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The fracture toughness, hardness, and Young’s modulus of tantalum thin films are investigated based
on nanoindentation measurements. A lower estimate of the fracture toughness of a 100 nm tantalum
film is 0.28 +0.07 MPa m'"2. The hardness increases when reducing the film thickness whereas
Young’s modulus decreases slightly. More precisely, the hardness of the 100 nm thick film is four
times higher than the bulk behavior. A simple theoretical model, based on the connection between
Young’s modulus and melting temperature, predicts an inverse grain size variation in Young’s

modulus confirmed by experiments. © 2010 American Institute of Physics.

[doi:10.1063/1.3496000]

Despite the huge amount of literature dedicated to the
size dependency of mechanical proper’ties,l_3 the fracture be-
havior of nanocrystalline materials is still not well under-
stood due to many factors influencing it.*> Moreover, the
yield strength and hardness exhibit a Hall-Petch behavior or
an inverse one depending on the nanograin size.% Addition-
ally, Young’s modulus varies also with size.” A common
point to all these size-dependent mechanical properties is the
important role played in nanocrystalline materials by the
large amount of grain boundaries which are places where
interatomic bonds are weak compared to bulk.* In the present
study, elastic, plastic, and fracture properties of tantalum
nanocrystalline films are investigated by nanoindentation as
tantalum is used in many technological applications such as
diffusion barrier in nano/microelectronics and wear protec-
tion coatings.8

Tantalum thin films were deposited on silicon substrate
by e-beam evaporation.9’10 The curvature of the system was
measured using a profilometer (DEKTAK 3030 from Veeco)
in order to extract the residual stress. The films were charac-
terized by a scanning electronic microscope (SEM, Ultra 55
from Zeiss), an atomic force microscope (AFM, Nanoscope
IIa from Veeco), and a nanoindenter (XP from MTS).

The hardness and Young’s modulus are extracted from
the load-indentation depth data using the Oliver and Pharr
method.'""'* The hardness is defined by H=P,/A,, where
Pax 1 the peak indentation load and A, is the projected area
of the hardness impression. Young’s modulus is defined by
E=(1-17)[VA,/m2B/S—(1-v;)/E]"", where v is the Pois-
son ratio and E; and v; are the same parameters for the in-
denter tip material. The stiffness, S, is obtained from the
tangent of the unloading part at the peak indentation load in
the load-displacement curve. For a Berkovitch indenter
(three sided pyramid), 8=1.034, A,=3 \"Sh]% tan” ¢, where hy
is the final depth of the contact impression after unloading
and #=65.27° is the face angle with respect to the central
axis of the indenter.'” The usual indentation size effect (i.e.,
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hardness increases with a decreasing indentation depth) is
observed for indents with a depth to thickness ratio, &, of up
to ~0.2.!% The substrate effect (i.e., hardness increases with
an increasing indentation depth) occurs when & is above
~0.75 (Ref. 14) for the elastic modulus mismatch in the
present system. Therefore, the indentation depth range was
chosen in such a way that H and E are almost constant with
6, i.e., between 50-70 nm for the 100 nm film and 60-90 nm
for 200 nm film (inset of Fig. 1). For each film, 15 indenta-
tions were made and only the average value is indicated in
Table 1.

In polycrystalline materials, it is well known that the
grain boundary strengthening is described by the Hall-Petch
relation,]s’I6 i.e., the yield strength of the material increases
when the grain size decreases as follows: O'),(D)=O'y’oo
+ky D™, where o,(D) is the size-dependent yield strength,
0, is the bulk yield strength, ky1 is the strengthening coef-
ficient, and D is the grain size, measured on the AFM images

Experimental data

H (GPa)

2'/|.|.|.|.|.|.|.F.|.|
0.00 0.02 0.04 006 008 0.10 0.12 0.14 0.16 0.18

D-1/2 (nm-1/2)

FIG. 1. (Color online) Hardness vs the inverse square root of the grain size.
The linear and parabolic fits are indicated with solid and dashed lines, re-
spectively. Inset: Hardness vs the indentation depth to thickness ratio for
100 and 200 nm films. The zones, where the indentation size effect and the
substrate effect occur, are indicated.

© 2010 American Institute of Physics


http://dx.doi.org/10.1063/1.3496000
http://dx.doi.org/10.1063/1.3496000
http://dx.doi.org/10.1063/1.3496000

143115-2 Guisbiers et al.

TABLE 1. Properties of tantalum thin films measured by profilometry, microscopy, and
nanoindentation.

Thickness T rms  Grain size E H p
(nm) (MPa) (nm) (nm) (GPa) (GPa) (%)
100 641+ 156 1.1 38+1 176.1+3.6 12.11=046 10=x2
200 351104 1.8 47+1 175034 11.59+042 12+*2
400 159 £21 13.4 47+1 Not measurable 21+2
600 88+23 31.6 36+1 Not measurable 83*8
Bulk / / / 185% 2.94% /

“Reference 33.

by the power spectral density.17 For nanocrystalline materi-
als, an inverse relationship a'y(D)=o'.‘,,cc+ky2D‘1 can be justi-
fied as the size of dislocation source scales proportional to
the grain size."® Hardness follows also the Hall-Petch rela-
tion due to its proportionality to yield strength, H~ 30, for
metals,19 ’

H(D)=H..+ky D7, (1a)

H(D) = H..+ ky, D™ + ky D', (1b)

where H(D) is the size-dependent hardness of the material,
H. is the bulk hardness, ky is the slope in the size-
dependent hardness versus D™!? (Fig. 1); and ky, and kp,
are the coefficients of a parabolic relationship between
hardness and D™"2. The resulting ky , ky,, and ky, values
have been determined to be equal to 58+4 GPanm'?
84+1 GPanm'"?, and —170+ 1 GPa nm, respectively. The
very high hardness of Ta nanocrystalline films has already
been reported by Zhang et al.® for rf magnetron sputtered
layers. They measured a hardness value equal to
11.6 0.4 GPa for films with an average grain size of 76.5
nm which is quite close to our value of 12.1 0.5 GPa for a
38 nm grain size, even though the deposition process is dif-
ferent. Zhang et al.*® have announced that the highest hard-
ness should be attained with a grain size equal to 35 nm
which is close to the present data.

Different trends have been reported in the literature
regarding the dependence of Young’s modulus with size. !
Ao ef al.” have explained this behavior due to the competi-
tion between the surface bond shrinkage and melting tem-
perature variation with size reduction. According to Gu
et al.,”? the size-dependent Young’s modulus of the material,
E(D), can be related to its Debye temperature Tpepye(D),
knowing the corresponding bulk quantities, E(D)/E.,
=[Tpevye(D)/ Tpenyero)>- It has been shown previously™**
that the size-dependent behavior of the Debye temperature
and melting temperature are related and can be expressed
by Tm(D)/ Tm,ooz[TDebye(D)/TDebye,w]zz 1= a’shape/D’ where
T,/(D) is the melting temperature and cp,. is the parameter
quantifying the size effect on the material property, depend-
ing on the shape of the nanostructure. This parameter is de-
fined as agpe=[D(y,~¥)AH,,../](A/V), where A/V is the
surface area over volume ratio, AH,, .. is the bulk melting
enthalpy, and v, the surface energy in the solid (liquid)
phase. Therefore, the following size dependence of Young’s
modulus is proposed as follows:

E(D)/E,. =1 — aype/D. 2)

This relationship agrees with our experiments and literature
data from Ref. 25 (Fig. 2). Zhang et al.*® obtained 178 GPa

Appl. Phys. Lett. 97, 143115 (2010)
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FIG. 2. Young’s modulus vs the grain size [agype(Ta)=1.56 nm, see Ref.
34]. The inset indicates Young’s modulus behavior vs the inverse grain size
for Pd and Cu [a,pe(Pd)=1.68 nm and ape(Cu)=1.63 nm, see Ref. 34].
The experimental data for Pd and Cu are taken from Ref. 25.

for films with an average grain size equal to 76.5 nm while
the present results give 176.1 =3.6 GPa for a 38 nm grain
size. Note that this apparent elastic softening could also be
due to an increasing porosity in thinner films.>>*® The open
porosity, p, which refers to the fraction of total volume in
which a fluid flow can effectively take place (i.e., it excludes
closed pores) has been measured by AFM (Ref. 27) while the
closed porosity could not be measured. As indicated by Table
I, the open porosity increases with film thickness and thus
cannot explain the decreasing behavior of Young’s modulus.
Nevertheless, it can be shown theoretically that the closed
porosity plays a role in the decreasing behavior of Young’s
modulus as the grain boundary energy is lower than the sur-
face energy (ygs<7,), therefore coalescence of nanograins
reduces the value of «. and then decreases the size effect
on Young’s modulus.

Scanning probe microscopy characterization (SEM and
AFM) shows that the 100 and 200 nm thick films do not
contain cracks while the 400 and 600 nm thick films exhibit
a dense crack pattern. More precisely, the 400 nm film [Fig.
3(a)] is cracked but sticks to the silicon substrate whereas the
600 nm film is completely delaminated [Fig. 3(b)]. Discon-
tinuities are observed in the load-displacement curves; 100
and 200 nm thick films exhibit a step in the unloading part of
the load-displacement curve (called “pop-out”'®) while 400
and 600 nm thick films have a step in the loading part of the
load-displacement curve (called “pop-in”lg). This observa-
tion shows that the 400 and 600 nm thick films are cracked
before indentation while the 100 and 200 nm thick films
crack during indentation. Indeed, the competition between
strain energy minimization and surface energy minimization
controls the cracking of the films.?® The strain energy mini-
mization is favored in thicker films whereas surface energy
minimization is favored in thinner films. The tendency for
relaxation by cracking increases with increasing thickness as
the enerﬁgy release rate scales proportionally to the
thickness® whereas thinner films can relax more easily by
diffusion along grain boundaries. The energy release rate of
an isolated crack which is long compared to the thickness of
the film G is Eroportional to the thickness as indicated by
G=1.9807¢/E, ? where 7 is the thickness of the film; o being
the stress in the film at a remote distance from the crack. The

shape
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FIG. 3. (Color online) (a) SEM image of a Ta film with a thickness equal to 400 nm. Inset: AFM image of the Ta film with a thickness equal to 400 nm. (b)
SEM image of the Ta film with a thickness equal to 600 nm. Inset: AFM image of the Ta film with a thickness equal to 600 nm. These observations are made

before indentation.

crack propagates if G is higher than a critical value, G,. The
stress was evaluated through the measurement of the curva-
ture of the film-substrate system, «, by using Stoney’s
equation,” ie., o=rE,/[6(1-v,)t], where E; and v, are
Young’s modulus and Poisson ratio of the substrate, respec-
tively, and ¢, is the thickness of the substrate. Stoney’s equa-
tion is still valid as long as the ratio #/¢, is smaller or equal to
0.1.3' As shown in Table I, the residual stress state in the Ta
films is tensile and decreases when the thickness increases,
illustrating the existence of a relaxation process. For the 100
and 200 nm thick films, a lower limit on the critical energy
release rate could be estimated as G.=0.46+0.20 J/m? and
G,=0.28+0.19 J/m?, respectively, using the measured re-
sidual stress o. The stress intensity factor is related to the
energy release rate by K,C=\/E_G{ assuming plane stress
conditions.” The corresponding lower bound for the stress
intensity factor for the 100 and 200 nm thick films are K-
=0.28 +0.07 MPa m"? and K;-=0.22+0.06 MPa m'"?, re-
spectively. These values can be compared with K-
=0.78 MPa m'"?2, the value announced by Gruber et al.** for
the bilayer system; Ta-19 nm-Cu-71 nm. They have shown
that for a constant copper thickness, K;-~ decreases by in-
creasing the thickness of the Ta film.

As a conclusion, a lower limit on the critical energy
release rate for cracking has been determined for Ta nano-
crystalline films. As expected, hardness follows the Hall-
Petch relation for the investigated thickness range and an
inverse grain size dependency of Young’s modulus is ob-
served. A theoretical equation has been deduced from ther-
modynamics to evaluate the size-dependency of Young’s
modulus and was found to be in agreement with experimen-
tal data.
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