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Measurement of yield strength of thin metal film
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Based on measurement of the load-depth curve in nanoindentation, the yield strength of
thin metal film on Si substrate can be determined with the model of finite element analysis.
An example is given of thin Cu film and the result shows that the yield strength thus
determined can eventually reflect changes of processing condition both in deposition and
in post-treatment. The yield strength and its variation can be explained in terms of grain
orientation and grain size. © 2004 Kluwer Academic Publishers

1. Introduction

Mechanical properties are main researches for a struc-
tural material. With the application of film-coated ma-
terials or devices in microelectronics, optics and so on,
it becomes more and more apparent and realized that
the mechanical properties are essential and closely re-
lated to performance and reliability of film-coated de-
vices. Although mechanical measurements of thin film
are difficult and few methods are available, great efforts
have been made in the past in exploring theoretical and
experimental techniques, such as uni-axial tension [1,
2], bulge test [3, 4], micro-beam deflection [5], nanoin-
dentation [6], wafer curvature in thermal cycle [7-9],
and X-ray diffraction [10]. Among them the nanoinden-
tation technique is a powerful tool in measurement of
elastic modulus and micro-hardness [11-14], and has
been used to calculate the yield strength of thin metal
film [15]. It is believed that the flow properties and
creep properties of thin metal film will be eventually
taken into consideration in the service of film-coated
devices, and more abnormal phenomena will be high-
lighted in this field.

It was found that the yield strength of pure Al film on
Si substrate, measured with a substrate curvature tech-
nique, was higher than that of free-standing Al-1%Si
film measured with bulge testing method [4, 13]. Bader
and Shute measured the yield strength of Al film by
X-ray diffraction according to differences of thermal
expansion coefficient between substrate and film [16,
17], although it was difficult to get the yield strength at
room temperature because of required changes in tem-
perature. Li and his co-workers recently showed that,
for identical thickness of Al films on Si substrates, the
yield strength of the Al film with a SiO, passivated
layer was higher than that of the un-passivated film
[18]. Other researchers preferred to get the flow prop-
erties by calculations, and then compared them with
experimental results. Bhattacharya and Nix [7] have
explored successfully an empirical formula for hard-
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ness and elastic properties in nanoindentation with a
cortical indenter.

In the present research, dimensional analysis was
applied to derive the nanoindentation responses of
bulk material and film/substrate composite using a
Berkovich indenter. Using the derived expressions as-
sociated with finite element calculation, a relationship
between the mechanical properties and the nanoinden-
tation responses of the tested material was obtained.
For thin metal films deposited on hard substrate, such
as silicon or alumina, a method could be eventually
established for determining the yield strength of thin
metal film from nanoindentation loading curve. Using
this model in which the Berkovich bluntness has been
modified, the yielding strength of Cu thin films and
its variation under different processing conditions are
calculated and discussed.

2. Dimensional analyses

2.1. Nanoindentation of bulk material

The load-depth curve of an ideal Berkovich indenter as
shown in Fig. 1 can be simulated by a power function
(15],

P = Pn(h/hm)* &)

where Ay, the highest depth of nanoindentation and Py,
1s the maximum load of nanoindentation, and x is an
exponent of loading function.

The Py, and x in Equation 1 can be expressed as a
function of mechanical properties of tested material and
the maximum depth of nanoindentation.

PIII = m(JY1 nvE’hIIli V),
X :x(0y7n5E7 hmv U) (2)

where oy, n, E, hy,, and v are yield strength, harden-
ing exponent, elastic modulus, maximum depth and
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Figure 1 Typical nanoindentation curve.

Passion’s ratio, respectively, of the tested material.
According to dimensionally analytical IT theorem, it
can be judged that only two of them are independent
among the five parameters in Equation 2. If E and &,
are basic parameters, the other parameters can be ex-
pressed as

Pm Uy Oy
— =& =,n,v|, x=¥(-=,n,v (3)
ER2, E E

Assuming the Poisson’s ratio is constant of 0.3, its
effect in Equation 4 can be neglected. And the non-
dimension function of the load-depth curve on bulk
material with an ideal Berkovich indenter is obtained,

P,
—2 -9 &,n , o x=V ﬁ,n @)
ERhZ E E

Generally, the tip of the diamond indenter will in-
eluctably be blunted because of wearing in nanoinden-
tation, and the deviation thus produced must be mod-
ified. For the nanoindentation of bulk material with
blunted Berkovich indenter, Ak was usually defined
as an absolute bluntness, thus the Py, and Xy, can
be described as a function of mechanical properties of
material and the maximum depth of nanoindentation,

Pmbb = Pmbb(Jya n, E7 hma Ah)?
®)

Xpb = Xpb(0y, 11, E, hy, Ah)

Equation 4 is then changed to:

Py Ah Ah
_bb =0 ﬂ’ n,—~|J, Xpb = v &7 n, —
ER2, E" I E" I

(6)

where Ah/ hy, is relative bluntness of Berkovich inden-
ter in Equation 6.

2.2. Nanoindentation of film/substrate
material

For nanoindentation of film/substrate material with the

ideal Berkovich indenter, if Py, and x¢, 1S maximum
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load and fitting exponent of load curve of nanoinden-

tation, respectively, the Equation 2 can be changed to:
Pmca = mca(af’ nf’ Ef3 057 n51 ES7 hmv tf)v

(N

xca = xCa(va n, Ef? US7 nSa E57 hmv tf)

where oy, 0, n¢, ng, Er, and E; are yield strength, hard-
ening index and elastic modulus of the film and the
substrate, respectively, and # is the thickness of film.
Considering the bluntness, the P, and x, can be ex-
pressed as

mCa(va nf9 Ef’ 037 nsv ES7 hms tfv Ah)7
®)

Prca =
xca = xCa(of7 ng, Efv OSS nSv ESv hm7 tfy Ah’)

The non-dimension of the function of maximum
load-depth curve of film/substrate material with the
blunted Berkovich indenter can be expressed based on
the method for bulk material,

P, o E¢ Ah
meb = cDCb<_f7nf7 ! )7

Eh2, E, U E hy
)

w of Ef Ah

X = Nty —, 7

cb cb Es f Es hm

2.3. Calculation of yield strength

For nanoindentation of the surface of film with the ideal
Berkovich indenter, the non-dimensional function of
maximum load-depth curve is [15],

P, o E
i = q)Ca(—yfa nfa —t>’

B2 £ E,
(10)

Oyf Et

Xca = Wca(FySa nf, E

and the corresponding specific function is
Prca/ Eshy, = ¢*®(0y/ EY™(Et/EY™ (1)

where «, B and y are constants relative to the hardening
index n, and can be expressed with the Equation 12,

O(n) =60, + 6n (12)

As discussed above, the deviation due to the blunt-
ness of indenter should be modified. For nanoindenta-
tion of film/substrate material with the blunted indenter,
the non-dimensional function of maximum load-depth
curve can be expressed as

P, E
L
EJ2, E.’ K,

I} E
x=Wv —y,n,—f,r
E; E;

Through numerical analysis, the ratio of P/ Eshzm
between the blunted indenter and the ideal indenter is
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Figure 2 Schematics of vapor deposition: (a) A schematic co-sputtering
of ion bean enhance deposition. (b) JGP560V ultra-vacuum magnetron
sputtering.

a function of r and n that can be expressed with K, and
the value of K depend on r and n.

When the blunted Berkovich indenter penetrates the
surface of film, which is deposited on a rigidity sub-
strate, the non-dimensional function of the max loading
and the fitting exponent of load curve can be established
based on Equation 11,

Puev/ Esh?, = k(r, np)e®™ (o) E)P™ (Eg/ E5)Y™

The fitting exponent x which is calculated from the
nanoindentation loading curve, and is independent of

TABLE I

oy/E, and dependent on n and r, can be expressed as
xeb = Lo(r) + Li(Mng + Loing - (14)

where Ly(r), Li(r) and L,(r) are constants which can
be obtained from the loading curve of nanoindentation.
Thus the hardening index of the thin film can be calcu-
lated with the expression,

n = (\/Lg +4Lo(x — L) — Ll) /Ly (15)

Based on the values of n, @, 8 and y which are
calculated with Equation 12, and the value of K, the
yield strength of the thin film can be calculated with
the Equation 16,

o = EJ[(P/(EH2))/(Ke*(E/EON]F (16)

3. Experimental

3.1. Prepared samples

Cu films were deposited with two techniques, the equip-
ment of which is schematically shown in Fig. 2. For
magnetron sputtering, only the biasing was changed,
while for ion beam enhanced deposition (IBED) sam-
ples annealing in Ar and H, was adopted. The annealing
temperature was kept at 100, 200 and 300°C for 1 hre-
spectively.

Before deposition, the silicon wafer was cleaned by
ultrasonic wave. In order to avoid the effect of diffusion,
TaN with the thickness of 100 nm was deposited in
between Cu and Si. The properties are shown in Table 1.
The thickness of Cu film was 1.5 um measured with
SEM.

3.2. Nanoindentation
The nanoindentation (NHT, CSM, Switzerland) was
used. The load was fixed during the indention. The
maximum load and depth were 30 mN and 0.75 pum
respectively. Fig. 1 shows the typical load-depth curve
of the nanoindentation.

The results of elastic modulus and hardness of Cu
films are showed in Table II. The depth was controlled at
about 150 nm in order to avoid the effect of the substrate.

Ultra-vacuum magnetron sputtering

Ion bean enhance deposition

Sputtering Base Sputtering Bombardment Base Sputtering
power pressure pressure (Ar) power Current pressure pressure (Ar)
200 W 5x 1075 Pa 1Pa 600 eV 60 mA 3x 1073 Pa 0.1Pa
TABLE II Elastic modulus and hardness of Cu film under different conditions

—40V —60V —80V —-100V 20°C 100°C 200°C 300°C
Elastic modulus (GPa) 60.2 57.1 60.5 83.1 81.2 98.7 61.1 57.1
Hardness (GPa) 2.66 2.56 4.01 3.69 4.70 5.04 4.02 2.58
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TABLE III The diffraction intensity ratio of Cu-(111) and Cu-(200)
plane and the full width at half width of the diffraction peaks
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Figure 3 The yield strength of Cu thin film deposited with different bias.

4. Results and discussion

4.1. The effect of bias

Fig. 3 indicates that for magnetron sputtering technique
the yield strength of Cu film increases with the increas-
ing of bias. The maximum is 431 MPa and the minimum
is 197 MPa. The result implies that the yield strength
of thin film can be adjusted as bulk material.

The phase composition and texture of Cu films de-
posited with different bias were checked by X-ray
diffraction (XRD). The crystal orientation was de-
fined as diffraction intensity ratio of Cu-(111) and
Cu-(200) planes. The results are shown in Fig. 4 and
Table I11.

Table III indicates that the ratio of diffraction inten-
sity of Cu-(111) and Cu-(200) plane and the half width
were affected by bias in deposition. Zhang and his co-
workers [20] have pointed out that the orientation fac-
tor of grains, C(hky = sin ¢/(cos ¢ cos 1), and the grain
size factor, u¢ In (d/b)/(d sin @), have strong effect on
the yield strength of polycrystalline thin films. Accord-
ing their calculated data, for the orientation factor of
grains in thin film with fcc lattice C(200) = 2.000, and
C(lll) = 3.464.

Bias (V) T/ Iaoo) FWHM (111) FWHM (200)
—40 2.53 0.28 0.24
—60 2.33 0.40 0.36
—80 4.13 0.44 0.48
—~100 2.56 0.36 0.40
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Figure 5 The yield strength of Cu film after annealed at different
temperature.

It becomes recognizing that the changes of yield
strength of thin film are directly proportional to the
orientation factor of grains. The stronger is the (111)
orientation or the less is the (200) orientation, the higher
is the yield strength. As shown in Table III, the yield
strength reaches the maximum as the diffraction inten-
sity ratio of Cu-(111) to Cu-(200) was highest at the
bias of —80 V. It is also known that the half width
is related to grain size. From Table III, it could be
seen that the width decreased with the increasing of
bias and the yield strength reached the minimum at
—80 V.

14000

Figure 4 XRD spectrum of pure Cu films deposited with different bias.
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Figure 6 XRD spectrum of Cu films after annealed at different temperature.

From the above, it is easy to interpret the phenomena
at —60 and —40 V. The intensities of Cu-(111) and Cu-
(200) plane at —40 and —60 V were almost similar.
But the grain size was smaller at —60 V, so the yield
strength was higher. It was the same to the situation at
the bias of —100 V. While the difference between —60
and —100 V might be caused by the structure or other
changes. For example, the energy of bombardment ions
could induce anti-deposition.

It is noted that the yield strength of Cu film de-
posited with different bias is far higher than that of
bulk Cu (60-150 MPa). Zhang et al. proved analyt-
ically [19] that the yield strength decreases with the
increasing of film thickness. Doemer [13], Li [18] and
Venkatraman [20] showed that when the thickness of Al
film was 0.2 um, the yield strength could reach much
high value of 400 MPa, while the yield strength was
down to 200 MPa when the thickness was increased to
1 wm. In our research, the yield strength increased with
increasing of bias, even though the thickness of films
was almost identical.

4.2. The effect of annealing temperature

Fig. 5 shows the results of ion beam enhanced deposi-
tion. The maximum yield strength of as-deposited Cu
film was 620 MPa, which is much higher than that of
bulk Cu. When the post-annealing treatment was con-
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ducted, the yield strength would decrease as can be
imagined, similar to the change of bulk material. It is in-
teresting to note that the film still had high yield strength
of 164 MPa even after it was annealed at 300°C. This
is believed to be a result the constraint of the substrate.
It must be bear in mind that the mechanical behavior of
attached film differs greatly to that of free-standing film.

The XRD patterns are shown in Fig. 6 and Table I'V. It
can be seen that the Cu-(111) and Cu-(200) plane were
two orientations for both as-deposited and annealed Cu
films, but the relative intensity of the planes changed
with the annealing temperature. When the annealing
temperature was increased to 200 or 300°C, the yield
strength decreased by 17.5 or 45.4% compared to that of
as-deposited film, indicating that the orientation factor
of crystals Cqyy did affect the yield strength.

5. Conclusions

Through analyzing the loading process of nanoindenta-
tion with ideal and blunt Berkovich indenter by FEM,
fitting exponent x of the load curve was obtained and the
relationship between the maximum load Py, the basic
mechanical properties of film and substrate and the re-
lated r was also obtained. According to the above, the
hardening index nf and yield strength of thin film on
ceramic substrate can be calculated by the load curve
of nanoindentation.

TABLE 1V The diffraction intensity of Cu-(111) and Cu-(200) plane and the half width of diffraction peaks

As-deposited Annealed at 100°C Annealed at 200°C Annealed at 300°C
Ia11y/I 00 2.106 2.326 1.737 1.149
FWHM (111) 0.440 0.440 0.400 0.360
FWHM (200) 1.680 1.840 1.640 0.480
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Nanoindentation combining with finite element
methods can be used to measure the yield strength of
thin films. But the bluntness of the tip must be cor-
rected. This method can reflect how the yield strength
changes with the technological parameters. The exper-
iments show that it is believable.

The biasing of magnetron sputtering can affect the
crystal orientation and crystal size, and then affect the
yield strength greatly. Under low biasing, with the in-
creasing of biasing, the yield strength of Cu thin film
increased.

The thick films can also have high yield strength
as that of thin films by biasing deposition. The yield
strength of Cu film has higher yield strength than that
of bulk Cu. The annealing temperature affects the yield
strength greatly. For the crystal orientation and grain
size change a lot with the annealing temperature.
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