickne
of our samples is limited to 100 nm, we use the convers
yield EXAFS ~CEEXAFS! technique25 that is well suited to
the local analysis of thin samples. The CuK ~8879 eV! and
W L3 ~10207 eV! edges data were stored on beam line D
that is equipped with a Si~331! channel-cut single-crysta
monochromator for energy tuning. The x-ray absorpt
spectra were recorded over about 1000 eV above the edg
liquid nitrogen temperature to reduce thermal disorder us
a total electron yield device working in He gas at atm
spheric pressure.26 To assure a good signal-to-noise ratio, t
electrons were collected over 2 s per data point, the energ
step being 2 eV. The linear polarization of the SR gives
cess to anisotropic structural information since the lo
structure can be probed both in-plane and out-of-plane w
respect to the sample surface. Thus, the EXAFS spectr
the multilayers were recorded in two geometries with resp
to the sample surface that is, respectively, parallel and ne
perpendicular (77°) to the polarization direction of the x-r
beam. In that way, differences between the crystal struc
in the plane of growth and in the growth direction can
revealed by recording the EXAFS spectra with the sam
surface parallel and perpendicular to the polarization dir
tion, respectively.15–20

All x-ray absorption spectra were analyzed in the sa
way following a now well-established procedure27 to extract
the EXAFS function from the data using the software dev
oped by Michalowicz.28 All spectra were at first backgroun
subtracted by extrapolating the pre-edge region with a lin
function. They were then normalized in the same way us
the Lengeler-Eisenberger method.29 The EXAFS function
x(E) is defined as

x~E!5
m~E!2m0~E!

m0~E!
, ~7!

where m(E) is the observed absorption coefficient of t
probed element, andm0(E) is the atomic absorption coeffi
cient. Sincem0 cannot be observed experimentally, it w
approximated by a fifth order polynomial passing throu
the data beyond the absorption edge. Once extracted
the data according to Eq.~7!, x(E) is converted ink space
through the relationk5A2m(E2E0)/\ where the threshold
energyE0 is related to the Fermi energy which is consider
in EXAFS as an adjustable parameter. After weighting ink2,
we take the Fourier transform~FT! of k2x(k) using a Kaiser
apodisation window (t52.5) which ends at two nodes o
x(k) chosen so that thedk range is as large as possible. Th
procedure yields the radial distribution function~RDF!
which describes the probability to find an atom at a giv
14410
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distance from the excited one. The first and more inte
peak of the FT is then filtered and inverse Fourier tra
formed to obtain the experimentalxexp(k) EXAFS contribu-
tion of the so selected coordination shells. For a fcc mate
such as Cu,xexp(k) corresponds to the first near neighborin
~NN! atoms~one shell! while for a bcc material such as W
the filtered EXAFS functionxexp(k) includes the contribution
of the two first coordination shells~first NN’s and second
NN’s!.

The experimental filtered EXAFS functionxexp(k) was
fitted to the theoretical onex th(k) calculated from the widely
reported formula30

kx th~k!52S0
2(

j
Nj*

u f j~p,k,Rj !u

Rj
2

e22Rj /l(k)e22s j
2k2

3sin@2kRj1f j~p,k,Rj !#, ~8!

whereRj is the mean distance between the absorber and
j th shell,u f j (p,k,Rj )u is the backscattering amplitude for th
j th neighboring atoms andf j (p,k,Rj ) is the total phase
shift. The backscattering parameters areRj dependant to ac-
count for curvature effects of the ejected photoelectron w
function. The exponential decay factors are related to
mean free pathl(k) of the ejected photoelectron and me
square relative displacement of the absorber-backscatter
~Debye-Waller factors j

2), respectively. The overall ampli
tude reduction factorS0

2 accounts for many-body effects. Fo
anisotropic systems,Nj* is the effective polarization depen
dent coordination number defined as31

Nj* 53(
i 51

Nj

cos2 u i j , ~9!

Nj* 5~0.51c!Nj1~1.523c!(
i 51

Nj

cos2 u i j , ~10!

whereu i j is the angle between the electric field vectorE and
the bond between the absorbing atom and thej th neighbor of
the i th shell. Eq.~9! holds at the CuK edge while Eq.~10!
must be used at the WL3 edge. The factorc appearing in Eq.
~4! is the ratio of the radial dipole matrix elementsM01 and
M21 between the 2p ( l 51) atomic wave function and thed
( l 52) ands ( l 50) final states.32 It has been shown that th
angular dependences of these two terms can be strongly
ferent for noncubic materials.20 However, this effect is much
less pronounced for cubic or sightly tetragonal structu
where the absorption cross section is isotropic.33

The theoretical EXAFS functionx th(k) calculated accord-
ing to Eq.~8! was compared to the experimental onexexp(k)
by varying the parametersNj , Rj , s j

2 , andE0 j in order to
minimize the varianceV defined by

V5

(
i 51

n

@~kixexp~ki !2kix th~ki !#
2

(
i 51

n

@~kixexp~ki !#
2

~11!
6-4
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for the n data points by using a simplex and/or gradie
method implemented in the Michalowicz’s software.28 The
number of independent points in the dataNidp is given by
Nidp52dkdR/p12, wheredR is the width of the selected
peak of the FT’s for inverse Fourier transformation anddk is
defined by the energy range of the Kaiser window used
obtain the FT’s. It results that the number of floating para
eters during the fitting procedure is restricted toNidp - 1. In
the present case, the experimental availabledk range was
large enough to allow to keep a free degree of freedom d
ing the fitting procedure at both CuK (Nidp58) and WL3
(Nidp 5 12! edges.

To obtain reliable informations from an EXAFS analys
one is required to use confident backscattering parame
~amplitudes and phase shifts! since the results are strong
dependant on them. In the present work, we have adopted
following scheme. For CuK analysis, we use backscatterin
amplitude and phase shift extracted from the data collec
on a pure bulk Cu reference sample in the same experime
conditions as those used for probing multilayers~same tem-
perature, same device!. This bulk reference sample was
first mechanically and electrochemically polished and th
annealed at 600 °C in vacuum over 6 h. For fcc Cu, the fi
peak of the FT is only related to the first coordination sh
~twelve NN’s!, a particularity that allows one to quite easi
obtain the backscattering parameters from Eq.~8! restricted
to the first shell once the first NN’s distanceR1 and Debye-
Waller ~DW! factor s1 are known. In the present case, w
have used the valueR152.556 Å, as deduced from the cry
tallographic lattice parameteraCu53.615 Å, while the DW
factor was fixed tos150.057 Å, a value that has been e
perimentally deduced from measurements34 performed at the
liquid nitrogen temperature as in our experiments and tha
supported by theoretical models.35 The photoelectron mea
free pathl(k) has been modeled by the expression27

l~k!5
1

G Fk1S h

k D 4G ~12!

with G51 Å 22 andh53.1 Å 25/4, two parameters which
are kept fixed during the CuK edge simulations presente
below. Such a procedure cannot be use for a bcc structu
that of tungsten since the first peak of the RDF involves
contributions of the two first coordination shells~that include
eight and six atoms, respectively!. Therefore, we have use
the following method. First, we perform a purely theoretic
calculation using theab initio FEFF code36 at the WL3 edge
taking as lattice parameter its usually quoted crystallograp
value (a53.165 Å!. In that calculation, we use the analytic
model of Hedin-Lundquist for exchange to obtain the pho
electron mean free pathl(k) that was used for all simula
tions performed at this edge. In a second step, the so
tained theoretical backscattering parameters~amplitudes and
phase shifts! corresponding to the two first coordinatio
shells where used as input parameters to fit the two
shells filtered EXAFS data related to a pure W referen
sample. The best fit results are displayed in Fig. 1, the
responding set of structural parameters being gathere
Table I. The overall agreement between the experimental
14410
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reconstructed filtered EXAFS signals is quite good. The d
tances are found to be slightly shorter than those dedu
from crystallography (R152.741 Å , R25a53.165 Å! but
close to them within the error bars. The value we obtain
the overall reduction factorS0

2 is quite comparable with thos
usually found when using theFEFF code for analyzing EX-
AFS data.37 This parameter was fixed to the value so o
tained~0.77! during the fitting procedure used to analyze
W L3 edge spectra of the W/Cu multilayers.

III. RESULTS AND DISCUSSION

A. Structure of the CuÕW multilayer before and after ion
irradiation: short overview

The experimentalk x(k) EXAFS spectra recorded at th
W L3 edge of the as-deposited Cu/W multilayer for bo
grazing ~parallel polarization! and normal~almost perpen-
dicular polarization! incidences are presented in Fig. 2. In t
same figure is also plotted the spectrum recorded at the g
ing incidence for the ion beam irradiated multilayer at t
same edge. Figure 3 shows the corresponding FT’s and
related two first shells filteredk x(k) EXAFS curves are
displayed in Fig. 4. The examination of this set of curv
calls for two remarks. The first one concerns the unirradia
sample spectra: differences between the W structure in
plane of growth and in the growth direction are revealed
comparing the FT’s of the spectra recorded with the surf
parallel and nearly perpendicular to the polarization direct
of the x-ray beam. This behavior is also clearly observed
the relatedk x(k) filtered EXAFS curves~Fig. 4! which
amplitudes have a very different shape at highk ~beyond 12

TABLE I. Structural parameters deduced from the least squa
fit of the two first shells of NN’s for bulk tungsten (k range: 4–16.5
Å21; S0

250.7760.02; V59.331023).

N Distance~Å! s ~Å!

First shell 8 2.73060.007 4.1 (60.5)31022

Second shell 6 3.16060.007 4.9 (60.5)31022

FIG. 1. Bulk tungsten experimental~symbols! and fitted ~full
line! filtered kx(k) EXAFS spectra.
6-5
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Å21) compared to that of the pure tungsten reference~Fig.
1!, especially for the parallel polarization. The second on
related to the ion beam irradiated sample: its spectrum lo
more similar to the reference one~Fig. 1! save for an overall
amplitude reduction, an effect that may be related to an
creased disorder compared to the bulk reference. Th
simple statements show that the irradiation is able to ind
relaxation effects into the W sublayers of the multilay
whose initial structure is much different than that pure b
tungsten. Such a behavior does not seem to hold in Cu la
as it can be shown in Fig. 5. Indeed these CuK EXAFS
spectra, recorded at grazing incidence, look for the eyes
close each from the other. The related FT’s shown in Fig
also evidenced that the irradiation induces an overall
hancement of the magnitude of the EXAFS signal related
an improvement of the cristallinity of the Cu sublayers wit
out reaching, however, that of bulk Cu. Furthermore, one

FIG. 2. kx(k) EXAFS spectra recorded at the WL3 edge of the
as-deposited~top: parallel polarization ; middle: perpendicular p
larization! and irradiated~bottom! Cu/W multilayers.

FIG. 3. Fourier transforms of the EXAFS spectra recorded at
W L3 edge of as-deposited~symbols: parallel polarization, full line
perpendicular polarization! and irradiated~dotted line! Cu/W mul-
tilayers.
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note that the Cu structure is really fcc up to;7.5 Å ~six
shells! because both multilayers’ FT’s are homothetic to t
bulk one up to that distance.

XRD u-2u scans in the angular range corresponding to
~110! and Cu~111! Bragg’s reflections are shown in Fig.
for both the as-deposited and ion beam irradiated Cu/W m
tilayers. These experimental spectra do not exhibit the us
features of multilayers’ diffraction profile: superlattice di
fraction peaks arising from the periodicity of the multilaye
That comes from the fact that the coherence length is sma
or close to the periodL. In such cases it does not exist
periodic modulation of the crystalline structure inside d
fracting grains, and so the XRD spectra do not exhibit
satellite peaks characteristic of superlattices. The reflec
peaks observed in the whole 2u range have been assigned
x-ray scattering by the dense atomic planes of both com
nents of the multilayer@~110! for bcc W, ~111! for fcc Cu#.
Concerning the as-deposited multilayer, a large lattice exp
sion of the W layers is observed since the lattice spac
distancedW

110 deduced from the~110! W reflection is greater

e

FIG. 4. Experimental~symbols! and fitted ~full lines! filtered
kx(k) EXAFS spectra recorded at the WL3 edge of the as-
deposited~top: parallel polarization; middle: perpendicular pola
ization! and irradiated~bottom! Cu/W multilayers.

FIG. 5. kx(k) EXAFS spectra recorded at the CuK edge of the
as-deposited~top! and irradiated~bottom! Cu/W multilayers.
6-6
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(dW
11052.267 Å! than the bulk one (dW (bulk)

110 52.238 Å!. After
irradiation with krypton ions at the fluence of 1013 ions/cm2,
we observe a visible shift of the W~110! reflection towards
lower angles. This could clearly be related to an ion induc
strain-stress relaxation effect as was already evidence
Cu/W multilayers with a shorter periodicity length.38 Thus it
appears that, due to the Poisson effect, the out-of-plane
tice expansion of the bcc tungsten stacking can be attribu
at least partially, to in-plane compressive stresses. In turn
measured interplanar distance (dCu

11152.093 Å! of the ~111!
Cu layers appears to be very close to that of bulk cop
~2.087 Å!.

To summarize, the simple qualitative analysis from t
XRD spectra recorded with the wave vector in the grow
direction gives evidence for the presence of strong ela
strains in the as-deposited tungsten layers of the Cu
multilayer. EXAFS data are sensitive to the presence of s
lattice strains and to relaxation effects induced after ion ir

FIG. 6. Fourier transforms of the EXAFS spectra recorded at
Cu K edge of as-deposited~symbols!, irradiated~full line! Cu/W
multilayers, and bulk Cu~dotted line!.

FIG. 7. XRD spectra of the as-deposited~full line! and irradi-
ated~dotted line! Cu/W multilayers.
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diation. To go beyond this qualitative description, it is ne
essary to perform simulations that will be discussed here
ter. Therefore, the issue is whether the average local ato
environment described by the respective in-plane and ou
plane distances can be sufficiently reliable to obtain a co
plete determination of the strain-stress state of the eleme
layers. For this purpose, by modeling the elastic respons
the material, a comparative study of stress and unstra
lattice parameters deduced from the EXAFS data with th
obtained from the usual x-ray scattering method must
carried out.

B. As-deposited multilayer: strain-stress analysis

1. EXAFS data analysis

Tungsten sublayers.The effective coordination number
Nj* have been fixed according to Eq.~10!. The ratioc has
been calculated theoretically:39 it is found to be approxi-
mately 0.2 for atomic numbersZ.20 and relatively indepen
dent ofk. This value is in agreement with the one experime
tally determined by Held and Stern32 at the WL3 edge on
anisotropic WSe3. Taking this value, one obtains the in an
out-of-plane effective coordination numbers reported
Tables II and III for the parallel and perpendicular polariz
tion, respectively. Each shell splits in two components a
thus it needs to handle a model looking like a four she
model. Therefore, we adjust ten parameters : four distan
four DW factors and two energy shiftsE0 to correct the error
in FEFF’s Fermi level estimate@8.0(60.3) eV and 6.4
(60.3) eV for the first and second shell, respectively#. The

TABLE II. Structural parameters deduced at the WL3 edge
from the least squares fit of the two first shells of NN’s for t
as-deposited Cu/W multilayer for the parallel polarization (k range:
3.9–16 Å21; V52.331022). In-plane (Nin) and out-of-plane
(Nout) effective coordination numbersN* are determined according
to Eq. ~10! using a ratioc50.2 ~see text!.

N* Distance~Å! s ~Å!

First shell 4.8in 2.70160.007 7.1 (60.6)31022

3.2out 2.74360.007 4.5(60.6)31022

Second shell 2in 3.11060.007 11(61)31022

4out 3.15560.007 6.6 (60.6)31022

TABLE III. Structural parameters deduced at the WL3 edge
from the least squares fit of the two first shells of NN’s for t
as-deposited Cu/W multilayer for the perpendicular polarizationk
range: 3.9–16 Å21; V51.631022). In-plane (Nin) and out-of-
plane (Nout) effective coordination numbersN* are determined ac-
cording to Eq.~10! using a ratioc50.2 ~see text!.

N* Distance~Å! s ~Å!

First shell 2.8in 2.70960.007 6.1(60.6)31022

5.2out 2.73160.007 5.0(60.6)31022

Second shell 1.4in 3.11060.007 11 (61)31022

4.6out 3.15160.007 5.7(60.6)31022

e
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results of fitted curves are shown in Fig. 3 for both polariz
tions while the corresponding structural parameters are s
marized in Table II~parallel polarization! and Table III~per-
pendicular polarization!. Excepted in the range 6–7 Å21

where the amplitude of the reconstructed spectra does
match the experimental data perfectly, the results so obta
can be considered as acceptable. In particular, the anoma
shape of the filtered EXAFS at highk previously mentioned
for the parallel polarization is fairly reproduced. We can e
phasize that, within the uncertainties, the deduced struct
parameters are equal for both polarization geometries. F
their values, we can assess that in-plane atoms are locat
significantly shorter distances than in the bulk tungsten~see
Table I!, while the out-of-planes atoms~that arenot located
along the perpendicular direction, see Fig. 8! are observed a
distances close to those found for the bulk tungsten re
ence. This is consistent with the XRD observations quo
above and it implies that~110! W planes are submitted to
compressive stress. However, this compressive state of th
layers is accompanied by an increased atomic diso
within the ~110! planes since the in-plane DW factors a
much more important than the out-of-plane ones, espec
for second NN’s. This last fact appears to be surprising
first glance. Indeed, due to the presence of strong in-p
compressive stresses in the W layers, one should expe
observe reduced thermal vibrations for in-plane bondi
compared to out-of-plane ones. Nevertheless, since EXA
spectra were recorded at liquid nitrogen temperature, s
atomic disorder dominates the measured DW factors. Th
fore, any in-plane lattice distortion of the bcc lattice wou
involve an apparent increase of the DW factors. In this c
text, it is well known40,41 that epitaxy occurs following the
Nishiyama-Wassermann orientation relationship between
two bcc and fcc lattices constituting the Cu/W multilaye
Such an atomic arrangement, generating strain anisot
between the two in-plane directions, would imply a diffe
ence between DW factors for both directions that may
responsible of the anomalous DW factors we obtain for
plane atoms.

Copper sublayers.The data at the CuK edge data have
been only recorded at the grazing incidence~parallel polar-
ization!. In such a case, according to Eq.~9!, one has to
consider the contributions of in-plane and out-of-plane fi
NN’s separately. Therefore, theoretically five parameters
required to adjust the simulated spectrum to the experime

FIG. 8. Two first-nearest-neighbors shells of a tungsten at
Each absorber~cross hatched circle! has six NN’s in its~110! plane
~black circles! and eight other NN’s out-of-plane~gray circles!.
Thick lines: first NN bonds, thin lines: second NN bonds. Para
polarization:a50° ; perpendicular polarization:a'77°.
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one: two distances, two DW factors and an energy shiftE0
~that was found to be close to 0 eV!. However, in the case o
a fcc structure grown in the~111! direction, the contribution
to EXAFS from up and down planes is small for the paral
polarization~nine effective in-plane bonds versus three effe
tive out-of-plane bonds!. The EXAFS spectra recorded wit
parallel polarization are thus mostly sensitive to in-plane
oms. In fact, it turns out that the fitting procedure is insen
tive to out-of-plane atoms: one gets unphysical DW fact
for these atoms~greater than 0.3Å! and thus to include their
contribution into the reconstructed EXAFS signal is mea
ingless. Indeed, considering only in-plane atoms, one obt
an acceptable fit of the experimental data as it can be
served in Fig. 9, the corresponding parameters being
ported in Table IV. Even if the first NN distance can b
considered to be, within the error bars, equal to that of p
copper, it seems that the Cu lattice is slightly expanded
plane since it will correspond to an in-plane lattice parame
ai53.622 Å. Noting that XRD is in the present case on
sensitive to the direction of growth that is orthogonal to t
one probed by EXAFS, from the XRD spacing value quot
beforedCu

11152.093 Å, one obtainsa'53.625 Å. These two
values can be considered, owing to the experimental un
tainties, as equal and thus the Cu lattice expanded by;0.01
Å, but it is important to note that the Cu sublayers structu
appears isotropic. The origin of such a slight Cu lattice e
pansion may be due to the numerous defects~dislocations,
extended or point defects such as interstitials! that are intro-

TABLE IV. Structural parameters deduced at the CuK edge
from the least squares fit of the first shell of NN’s for the a
prepared Cu/W multilayer (k range: 3.7–13.7 Å21; V55.8
31023). The in-plane (Nin) effective coordination numberN* is
determined according to Eq.~9!.

N* Distance~Å! s ~Å!

9in 2.56160.008 7.1 (60.5)31022

.

l

FIG. 9. Experimental~symbols! and fitted ~full lines! filtered
kx(k) EXAFS spectra recorded at the CuK edge of the as-
deposited~top! and irradiated~bottom! Cu/W multilayers. Dashed
line: contribution of out-of-plane atoms for the irradiated multilay
~see text!.
6-8
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ELASTIC STRAINS AND ENHANCED STRESS . . . PHYSICAL REVIEW B 64 144106
duced by the relaxation of the Cu layers during growth. F
example, the amount of argon atoms incorporated into
superlattice during the elaboration process is of about 0.
while the presence of extended defects~stacking faults or
twins! inside Cu layers is evidenced from HRTEM
observations.42 These defects can account for the quite h
DW factors we found, but they can be also at the origin
what that makes the EXAFS signal insensitive to the con
bution of out-of-plane atoms. Furthermore the presence
extended defects inside Cu sublayers would imply a mod
cation of the copper electronic structure that is eviden
from the examination of the CuK XANES ~x-ray absorption
near edge structure! spectra shown in Fig. 10: one notes
inversion of the two peaks at the top of the edge for
as-deposited multilayer compared to the bulk.

To end, we must mention the particularities of the det
tion technique used here that can be a possible cause fo
lack of sensitivity we observe for probing out-of-plane ato
at the CuK edge in the parallel geometry. Indeed, it has be
demonstrated43 that the total-electron-yield~TEY! signal is
very sensitive to the nature of the probed atomic spe
through the energy dependence of the corresponding es
ing electrons~KLL Auger, secondary electrons, etc.!. Fur-
thermore, it has been reported unequivocal evidence
‘‘self-absorption’’ distortions intrinsic to TEY detection a
grazing incidence.44 In our case, the incidence angle used
the parallel polarization is high enough (13°) so that ‘‘se
absorption’’ will be expected to remain limited. This is co
firmed by the fact that such an effect is not observed
tungsten sublayers where the use of coordination numbe
a bcc structure yields good fits of the experimental data.

2. Elasticity analysis

EXAFS probes the local symmetry of the absorbing at
through a set of atomic distances analysis correspondin
different first near neighboring atomic shells. Thus, simila
to conventional XRD strain measurements, EXAFS pot
tially allows one to determine the internal stress state of

FIG. 10. CuK edge XANES spectra of the as-deposited~bot-
tom!, irradiated~middle! Cu/W multilayers and bulk Cu~top! for
comparison.
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superlattices constituents. Indeed for a strained layer, the
rections belonging to the same shell are no longer equival
The strain analysis can simply be extended to the EXA
data by substituting the information on lattice spacings fo
bcc tungsten structure from Eq.~5! by the atomic distances
Ri . The EXAFS analysis of the first shells reported abo
yields two in-plane distances (c590°) and two out-of-plane
distances related to first and second NN bondings co
sponding, respectively, to the two different directionsc
535.26° and 45°. By considering the local atomic enviro
ment of W atoms shown in Fig. 8 and by referring to Eq.~5!,
save, however, for in-plane second NN’s bonds, a weak s
sitivity of the different bonding shells to a nonequal biax
stress state is expected. In addition to the inherent weak
curacy of the EXAFS analysis, the contribution of the (s11

2s22) term in Eq.~5! is expected to be weak for both ou
of-plane and in-plane first NN’s distances by accounting
the weak values of both the elastic coefficient and
cos 2f sin2c factor in the corresponding bonding direction
Thus, the four in-plane first NN’s bondings are shared
quasisymmetrical directions relatively to the main twofo
axis of the~110! planes and consequently the atomic in-pla
distances will be very close to the in-plane average lat
parameter. On the other hand, to observe an in-plane se
NN’s distance (f590° andc590°) nonconsistent with the
first NN’s one is able to indicate some anisotropy betwe
the in-plane stress components. The averaged lattice pa
eters deduced from the determination versus sin2 c of the
in-plane and out-of plane first and second NN’s distances
both parallel and perpendicular polarizations are reporte
Fig. 11~a!. First, we can remark the relatively good alig
ment of the measurements belonging to the in-plane
NN’s and out-of-plane first and second NN’s, while the slo
clearly evidences that the stress is compressive. On the o
hand, the in-plane second NN’s bonding distance appe
smaller than expected from this overall behavior. As-abo
emphasized, such a large strain for bonds belonging to
@001# direction can be ascribed to a possible anisotropy
the stress state in the@110# planes of the tungsten layers
Therefore it could indicate that compressive stresses
stronger in this crystallographic direction. As quoted pre
ously, such an hypothesis is quite compatible with t
Nishiyama-Wassermann orientation relationship between
two lattices. Nevertheless, accounting for the weak yield
these bonds in the EXAFS analysis, additional data are
quired to support this coherency effect. The analysis of
out-of-plane and in-plane NN’s atomic distances, and m
precisely of theirc dependence using Eq.~5!, can allow one
to extract the two main unknowns that are the average st
s̄ and the free-stress lattice parametera0. If we assume the
elastic compliance constants to be equal to those of the
(s1152.49 TPa21; s12520.7 TPa21; s4456.35 TPa21),45

a stress values̄;25.6 (61.5) GPa and a free-stress lattic
parametera0;3.156 Å are deduced from the best fit to th
W sublayers data. The lineara versus -sin2c dependence
gives an extrapolated value atc50 yielding to the lattice
parameter in the direction of growtha'53.182 Å, a value
smaller than the one~3.202 Å! deduced from x-ray measure
6-9
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ments. In addition, the free-stress lattice parameter appea
be also slightly smaller than the pure bulk tungsten one, i
however, approximately consistent with the one of the
bulk reference obtained from the EXAFS analysis. It is h
difficult to define standard errors, the number of parame
being indeed very comparable to the number of points
measurement. From Eq.~5!, one can, however, note that th
accuracy of the stress value depends of course on that o
distances deduced from the EXAFS measurements, but
on the value chosen for the compliance constants44. On the
opposite, the accuracy on the determination of the free-st
lattice parameter from the free-stress direction is weakly
pendent on the elastic constant values. The error given ab

for the averaged biaxial stresss̄ reflects mainly the disper
sion of the data deduced from the analysis performed for
two polarizations.

The question of the reliability to use the local atomic d
tances obtained from the WL3 edge EXAFS data in term o
elasticity to analyze strains is of course raised. To get so
insight about that point, we have carry out a detailed XR
study of the same sample. It is worth to remind that
Cu/W superlattices studied here are fiber-textured multil
ers. Therefore, the measurements of the lattice spacings
been performed according to the ideal crystallite gro

FIG. 11. Lattice parameters of tungsten layers determined f
NN’s EXAFS distances~a! and XRD interplanar spacings~b! at
differentf angles and the corresponding linear fits according to
~5!. The EXAFS second in-plane NN’s@~a! black symbol# are ex-
cluded from the fit~see text!.
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method described in the Sec. II C. Only reflection lines g
ing a good signal to background scattered intensity ratio h
been kept here and we systematically perform measurem
for positive and negativec values. The lattice paramete
values deduced from the lattice spacing measurements
lated to different$hkl% planes at various selected (f,c)
poles, and distributed according to three azimuthal directi
(f50, 54 and 90°), are reported in Fig. 11~b!. Both the
alignment of the different measurements corresponding
samef angle and the extrapolation towards a common va
equal to the~110! lattice parameter~determined with the
scattering vector perpendicular to the surface sample! sup-
port the fact that it exists a nonequal biaxial compress
stress state in W sublayers. It indicates the presence of
herency stresses between the two bcc and fcc constitu
So, the principal stressess11 and s22 along the directions

@ 1̄10# and @001# of the sample reference frame appear to
such thatus11u.us22u implying an epitaxial atomic arrange
ment with a larger strain in the@001#bcc direction assumed to

be parallel to the@11̄0# fcc direction of the fcc lattice accord
ing to the Nishiyama-Wasserman orientation relationsh
The three unknown parameters~the free-stress lattice param
etera0, the stressess11 ands22) can be easily deduced from
the slopes of the curvesa versus sin2 c and from the stress
free directionsc* . One obtainsa0;3.178 Å, s11524.7

GPa, ands22526.0 GPa. Thus, an average in-plane stress̄
of 25.3 (60.3) GPa in the tungsten layers is estimated fro
this analysis, a value in a quite good agreement with the
deduced from the analysis of the EXAFS data quoted abo

However, the stress-free lattice parameter appears to
significantly larger than the known bulk value. Such an eff
has already been mentioned previously in W films elabora
using the same sputtering method.46 The influence of point
defects such as self-interstitial atoms in these very thin lay
grown far from equilibrium has often been evoked. Althou
the atomic concentration in trapped argon atoms as de
mined from EDX measurements is less than 1%, their pr
ence in substitutional sites may also significantly contrib
to the observed crystalline lattice expansion. With the sp
tering conditions used here for depositing the multilayer~low
working pressure and strong ion-beam energy!, it is worth
emphasizing that the growing crystalline film experiences
autobombardment in the range from ten to hundreds of e
tronvolts. In good agreement with the previous model
‘‘atomic peening,’’47 recent simulations48 have demonstrated
that under such irradiation conditions, e.g., for near thresh
events, a lot of interstitials are produced far from the surfa
by long-range replacement sequences occurring into
crystalline target. Nevertheless, it remains to understand
such a specific contribution to the signal is not detected d
ing the EXAFS analysis, a point that will be addressed la

In principle, a similar analysis can be carried out for
~111! fcc stacking submitted to internal stresses. As d
cussed before, the analysis of both the XRD and EXA
signals really allow us to assess that the copper lattice
unstrained and free of stress. Furthermore, due to the
weak x-ray scattering power of copper atoms, no relia

m

.
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strain analysis using the XRD method could be performed
these polycrystalline copper layers.

3. Total stress state of as-sputtered CuÕW multilayers

The lattice parameter measurements, combined with
elasticity analysis deduced from two independent metho
have allowed us to determine the strain and stress s
within each element constituting the multilayer. Anoth
source of stress that is important to consider in multilaye
films is the interface stresses.10,49 For the here studied Cu/W
multilayer, taking an interface stress value equal at the m
to 2 J/m2 and a layer thickness of 10 nm, the interfac
component is weak: it will not exceed 0.2 GPa and so
contribution to the total stress state can be safely neglec
Thus, a strong stress gradient with alternate free of st
copper layers and compressive stress in tungsten ones i
veloped into the Cu/W multilayer leading to an overall co
pressive state. Using a method similar to the one outlined
Bain et al.,8 the total stress can be deconvoluted into coh
ency stresses and a substrate-interaction stress. The c
ency stresses are assumed to induce equal and opp
forces into the layers, while the substrate interaction stre
are the result of a balance between the forces existing
the whole film and into the substrate. The stress analysi
the tungsten layers presents some evidence for the pres
of coherency stresses since we observe a dependence
stress magnitude with the probed crystallographic direct
In such a heteroepitaxial system, this in-plane anisotrop
ascribed to the formation of coincidence structures. The
chanical equilibrium between forces therefore requires
corresponding tensile coherency stresses exert an equa
opposite traction inside individual copper layers. Thus,
absence of any residual elastic strain into copper layers
pears at first glance surprising. That can nevertheless occ
a large compressive substrate-interaction stress, gene
during the film growth and involving atomic rearrangemen
counterbalances the tensile strain-stress existing into the
per layers.50 Since the intrinsic substrate-interaction stre
sSI acts equally into the whole film, one can write the av
age total stress for each constituent as

s̄Cu
tot5s̄Cu

coh1sSI and s̄W
tot5s̄W

coh1sSI ~13!

with

s̄Cu
cohtCu52s̄W

cohtW , ~14!

wheres̄Cu
coh and s̄W

coh are the average of the principal cohe
ency stresses into copper and tungsten layers;tCu and tW
being their respective thicknesses. According to E
~13!,~14! and using as values fors̄Cu

tot ands̄W
tot those deduced

from the experimental XRD data quoted above, we find
compressive substrate-interaction stresssSI'22.8 GPa and
for the coherency tensile and compressive stresses into
copper and tungsten layers:s̄Cu

coh'2.8 GPa ands̄W
coh'22.5

GPa. Such high substrate-interaction compressive stre
are commonly observed in sputtered films grown at low pr
sures. It would result from the damage created by atoms w
energy higher or close to the damage threshold. A consi
14410
n

e
s,
te

r
d

st
l
s
d.
ss
de-
-
y

r-
er-

site
es
to
of
nce
the

n.
is
e-
at
nd

e
p-
r if
ted
,
p-

s
-

.

a

he

ses
-

th
r-

able number of interstitials are produced inside the fi
atomic planes whereas vacancies, formed only close to
surface, are eliminated by spontaneous recombination w
adatoms.48 Taking into account this additional balisti
mechanism, the reduction of the elastic energy density in
growing layer leads to a different mechanical stress stat
the heteroepitaxial system. As a result, atomic rearran
ments generate an overall substrate-interaction stress w
leads to a nearly complete stress relaxation of copper la
and, simultaneously, to an enhancement of the compres
state of the tungsten layers. One can think that the h
atomic disorder evidenced from the EXAFS analysis ins
the copper layers, on the one hand, and the strong comp
sive stress observed in the tungsten layers, on the other h
could support this scheme. Moreover, the expansion of
free-stress lattice parameter determined by x-ray meas
ments, attributed to recoil implanted atoms, would then
directly correlated to the overall compressive substra
interaction stress. Finally, the magnitude of the average c
pressive stress into tungsten within these Cu/W multilayer
worth noting. Obtaining such stresses in thin layers, wh
are considerably higher than the bulk tungsten yield str
~which is in the MPa range!, gives rise to several hypothese
Size effect and yield strength for dislocation glide51,52 are
usually put forward. In addition, the extremely high poin
defect density generated inside these thin films, able to
duce stiffness, can also be evoked as a source for gener
such a high strain level.

C. Ion induced stress-strain relaxation

1. EXAFS data analysis

Tungsten sublayers. After irradiation with 1013 Kr/cm2,
two models were used to simulate the WL3 edge data related
to the ion beam irradiated Cu/W multilayer. From the sim
larities of the filtered EXAFS with the one related to pu
tungsten noted previously, we use at first a simple bcc mo
~two shells!, a scheme that appears sufficient to reprodu
the experimental data with a set of structural parame
given in Table V. The distances are in that case found to
very close to those obtained for pure tungsten~Table I!, a
result consistent with the XRD data obtained for that sam
~Fig. 7! since one observes a shift of the W~110! Bragg’s
reflection towards the angular position corresponding to p
tungsten. Nevertheless, the lattice parameter deduced
XRD ~3.18 Å! appears higher than for the bulk and the E
AFS distances shorter than the reference ones, so that
can think that the W structure is still strained. Thus, we p
form a second fit of the EXAFS data that takes into acco
the fact that the related WL3 spectrum was recorded i

TABLE V. Structural parameters deduced at the WL3 edge
assuming an unstrained bcc structure for the irradiated Cu
multilayer (k range 3.9–16 Å21; V51.931022).

N Distance~Å! s ~Å!

First shell 8 2.72560.007 5.1 (60.5)31022

Second shell 6 3.15260.007 6.1 (60.5)31022
6-11
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parallel geometry. According to Eq.~10!, each shell splits
into an in-plane and out-of-plane component, and using
same procedure as was done for the as-deposited sampl
obtain a fit whose factor merit is two times better than
two-shell model one. The result is displayed in Fig. 4 and
corresponding structural parameters are summarized in T
VI. Compared to the as-deposited case, we observe a st
reduction of the splitting between the in- and out-of-pla
atoms for both first and second NN’s. Thus both schem
evidence that stress relief is induced in the W layers after
ion irradiation at a fluence lower than 1013 ions cm22 corre-
sponding to a dose of only 0.04 dpa. However, the m
statistically significant second fit also clearly shows tha
fully relaxed stress state is not achieved at that fluence.

Copper sublayers.Concerning the CuK edge data~graz-
ing incidence!, we fit the experimental filtered spectrum
the same way as it was done for the as-deposited multila
Looking at the results~Fig. 6 and Table VII!, we do not
observe any evolution of the distances inside Cu layers a
ion irradiation except that we must now include the con
bution of the out-of-plane atoms. Indeed, even if the rela
DW factor is quite high, their contribution to the measur
signal is significant at lowk values~see Fig. 6!. To obtain
equal in-plane and out-of-plane distances~that are further-
more, within the error bars, those of the unirradiated sam!
yields to conclude that the ion irradiation does not mod
the Cu structure that remains isotropic fcc: it only induces
improvement of the crystallinity of these layers evidenced
the reduction of the DW factors. However, one can note
evolution of the electronic structure of the Cu layers sin
the related XANES spectrum~Fig. 10! evolves towards tha
of pure Cu without reaching however the same electro
state since the intensities at the top of the edge jump are
reversed.

Quite generally, to observe an increase of the Cu first
coordination number, weaker DW factors~one can note the
same trend at the WL3 edge! and a modification of the CuK
XANES structure indicates that the ion irradiation induc
atomic rearrangements such that the positional disorder
creases in both Cu and W layers that evolve towards be
defined fcc and bcc structures, respectively. This is also
agreement with the XRD results~Fig. 7! where one clearly
observes a diminution of the width of the Bragg’s reflectio
especially concerning the~110! W peak.

TABLE VI. Structural parameters deduced at the WL3 edge
from the least squares fit of the two first shells of NN’s for t
irradiated Cu/W multilayer for the parallel polarization (k range
3.9–16 Å21; V59.431023). In-plane (Nin) and out-of-plane
(Nout) effective coordination numbersN* are determined accordin
to Eq. ~10! using a ratioc50.2 ~see text!.

N* Distance~Å! s ~Å!

First shell 4.8in 2.72160.007 5.5 (60.6)31022

3.2out 2.73060.007 4.6 (60.6)31022

Second shell 2in 3.13760.007 9.4 (60.6)31022

4out 3.15360.007 4.7 (60.6)31022
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2. Elasticity analysis

The lattice parameters deduced from the determination
the in-plane and out-of plane first and second NN distan
are reported versus sin2 c in Fig. 12~a!. The stress into the
tungsten layers deduced from an elasticity analysis rela
towards a residual compressive state of approximately -
GPa, while the free-stress parameter appears unchange
even slightly increased. The lattice parameters obtained f
XRD measurements for different$hkl% planes obtained a
different selected (c,f) poles are reported in Fig. 12~b!. The
lattice parameter obtained atc50 (3.181 Å! is in excellent
agreement with the one directly measured in the spec
geometry. The negative value of thea versus sin2 c depen-

TABLE VII. Structural parameters deduced at the CuK edge
from the least squares fit of the first shell of NN’s for the irradiat
Cu/W multilayer (k range 3.7–13.7 Å21; V52.631023). In-plane
(Nin) and out-of-plane (Nout) effective coordination numbersN*
are determined according to Eq.~9!.

N* Distance~Å! s ~Å!

9in 2.56560.008 6.2 (60.5)31022

3out 2.56660.008 14 (61)31022

FIG. 12. Lattice parameters of tungsten layers determined f
NN’s EXAFS distances~a! and XRD interplanar spacings~b! at
different f angles after ion irradiation with 1013 Kr/cm2 and the
corresponding linear fits according to Eq.~5!. The EXAFS second
in-plane NN’s @~a! black symbol# are excluded from the fit~see
text!.
6-12
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dence indicates that tungsten layers still sustain resid
compressive stress. Nevertheless at this relaxation stag
equal biaxial stress state is reached since no clearf depen-
dence is observed on the scans. The stress analysis yiel
average in-plane stresss̄W

tot of 22.5(60.3) GPa and an un
strained parametera0'3.169 Å. Thus, after an ion fluence o
1013 Kr/cm2 ~corresponding to only 0.04 dpa!, the stress is
relaxed to about one half of its original value. It should
emphasized here that the magnitude of the residual comp
sive stress so obtained is quite consistent with the one
duced from the analysis of the EXAFS data. However,
lattice parameters determined from XRD measurements
again observed at slightly larger values than those dedu
from the EXAFS analysis. Whereas no significant chang
seen through the EXAFS analysis, a clear reduction of
free-stress lattice parameter (da0;20.01 Å! towards a
value close to the bulk one is evidenced from XRD resu
To explain this difference, one may at first consider alloyi
effects between the two different materials. Nevertheless
referring to a previous work devoted to the study of i
induced mixing effects in this very immiscible Cu/W
system,53 ion beam mixing for such a low ion fluence is qui
negligible. Secondly, considering the previously made
pothesis that the free-stress lattice parameter dilatation
denced from XRD measurements into W layers comes fr
an out-of-equilibrium formation of interstitial atoms~either
self-interstitials or trapped argon atoms!, one can assume tha
the irradiation triggers their clustering or even their elimin
tion at surface or interface sinks. Such a concomitant red
tion of the stress-free parameter with the level of the co
pressive substrate-interaction stress in pure tungsten fi
has already been put forward.46 One can therefore question
the observed discrepancy between XRD and EXAFS for
stress-free lattice parameter determination is not inheren
the method used to obtain the strain. On the one hand,
fraction measurements are sensitive to long-range o
~within the coherence length of the beam! and so, when in-
terstitials are generated inside the crystalline lattice, due
their positive formation volume, a lattice dilatation is o
served. On the other hand, EXAFS is a well-suited metho
extract the first NN distances averaged on the whole film
consequently it gives information about the lattice para
eters in some crystallographic directions only at a local sc
This problem is in fact related with the already known d
ference between long-range order and short-range order:
AFS is not a well-adapted method to probe long-range or
and is not, compared to XRD, accurate enough for that
up to now. This is clearly evidenced from the results
obtain when fitting bulk pure tungsten~Table I, Fig. 1!: the
second distance is shorter than its known lattice paramete
about 0.005 Å. Even if such a discrepancy is less than
actual EXAFS precision, it emphasizes the need for an
provement of the theory underlying the determination of
backscattering parameters~amplitude and phase shifts! to
hope to obtain, using EXAFS, the level of accuracy achie
by XRD. Moreover, since we are measuring very sm
changes in the distances with orientation, one may ask if
angular averaging that cancels the contribution of thes chan-
nel to the EXAFS signal at the WL3 edge is achieved as i
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implicitly assumed54 in Eq. ~10! because multilayers studie
here are partially oriented~rocking curves FWHM:9°).
Nevertheless, we believe that we can safely use this eq
tion, our samples being polycrystalline with small nearly c
bic grains so that the angular averaging scheme is fulfill
However, one cannot entirely reject a weak contribution
the s final state that may partially account for the differen
we observe between EXAFS and XRD for distances at
edge. To end, considering a possible contribution of inter
tials or clusters of defects with the EXAFS technique is s
a challenge. Let us only remark that interstitial atoms be
located at distances shorter than those of first near neigh
ing atoms, one can expect to observe a reduction of the
apparent NN distances. So, a significant contribution
interstitial-sites would be consistent with a reduction of t
stress-free lattice parameter as well as with high DW facto
values.

The ion-induced stress relaxation effect observed for
Cu/W multilayers appears to be very similar to those quo
in recent papers where are reported tensile or compres
stress relaxation due to ion bombardment in thin meta
films such as W~Refs. 46,55! or Cr.56 The stress relief is
generally attributed to plastic flow effects, either via t
nucleation and growth of dislocations,57 or to a viscous flow
in some glassy materials.58 If little is known about the stress
relaxation levels and on the dynamics of stress reductio
kinetic dependence with the mass of the incident partic38

has been clearly evidenced. Such a behavior tends to p
that relaxation effects are promoted by thermal spikes c
ated inside collision cascades.59 In good agreement with the
model proposed by Jainet al.,60 the present study sugges
that stress relaxation under ion bombardment involve
clustering of self-interstitial atoms in interstitial dislocatio
loops.

IV. CONCLUSION

In this paper, we have presented an analysis of Cu
multilayers elaborated by direct ion beam sputtering comb
ing the EXAFS and XRD techniques. To summarize, bo
indicate that the as-deposited Cu/W multilayer is charac
ized by tungsten sublayers which structure is strained w
the copper ones are found to be in a state close to pure
copper. An elasticity analysis of the EXAFS data yields
average in-plane compressive stresss̄;25.6 (61.5) GPa
in good agreement with the one deduced from XRD d

@s̄;25.3 (60.3) GPa#. For the largest part, this stres
originates from an overall substrate-interaction stress and
a little part ~less than one half of its value! from coherency
stresses between W and Cu sublayers. Nevertheless, the
stress lattice parameters obtained from EXAFS are syst
atically smaller than those measured from XRD~EXAFS:
a0;3.157 Å; XRD:a0;3.178 Å!. This discrepancy may be
due to the intrinsic difference between short-range and lo
range order probes, but also to not enough accurate b
scattering parameters and a weak contribution of thes chan-
nel, a too high statistical noise in the EXAFS signals and
to the impossibility, by principle, to include the contributio
of point defects~interstitials or clusters! in the EXAFS
6-13
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analysis. However, EXAFS yields additional informatio
compared to XRD about the structural disorder state of b
components that makes these two techniques compleme
to study stresses and strains in thin films. In particular,
have shown that the stress field present inside W sublaye
accompanied by a local positional disorder. It is maximum
the~110! W planes that are, from XRD results, parallel to t
surface of the Cu/W superlattice. This increase of in-pla
disorder can be ascribed to an epitaxial relationship betw
the bcc and fcc lattices. In the same way, the disorder is q
large into the Cu layers in the direction of growth owing
the presence of extended defects~twins, stacking faults! in
this component of the multilayer.

We have also evidenced that ion irradiation turns out to
an efficient tool to modify the stress state of the multilay
k

e

J

.

14410
th
ary
e
is

n

e
en
ite

e
.

Indeed, it has been shown from both the EXAFS and XR
analysis that a large stress relief at half its starting va
occurs inside W sublayers for a dose as low as 0.04 dpa
turn, the ion irradiation does not modify the lattice parame
of the Cu layers. However, the EXAFS analysis evidenc
that ion irradiation induces atomic rearrangements in b
components of the multilayer, this effect being particula
noticeable in-plane for the tungsten where we observe a
nificant reduction of the DW factors. To end, better insig
about the structure of the superlattices studied here ne
additional experiments using other techniques such as
fraction anomalous fine structure~DAFS! spectroscopy61

which will be more suited than conventional EXAFS since
offers the advantage to combine XAFS-like information wi
resonant x-ray scattering and diffraction.
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