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Measuring thin-film and multilayer elastic consthy coupling in situ tensile testing

with x-ray diffraction

K.F. Badawi, P. Villai®, Ph. Goudeau, P.-O. Renault
Laboratoire de Métallurgie Physique, UMR 6630 CNR8vYersité de Poitiers, SP2MI, BP 30179,

86962 Futuroscope Chasseneuil cedex, France

Abstract:

A direct determination of the Young's modulus ahd Poisson’s ratio in a 140 nm polycrystalline
tungsten thin film deposited by ion-beam sputteonga polyimide substrate has been performed by
coupling x-ray diffraction measurements with irusiénsile testing. The method described in this
letter to extract the Young’s modulus of thin filfrem the evolution of the sty curves as a
function of applied load only requires to know thedstrate Young’s modulus. The determination
of the thin film Poisson’s ratio can be realizedthesut knowing any of the substrate elastic
constants. In the case of the tungsten thin filre,dbtained Young’'s modulus was close to the bulk

material one whereas the Poisson’s ratio was sigmfiy larger than the bulk one.
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For a few years, there has been an increasingesitabout the mechanical properties of thin films.
Literature data show clearly that the elastic proge of metallic thin films and multilayers can
differ significantly from the bulk metal one%2 In previous papet$® we presented a graphical
method (called the “intersection method”) to extrde Poisson’s ratio in thin films or multilayers
deposited on substrates from the evolution of th&pscurves as a function of the applied strain.
The presented method needed the knowledge of tietrate Poisson’s ratio.

In this paper, we describe a more accurate analytiethod. It allows to determine the Poisson’s
ratio of a supported thin film without using any tbe elastic constants of the substrate, thus the
Poisson’s ratio of the thin film can be obtaine@revf the substrate is unknown. Concerning the
Young’s modulus of the thin film, the only datakioow is the Young’s modulus of the substrate.
The method is based on the %jnmethod” which has already been extensively desdrib
elsewheré® It consists in applying a uniaxial tensile forte the sample in situ in an x-ray
diffractometer. The thin film elastic constants degermined by studying the evolution of the?gin
curves as a function of the applied load. The nassumption in the following calculations is the
elastic and linear behavior of both the substratethe thin film.

Using x-ray diffraction, the strailggy measured in the directioey defined in the specimen

coordinate systene(s, &2, €33) by the two Euler anglegandy (Fig. 1) is given by
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where dy (resp. d) is the (resp. unstrained) lattice plane spacing®{hkl} planes,84y and8o the

angular positions of the corresponding diffractomaks through Bragg's law.
For polycrystalline specimen with a random crystallorientation and negligible shear stress and
stress gradient in the x-ray depth probed, thénstrdepends linearly upon <ip, | being the angle

between the normal to the diffracting planes amdséimple surface normal. In particular ¢s0,

Eou = (811 - 833)Sin2 P+Eg, (2)



Then for an elastic isotropic material, Hooke’s s$agwe the linear relationships between the strains
and stresses via the Young’s modulus and Poissatits

The tensile tester supporting the sample is platede center of the goniometer so that the loading
direction corresponds to ttee sample axis. Assuming a uniaxial applied streste s, = 03

= 0), the stresg1/" applied to the thin film is related to the loathyF
oy :ﬁ 3)
€ + e —
Ef
where b is the sample width,(eesp. ¢ the film (resp. substrate) thickness andr&sp. E) the thin

film (resp. substrate) Young’s modulus. Then, cammrg relations (1), (2) and (3), we obtain the

following equation for a given {hkl} plane family:
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vs is the thin film Poisson’s ratio; the A (respinglex refers to the applied (resp. residual) st®gss

Plotting R versus the applied force F, we obtain a lineavedits slope is P
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Similarly, the curve of mi versus F is linear; its slope€'iis
O | S T (6)
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Then we can deduce the Young's modulustBf the thin film from the sum of P and m", only
knowing the substrate Young’s modulus &

Ef =i[%_Esesj’ (7)
e b(P +m")

and its Poisson’s ratio by a simple combination ofhese two experimental data without any

other information on the substrate nor on the film
_m*

P* +m~k .

(8)



Furthermore, the combination of the “intersectiogtimod™® and this analytical method also allows

to extract the substrate Poisson’s ratio
i f
V= e o) ©
where sifo’ is the abscissa of the intersection point of thie film sir’y curves plotted for
several loaded states. Hexas the value deduced from Eq. (8).
Indeed, the hypothesis of uniaxial stress stataadesl a much smaller error than one can imagine at
a first sight. In fact, the differend&v=vs-vs between the Poisson’s ratios of the thin film dmel

substrate induces in the film a transverse apgliegs22N = 01/A".Av while 02/ = 0.

Eqg (3) becomes

F
off = = : (10)
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which results in
P = LV (12)
b[E; & +E.& 1~V Av)]
and m' = ~Vy A+ AV) . (12)
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Finally the film modulus calculated under a biaxgtkss state (&)) can be estimated by
Ef iy = @L-vV Av)i ;—Ee = (L-V{AV)E¢  ni (13)
f (bi) f e b(P* + m*) s°s f f (uni)

where Euni) Is the film modulus calculated under uniaxial stretate (Eq.7). Consequently it is
sufficient to first measure the Young's modulus emt¢he uniaxial stress hypothesis and then

correct the obtained value by means of Eq (13).

A 140 nm thick tungsten film was deposited on a.&2im thick polyimide (Kaptofi) dogbone

substrate by ion beam sputtering at room temperatitrwas then submitted to an ?Arion



irradiation (340 keV — 7.76 ions/cnf) to improve its crystalline qualityrhe in-plane sample
dimensions were>@ mnt. Tungsten was chosen because of its isotropic améchl behavior and
its high x-ray scattering factor. The external loaas applied by means of a 300 N Debetensile
module. This tensile tester is equipped with a 7I6adl cell enabling the force measurement with a
precision higher than 0.1 N; it can be easily fitte most goniometers thanks to its small volume
(90 x 60 x 30 mn?) and low weight (350 g). Because of the low filmckness and small grain size
(= 10 nm), X-ray diffraction measurements were penied using a four-circle goniometer on the
H10 beam line at the French synchrotron radiatiaaillify LURE (Orsay, France). A large
wavelength X = 0.2248 nm) was chosen to analyze {211} familygsten planes for each applied
load.

The evolution of the sfip curves as a function of the applied load is showrFig. 2. TO
corresponds to the unloaded state while T1, T2Thdre related to increasing loading states. As
assumed, theses curves as linear. Their slopeastigi related to the total stress in the film. The
residual stresses are compressive; with increagiptied stress (from T1 up to T3), the total stress
value decreases and becomes then tensile for TZZantable | presents the values of the applied
force, the slope and the intercept of the leasaalilinear regression for each loaded state.Jig.
shows the evolution of (a) the slopg &d (b) the origin ordinate jhof the sify curves versus the
applied force F. As predicted by Eq. (4x' Bnd m' depend linearly upon F. The slopes are
respectively P = 6.2324.1¢ and m = -1.4733.1¢. Having previously found by direct
measurement the value of 5.17 GPa for the substi@ieg’s modulus, Eg. (7) leads to a value of
390+ 40 GPa for the thin film Young's moduluss)Every close to the tungsten bulk value (388
GPaj}®. The film Poisson’s ratio deduced from Eq. (8yds 0.310+ 0.015, which is significantly
larger than the bulk value (0.284).

It should be noted that, since tungsten is eldtistropic, the measurement of &dvs allows to
calculate the thin film stiffness constants;,Css and G2. The obtained values arei€541 GPa,
C44=149 GPa and 5=243 GPa, while the literature values for bulk tsteg are respectively 501,
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151 and 198 GP& We can observe that an increasesafwith a constant {f results in a decrease
of Ci1 and G2 whereas @ remains unchanged. This is an important resultciwighows the
advantage of the method used in this study; anrpgré&tion in terms of microstructure
modification and interatomic potentials constituaesther work and is still under progress. Finally,
we can extract the Poisson’s ratio of the Kafitenbstrate thanks to Eq. (9). As it can be seen on
Fig. 1, all the sifip curves present a common intersection point whidtiasa (sifi)o) is equal to
0.235. This leads t®s=0.312. We can then estimate the “biaxial correctitor the tungsten
Young’'s modulus: according to Eq. (13}l Efuni) = (1-vf.Av) = 1.0006. Consequently the error
committed here when assuming a uniaxial appliegkststate is less then 0.1%. Thus it is perfectly

justified to extract the thin film elastic constaunt a very simple way under the uniaxial hypothesi

In conclusion, an experimental technique for theewheination of the Young’s modulus and
Poisson’s ratio in thin films on substrates hasbsaborated by combining x-ray diffraction strain
measurements and in situ tensile testing. This oteflresents the following main advantages: (i)
the unstrained lattice parameter of the film needisto be known, (ii) no elastic constant of the
substrate or the film is necessary to determindthisson’s ratio of the film, and (iii) the onlytda
needed to extract the Young’s modulus of the fgnthie substrate Young’'s modulus. The precision
will be improved thanks to an optimization of tregple dimensions. Currently we are engaged in
the study of W sublayers in W/Cu multilayers to lsgpa the possible evolution of the W Young'’s

modulus and Poisson’s ratio when reducing the ttesk period.
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Figure captions

Fig.1: Debenl tensile tester with the sample coordinate, (X2, X3) and the x-ray measurement

direction Xpy.

Fig.2: Sirf curves relative to the {211} planes of the tungdfn film in the unloaded state (TO)
and for three progressive loading states (T1 to TB¢ straight lines represent the linear regressio

on the experimental data.

Fig.3: Slope B (a) and intercept ih(b) of the sify curve versus the applied force F for four
increasing loading states. The straight lines arethe linear regression on the experimentat data

their slopes allow to calculate &dv:s.



TABLE I: Slopes and intercepts of the gjncurves relative to the tungsten {211} family plarfer

four force values.

N° of the loading state 0 1 2 3
Applied force F (N) 1.0 3.0 4.8 6.5
Slope R -0.001986 -0.001001 0.000254 0.001408
Intercept m’ 0.142221 0.141993 0.141681 0.141424




Fig. 1 K.F. Badawet al, APL
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Fig. 2, K.F. Badawet al., APL
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