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Size effect on intragranular elastic constants inhin tungsten films
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Abstract:

The size effect on the elastic constants of narsbaline tungsten has been investigated in the case
of W/Cu multilayers with two modulation wavelengtf{3.1 and 24.0 nm). Tungsten Young’s
modulus and Poisson’s ratio have been measureétghama technique coupling x-ray diffraction
with in situ tensile testing. It is demonstrated that the mirgthin film elastic constants are highly
microstructure — sensitive: in the “3.1 nm” muksa, tungsten Poisson’s ratio is larger than the
bulk one while it is smaller in the “24.0 nm” mdiyer; a softening of tungsten Young’s modulus is

evidenced in the case of the specimen with thelsstaleriod.
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Theoretical studies concerning nanocrystalline mal#? predict noticeable modifications of
their elastic properties compared to the bulk ahgs to a high volume proportion of surface and
interface atoms, as well as a high point defectsitgen Grain boundaries, free surfaces and
interfaces induce important alterations of cohesnargies. Numerous experimental studies have
evidenced a very probable softening of elastic @ons in nanostructured materials, in particular
the G stiffness coefficient in multilayers with very lomwodulation wavelength’\(< 3 nm)3#2, In
previous papers, we described an experimental igg@rcombiningn situ tensile testing and x-ray
diffraction to extract the Poisson’s raficand the Young’s modulu$ of supported thin metallic
films and multilayers. This diffractometric methddfers from all the other mechanical, vibration,
and acoustic techniques since it allows to meagueeagean-grain strains, and thus intragranular
elastic constants.

This letter deals with the study of the evolutidntungsten intragranular elastic constants in
WI/Cu multilayers as a function of the modulationvelength/A. This system was chosen for the
following experimental and physical consideratioo@pper and tungsten are not miscible, tungsten
presents a high atomic scattering factor and istiekdly isotropic, a lot of structural studies bav
already been done on this systéin

The technique used here, based on the well knoimAjfsnethod"1%! consists of applying a
uniaxial tensile force to the film/substrate syst@msitu in an x-ray diffractometer. The formalism
is very simple in the case of a polycrystallinesgtally isotropic material such as tungsten: adin
relation is expected between the shift of each }{lidak position and sfg, ¢ being the angle
between the normal to the diffracting planes amdnbrmal to the sample surface. For each applied
load value, the sfi) curves are determined for the tungsten layers.sltyge R, on the one hand,
and the intercept mon the other hand, of the linear regressionshasd experimental data is
plotted as a function of the applied load F. Assygnan uniaxial applied stress state (similar
Poisson’s ratios for the film and the substratbe tmhean Young’'s moduluswEof tungsten

sublayers can be then calculated by means of tlusviag relation:
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where b is the sample width, the substrate thicknessy {resp. ¢u) the total thickness of the W
(resp. Cu ) sublayerssBesp. k) the substrate (resp. copper) Young’'s moduligrésp. m) the
slope of the (B F) linear curve (resp. the {nF) curve).
The mean Poisson’s ratigv of tungsten sublayers is simply deduced from alipnation of P and

*
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It is worth noting that the determination wfy does not need any numerical value concerning
geometrical nor mechanical properties of the variparts of the system. For the Young’'s modulus
measurement, the substrate Young’s modulus anddpper one must be known, as well as the

respective thickness of the three constituents.

W/Cu multilayers were deposited onto a 127% thick polyimide (Kaptofi) dogbone
substrate by ion beam sputtering at room temperatungsten being the first deposited layer. The
in-plane sample dimensions werex® mnt. The total thin film thickness ranged from 22020
nm. Before performing thie situ tensile tests, several characterization experisneave been done.
X-ray reflectivity measurements were performed ur ¢aboratory to deduce the modulation
wavelength\ (thickness of one W/Cu bilayer) from the smalllari§ragg’s peak positions. Atomic
proportions of tungsten and copper were determitfemhks to Electron Dispersive X-ray
Spectroscopy (EDXS) measurements. The mean thiskoédungsten (@) and copper (®)
individual sublayers was deduced fréxrand the atomic proportions, assuming the dens$igaoh
material is equal to the bulk o All these values are reported in Table | for tWve specimens
studied here/{ = 3.1 nm and\ = 24.0 nm). It should be noticed that nanostrettutopper and

tungsten sublayers may be less dense than thenbat&rials as the modulation wavelendth



decreases. This effect implies small variationstlom e, and & values when considering the
density ratio of both elements in the thicknessuation and thus slightly influences the precision
on the modulus measurement (Eqg. (1)).

The initial microstructural and mechanical stateswadso characterized. Residual stresses
(oxrp) and stress-free lattice parameterg @ the tungsten sublayers were analyzed by x-ray
diffraction; results are given in Table I. It cag been that tungsten is in a strongly compressive
stress state; ther value increases witih. In the small period multilayer, the stress-fratid¢e
parameter is smaller than the bulk ongu{a= 0.3165 nm'?) whereas it is larger in the other
specimen. This observation reveals important diffiees in the microstructure of these two
specimens: a vacancy-type structure and a colurgrain morphology with nanometer-sized
intergranular voids when the sublayers are thentrina densified structure with interstitial
incorporation when the sublayer thickness increas€kis can be related to the growth mode:
transition from an initial discrete-island stagevéods a continuous film via an island coalescence
processt. Comparing the x-ray residual stresses with ttsédual stress values obtained by the
substrate curvature methodk(vawrein Table 1), it can be seen that the mean stresst®e whole
thin films are considerably lower than the in-graimesses in tungsten sublayers. This can be
accounted for by the mechanical contribution oéifgices and copper layers in the total thin film

stress: previous studies have demonstrated thaecdgyers are almost stress-ffee

Thein situ tensile tests were performed at the French sytr@mraadiation facility L.U.R.E.
(Orsay, France) on the H10 and DW22 beam lines ewvertook advantage of the high x-ray beam
intensity and quality, as well as the large wavglerrange accessible. For each specimen, several
increasing strains were applied and x-ray diff@ctmeasurements were realized in each case.
Table 1l presents examples of applied force vahras corresponding in-grain elastic straiag?)
in the tungsten layers deduced from x-ray measuntsieThe calculation of11* allows to control

that the applied strain remains in the elastic doma Fig.1, the evolution of the slope &nd the



intercept m of the sikY curves are plotted versus the mean applied stigssF/Sot, where % is
the section area of the samplex(S (s + tw + tcy) x b). The slopes of these curves are clearly
different for the two multilayers. Linear regressioon the experimental data give the values’of P
and m for each specimen; we can then calculate tunggteimg’s modulus and Poisson’s ratio via
Eg. (1) and Eq. (2), using the bulk value (130 G®dor copper modulus. This is an important
assumption in our calculation that could be avoitledray diffraction measurements using%gin
method would be possible in copper sublayers. Hewdhe mechanical contribution of copper is
very small compared to the substrate one: in Eqtlig Ecuecu term represents only 2% of theeE
term. Consequently, possible effects of nonisotraextured copper, if they exist, may only have
little influence on the results concerning tungstéhe obtained values for tungsten constants are
reported in Table Ill. These results clearly dentiate that the elastic constants are sensitivhdo t
microstructure: in the “3.1 nm” multilayer, the Bson’s ratio (0.359) is larger than the bulk one
(0.284) while it is smaller in the “24.0 nm” muéiter (0.221); concerning the Young's modulus, a
noticeable softening is evidenced in the case @f&thall period multilayer (E = 338 GPa) while in
the other one, tungsten modulus (E = 392 GPa) usletp the bulk value (400 GPa) within the
uncertainties. It should be kept in mind that th&ies obtained via x-ray diffraction measurements
describe the intragranular elastic behavior of steig layers.

Assuming tungsten layers are elastically isotrgike bulk tungsten), the stiffness coefficients
Cij can simply be extracted from the measured Evahdrhe calculated values are given in Table
lll. For the “24.0 nm” multilayer, we can note afteming of G1 and G», Cus being equivalent to
the bulk value. For the “3.1 nm” multilayer, an om@iguous softening of &2 is evidenced, which is
consistent with the results generally reportechim literature®*°. On the contrary, the increase of
Cu1 and G2 appears like a particular phenomenon that need$etoconfirmed by further
investigations. The bulk modulus B= 1/3:(G 2C.) can also be calculated and values are reported
in Table Ill. For the small-modulation-wavelengtmnsle, the increase ofiCand G2 results in a B

value 33% higher than the pure bulk tungsten orégtwis rather surprising (Young’s modulus is



15% smaller than the bulk tungsten one). Although unit-cell defects (evidenced by the stress-
free-lattice parameter variations) are very différ&hen the modulation wavelength changes, this
result is more probably due to interface effectsthe growth direction that prevail over the
extrapolated mechanical properties.

In addition to elastic strain measurements, a angckhenomena was observed in the case of
the “3.1 nm” multilayer when the measured intragitan elastic strain in tungsten was about 0.45
%. The corresponding values found in the literafarebulk tungsten elastic limit range from 0.4 to
0.9 %%, depending on the microstructufex situatomic force microscopy observations confirmed
the presence of a network of straight cracks petipatar to the tensile direction and regularly
spaced (20 to 3(im). This cracking phenomena reveals a weak cohdstmeen grains in this
structure, due to the growth mode. Like the softgrof tungsten intragranular shear coefficient

(Caa), this effect contributes to the reduction of thechanical performances of this multilayer.

In conclusion, intragranular elastic propertieahocrystalline tungsten thin films have been
studied using an x-ray diffraction method combimath tensile testing. Microstructure and size
effects on tungsten in-grain elastic constants hmeen evidenced in the case of W/Cu multilayers
deposited by ion beam sputtering on Kaftosubstrates with two values of the modulation
wavelength. The variations of elastic constants bancorrelated with the microstructure, in
particular the stress-free lattice parameter. dise results concerning the various elastic cotsstan
and their combinations undoubtedly indicate ba#iergnces in the microstructures of the small-
and large-period multilayers. Further investigagiosill aim to find out interpretations of these

experimental results in terms of interatomic patstand cohesion energies.
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Figure caption

Fig.1: Evolution of (a) the sloperRand (b) the intercept imof the sidy curves relative to tungsten

as a function of the mean applied stress fjSfor the two values of the multilayer modulation

wavelength\.



TABLE I: Main geometric and microstructural paraerstof the two studied multilayers. An
estimate of the x-ray stresgrp and stress-free lattice parametgimaW sublayers is done using W

bulk elastic constants (see Table Ill). The latheegameter of bulk W is equal to 0.3165%m

Modulation wavelength A (nm) 3.1+0.1 24.0+ 0.1

Number of bilayers 70 10

Atomic composition (%) (EDXS) 44% Cu/56% W 52% Cu/48% W

W layer thickness & (nm) 2.0£0.1 13.3t 0.1
Cu layer thickness eu (nm) 1.1+ 0.1 10.7£ 0.1
Ocunvature (GPa) -0.3x0.1 -1.7£ 0.1
oxrp (GPa) in W -1.7+0.3 5.1+ 0.1

ao (hm) in W 0.314 0.318
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TABLE II: Examples of values of the total force éipd to the specimen, with the corresponding
intragranular elastic strains in tungsten layeduded from x-ray diffraction measurements, for two

values of the multilayer modulation wavelength

A=3.1nm
Force (N) 0.35 2.25 4.1 5.9 7.9
g11” (XRD) 0.000 % 0.152 % 0.261 % 0.360 % 0.431 %
A =240 nm
Force (N) 0.1 2.05 3.55 4.35 6.4
g11” (XRD) 0.000 % 0.148 % 0.165 % 0.198 % 0.340 %
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TABLE llI: Values of the elastic constants (&, measured in the two W/Cu multilayers, and

the G constants and bulk modulus B deduced from thesergwpntal values. Bulk tungsten

reference values are given for comparison.

Modulation wavelength (nm) 3.1+£0.1 24.0£ 0.1 Bulk
Modulus E (GPa) 338+ 65 392+ 60 400"
Poisson’s ratiov 0.359+ 0.014 0.2210.003  0.284

Cu1 (GPa) 565 448 5012
C12 (GPa) 316 127 198
Cas (GPa) 124 160 153
Bulk modulus B (GPa) 400 234 300

aSee Ref. 16
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