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Abstract: Nanoindentation tests performed in an atomic force microscope have been utilized to
directly measure the mechanical properties of single crystal metal thin films fabricated by the vacuum
vapor deposition technique. Nanoindentation tests were conducted at various indentation depths to
study the effect of indentation depths on the mechanical properties of thin films. The results were
interpreted by using the Oliver-Pharr method with which direct observation and measurement of the
contact area are not required. The elastic modulus of the single crystal copper film at various
indentation depths was determined as 67.0+6.9GPa on average which is in reasonable agreement with
the results reported by others. The indentation hardness constantly increases with decreasing
indentation depth, indicating a strong size effect. In addition to the experimental work, a
three-dimensional nanoindentation model of molecular dynamics (MD) simulations with embedded
atom method (EAM) potential is proposed to elucidate the mechanics and mechanisms of
nanoindentation of thin films from the atomistic point of view. MD simulations results also show that
due to the size effect the plastic deformation via amorphous transformation is more favorable than via

the generation and propagation of dislocations in nanoindentation of single crystal copper thin films.
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1 INTRODUCTION

Thin film materials have been widely employed in many fields such as microelectronics,

micro-electro-mechanical systems, optical devices and magnetic storage equipment [1-6]. Their

mechanical properties, which might differ from those of bulk materials with the same composition,

have a vital effect on reliability and service life of the film. Therefore, quantitatively characterizing the

mechanical properties of the film is increasingly demanded for the applications. Generally speaking,

the mechanical properties of materials on macro-level are mostly determined using tensile tests. While

such tests are extremely difficult to be conducted at nano-scale, even if they are not practically

impossible. Although nano-scale tensile tests are possible in some circumstances, the cost involved

would be very high due to the inherent complexity of the equipment used. Furthermore, the preparation

of film specimens for tensile test is also very difficult. Indentation tests on nano-scale, or

nanoindentation, can not only apply light loads in the range of micro-Newtons or less, but are more

convenient than tensile tests. therefore, nanoindentation tests are most common in characterizing the

mechanical properties of thin films.

Similar to the conventional hardness experiment, nanoindentation tests are performed through the

penetration of a diamond indenter tip into a specimen surface, and aim to achieve precise, absolute

measurement of mechanical properties of materials. In nanoindentation tests, the elastic modulus and

hardness are two easiest accessible mechanical properties. Furthermore, nanoindentation tests are also

used to investigate other mechanical properties [7-9], such as time-dependent creep and relaxation,

plastic flow, viscoelasticity and fracture toughness.

Among various nanindentation instruments, atomic force microscope (AFM) systems have an

extraordinary capability for providing in situ image of the indentation, besides the capability for
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applying very small forces. Therefore, nanoindentation tests using AFM systems have been paid great
attention in recent years [10-12]. Original attempts to use the AFM as an indentation device were
carried out using a privately built system specifically designed for nanoindentation and having limited
imaging capability. More recently there have been efforts utilizing commercial AFM systems and
commercial cantilever probes. The advantage of this is the potential to combine nanoindentaion testing
with robust and high-resolution imaging. In fact, through recent developments, some commercial AFM
systems have provided the capability to switch back and forth between tapping image mode and
indentation mode [13].

In this research, nanoindentation tests using AFM were employed for the measurement of elastic
modulus and hardness of the single crystal copper thin film. In addition to experimental research of
nanoindentation, efforts have been undertaken to develop theoretical and computational models, in an
attempt to elucidate the mechanics and mechanisms of nanoindentation and to characterize the
mechanical properties. Previous theoretical and computational works usually involved the continuum
models based on the Hertzian theory of contact and finite elements method [14]. In this study,
molecular dynamics simulations were carried out to provide a better understand of nanoindentation
process from the atomistic point of view. The simulations were conducted on a relatively small-scale
compared to the experiment with the AFM, but the simulation results can illustrate many phenomena
observed experimentally.

2 NANOINDENTATION ANALY SIS TECHNIQUE

A typical load-penetration depth curve is shown in Figure 1, where 4, is the final unloading depth,

hmar the maximum loading depth during indentation tests, and P, the maximum load. S" is the slope of

the tangent line to the unloading curve at the maximum loading point (%4, Pray) and is termed the
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system contact stiffness. /. is the intercept value of the above mentioned tangent line down to P=0 and
is termed the contact depth. Unlike the conventional hardness experiment in which mechanical
properties were calculated by directly measuring physical dimensions of the indention, the contact area

should be calculated using empirical equations, and then mechanical properties are deduced in

nanoindentation.

unloading
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Figure 1. Schematic diagram of a nanoindentation load-penetration depth curve.

Among the methods for analyzing load-penetration depth data [15-17], the one proposed by Oliver
and Pharr is widely employed [18]. Their method assumes that the relationship between penetration
depth /4 and load P for some given indenter geometry can be represented in the form

P=a(h—h,)" 1)
where « is a fitting parameter which contains geometric constants, elastic modulus and Poisson‘s
ratio of the specimen and the indenter. m is a power law exponent related to the geometry of the
indenter. For a flat-ended cylindrical punch, m=1; for a paraboloid of revolution, m=1.5; and for a cone

m=2. The specimen contact stiffness is given by

s=2aE, =P g J4 @)
VA

N

where a is the contact radius and A4 the contact area. The reduced modulus E,, accounting for the

deformation of both indenter and specimen, can be calculated by
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where E and v are the elastic modulus and Poisson’s radio of specimen respectively, while E; and v; are
the elastic modulus and Poisson’s ratio of the indenter material respectively.

The system stiffness S, as defined above, is given below
. (dP .
S = (—j( = oy )" @)
h

If & represents only the penetration depth of the indenter tip into the specimen, then S=S"
The contact depth 4, is given by
h, = by, - )
whereeis associated with the specific tip geometry. Once the contact depth has been calculated, the
contact area, A4, can be obtained. For a perfect Berkovich indenter, 4 is given by
A(h,)=25.4h’ (6)
The hardness H, in nano-scale regime, is defined as the mean pressure under the indenter:
H= @ @)
A
When the load-penetration depth data are obtained, the elastic modulus and hardness can then be
calculated from Egs. (1)~(7). Firstly, the unloading curves are fit to a power law function (see Eq.
(1)), and the fitting parameters are used to calculate S* (see Eq. (4)), which is equal to S. S is then used
to calculate %, (see Eq. (5)), and A, is used to calculate A from the shape area function of the tip. Finally,
S and A are used to calculate £ and H using Egs. (2) and (7).
3 EXPERIMENT

3.1 Specimen Preparation

The nanoindentation specimen was a single copper thin film fabricated by the vacuum vapor
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deposition technique on the surface of a silicon substrate. The film has an average thickness of 1.5um.

Since the specimen was kept at room temperature in the air, there was an oxide layer on the surface. In

order to eliminate its influence, a rectangle area of 50umx50um without oxide was yielded prior to

indentation by the scratch mode of AFM. The rectangle area has a surface roughness of 5 nm as

measured by AFM.

3.2 Nanoindentation Procedure with the AFM

Nanoindentation tests of the single copper thin film were carried out using an AFM (Nanoscopellla,

Dimension3100, Digital Instruments, Santa Barbara, CA) with a diamond tip. The diamond tip

mounted on a stainless steel cantilever is a Berkovich-like three-sided pyramid and its radius R

measured by AFM in its contact mode with a silicon nitride tip is smaller than 20 nm. The spring

constant k. of the steel cantilever is 230N/m as estimated by the supplier.

Figure 2 illustrates a schematic diagram of the nanoindentation procedure with an AFM. The

thickness and surface quality of the thin film were measured by the contact mode of AFM before the

indentation tests (Step 1). Generally, when the indentaion depth does not exceed 10% of the specimen

thickness, the substrate effect on the measurement could be neglected. Therefore, for the present

specimen, the maximum indentation depth should not be deeper than 150nm. In addition, the minimum

indentation depth should exceed the specimen surface roughness in order to obtain a discriminable

indentation. As a preparatory step, the AFM instrumental uncertainties should be minimized (Step 2).

Such a step includes using small ranges of Z motion, using the linear regime of photodiode, setting up

high Z scan rates and an appropriate lateral compensation, etc. Then, the sensitivity of the cantilever

was calibrated (Step 3), which is the ratio of the differential voltage obtained from the cantilever’s

vertical deflection to the displacement of the piezoelectric actuator in the Z direction. The sensitivity of
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the cantilever calibrated on an “infinitely stiff” sapphire sample before and after indentation tests is

3.45V/um. After the calibration, indentation tests were carried out using the indent mode of AFM

provided by the AFM manufacturer (Step 4).

g \
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Step 2 Minimize the uncertainties
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Step 3  Calibration of the sensitivity
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Step 4 Nanoindentation tests
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Figure 2. Schematic diagram of nanoindentation procedure with the AFM.

In order to extract the mechanical properties from indentation tests, the force curves obtained by
AFM should be converted to the load-penetration depth curves (Step 5). When a diamond tip penetrates
the specimen surface, the displacement of the piezoelectric actuator in the Z direction results in both
the cantilever’s deflection and the specimen indentation depth, the amounts of which depend on the
relative stiffness of the specimen and the cantilever of AFM. The relationship between the
displacement of the piezoelectric actuator AZ p the cantilever’s deflection AZ_, and the specimen
indentation depth AZ,, is given by

AZ ,=AZ +AZ, cosO (®)
where the @ corrects for the angle of the cantilever to the horizontal, and 6 is 12° for this cantilever. The

cantilever force, P, which equals to indentation load, can be calculated directly from AZ .» through

P=kAZ, ©)
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and

AZ, =V, | sensitivity (10)
where V. is the differential voltage, while the sensitivity has been calibrated as above. Finally, elastic
modulus and hardness can be calculated by Oliver and Pharr method (Step 6).
4 MOLECULAR DYNAMICS SIMULATION
4.1 Interatomic potential

The interatomic potential for Cu in this study is the embedded atom method (EAM) originally
proposed by Daw and Baskes [19-20]. The EAM which was derived based on density functional theory
has been widely applied in the simulation of many metallic systems because the simulation results have
been reported in good agreement with experimental results. In order to reduce computational time and
accelerate the force calculations of interacting atoms, a simplified form of the EAM proposed by
Johnson [21] was adopted in this study. Johnson’s simple nearest neighbor analytical model takes into
account the nearest neighbor contributions to the electron density and the two-body potential in the
FCC lattice and is well suited to the MD simulation of metallic systems and FCC lattice metal in
particular.

Beside of EAM potential for interacting of Cu atoms, the Morse potential was adopted to describe
the interaction between C and Cu atoms. In order to match the experiment above, the Cu-Cu, C-C and
Cu-C Morse potentials have been determined. The parameters for Cu-C Morse potential have not been
available and it is derived from standard Morse potential function based on a mix rule proposed by
Rafii et al [22].

Based on the standard Morse potential, the interaction potential for Cu-Cu and C-C are:

goCu—Cu (7;/) = DCu [exp(_zaCu (ry - rCu )) -2 exp(_aCu (}/;/ - rCu ))] (1 1)
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Pc—c (rij ) = Dc[exp(—2a, (’”l, —71.)) —2exp(—a, (rij —70))] (12)
A Morse-like potential energy function was assumed to describe the interactions between copper atoms
and diamond atoms. The interaction potential for Cu- C is:
Peu-c (1) = De,_clexp(=2ac, o (r; — 1o, ) = 2exp(—Qg,_c (1; = Tec))] (13)
The parameters for Cu-C Morse potential are obtained as follows
De,c =4/ De,Dc

Aeyc =NC,lc
Feu-c =ATcuc (14)

The parameters for Cu-Cu Morse potential are obtained by fitting the experimental cohesive energy,
lattice constant and bulk modules of single crystal copper and the parameters for C-C Morse potential
are obtained by fitting the experimental cohesive energy, the inter-planar spacing and elastic constant of
diamond crystal. The parameters for Cu and C Morse potentials are listed in Table 1

Table 1 Parameters for Cu and C Morse potential

6‘(Cu aC DCu DC rc

u

e

1359A 4952A 034ev 3.lev 2.866 A 1.242 A

The cutoff radius 7. is chosen such that the ratio of the potential at the cutoff point to that at

equilibrium is less than 4%. The use of such a cutoff radius ensures that the calculations will not

consume large quantities of computational time in evaluating the forces that are near zero.

The Morse potential parameters for Cu provided above were only for the calculation of the Morse

potential parameters for interacting of Cu and C. In practice Johnson’s EAM potential was used for the

interacting of Cu atoms.
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4.2 Nanoindentation Model

Fig.3. shows a schematic diagram of the nanoindentation model used in MD simulation. The model

consisted of the diamond indenter and the single crystal copper thin films specimen. The specimen is

physically divided into three different regions, namely, Newtonian atoms region, thermostat atoms

region and boundary atoms region. The thermostat atoms controlled the process temperature by adding

or removing system energy. Boundary atoms are fixed on their perfect lattice sites to reduce the

boundary effect, the periodic boundary conditions are not applied in this simulation.

Newtonian atoms

Thermostat atoms

Direction of
indentation

Boundary atoms

{ Single crystal
§ Copper specimen [

Figure 3 A schematic MD model of nanoindentation.

[100] direction is chosen as the indentation direction. The indentation speed of 20m/s is employed to
reduce the computational time. Although this high speed compared to that of nanoindentation
experiments with the AFM is unrealistic, it is proved that there is little influence on the understanding
of the mechanism of nanoindentation process.

The size of the specimen was 28a(x)x 14a(y)x20a(z), where a is the lattice constant. The time step
interval of MD simulation is taken to be 1x10"°s. The simulation is extended up to 120,000 steps.

Initially, the atoms are positioned at the perfect lattice sites. The model is relaxed to equilibrium for a
period of 50ps by controlling the internal temperature with a Nosé-Hover MD mothod [23] before the

indenter load is applied. The temperature is controlled throughout the simulation.

10
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With the above Morse potentials available, the force on atom i owing to the interaction of other

atoms can be calculated by

N
F,==>Vo(r,) (15)

i
where N is the total number of atoms in the model, including thermostat, boundary and diamond atoms.
Consequently, the motion of all the Newtonian atoms in the control volume can be obtained by
following Newton’s law
F=m ﬂ (16)
dt

The Verlet velocity algorithm is used to solve the Newton’s equation and a multi-processor workstation
is used for running the simulation.
5 RESULTS AND DISCUSSION
5.1 Experimental Results

Nanoindentation tests of the single crystal copper thin film were conducted for various differential
voltages from 0.4V to 2.0V, stepped by 0.2V. Because each differential voltage corresponds to an

indentation depth, the effect of indentation depth on mechanical properties can be investigated. Figure

4 shows an AFM image of single crystal copper thin film after the nanoindentation test.

— 80.0 nmM
40.0 nm

0.0 nW

Figure 4. An AFM image of the single crystal copper thin film after nanoindentation.

The elastic modulus of the specimen under various indentation depths calculated from Eqgs. (2) and

(3) are listed in Table 2. The Poisson’s ratio is taken as 0.34. By now, the Poisson’s ratio and elastic

11
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modulus cannot be simultaneously deduced from naonindentation tests, and it is therefore necessary to
assume a Poisson’s ratio for the thin film materials prior to calculation. The average elastic modulus is
listed in Table 2.

Table 2 Elastic modulus in single crystal copper thin film by nanoindentation

VaelV)  hfnm)  hyenm)  h(om)  Po(uN)  E(GPa) E(GPa)

0.4 16.32 25.95 24.22 27.02 78.6 74.6
0.6 20.70 34.93 31.91 40.54 80.4 76.5
0.8 29.54 46.70 43.46 54.05 71.7 67.7
1.0 36.94 62.25 60.35 67.57 78.0 74.0
1.2 45.42 70.15 66.82 81.08 67.8 63.7
14 53.53 77.83 73.07 94.60 60.2 56.2
1.6 54.36 81.81 78.01 108.11 64.6 60.5
1.8 60.65 95.79 91.33 121.63 70.0 65.9
2.0 66.74 103.76 100.17 135.14 68.0 64.0
Average 71.0+6.8 67.0+6.9

5.2 Simulation Results

Fig 5(a)-(d) are MD simulation plots of nanoindentation of single crystal copper in (100) plane

through the indenter tip, showing various stages of the nanoindentation process. Fig.5(a) shows the

initial set-up of the specimen before commencing the indentation process, Fig 5(b) an intermediate

stage during the indentation process, Fig. 5(c) the indenter at maximum indentation depth, and Fig. 5(d)

the specimen after the indenter was retracted from it.

Atoms around the indenter were pushed up and severely displaced as the indenter was penetrated

into the surface of the specimen. The volume of specimen material displaced by the indentation was

pushed out to the sides of the indenter and a pile-up of material was formed (Fig.5 (b-d)). This

phenomenon was also observed in the nanoindentation experiment with the AFM (Fig. 4). The plastic

deformation was limited to a few lattice spacing surrounding the indenter, and the rest of the specimen

maintained basically its crystal structure. The plastically deformed region around the indenter has been

referred to as amorphous copper. No dislocation was observed even at maximum indentation depth

12
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(Fig.5(c)). As the indenter was retracted from the specimen surface elastic recovery of the indent area

was observed (Fig.5 (d)).
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Figure 5. MD simulation plots of nanoindentation.

5.3 Discussion

Elastic modulus of specimens under various indentation depths is 67.0+6.9GPa by the Oliver-Pharr

method (Table 2) and there is no indentation size effects. The elastic modulus of the single crystal

copper was reported ranging from 60GPa to 192GPa, so the results obtained from indentation tests

using the AFM is in reasonable agreement with the simulation.

13
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Figure 6. Effect of indentation depths on hardness.

Figure 6 shows the curve of the experimental hardness versus the maximum indentation depth
obtained by Oliver-Pharr method. The experimental indentation hardness shows a constant increase
with decreasing indentation depth, indicating a strong size effects arise because of geometrical
constraints on dislocation motion. The hardness values and its size effects measured from this
nanoindentation testing are in better agreement with the results reported by other researchers [24]. Due
to the inaccuracy in the contact area calculation from Eq. (6), the values of hardness are slightly lower
than their results.

Size effects on mechanical properties starts to play a dominant role when one or more of the
structural dimensions approaches down to the scale of micrometer or less. At such a size scale, there is
no significant effect on the elastic properties of the materials since they depend on the bonding nature
between the constituent atoms. MD simulation results show that the ratio of elastic recovery to the
thickness of deformation region maintains constant basically as the indentation increases, which prove
that elastic properties of the materials intrinsically depend on the cohesive energy between atoms and
are insensitive to the size and the microstructure of materials. By contrast, the onset of plastic

deformation strongly depends on dislocation mobility under an induced stress. The ease of their

movement can be influenced by any number of obstacles such as grain boundaries, defects, surfaces,

14
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etc. Specimen size effects then begin to govern the plastic behavior by creating geometrical constraints,

which obstruct dislocations to initiate and slide. MD simulations results also show that no distinct

dislocations were observed and plastic deformation of nanoindentation on single crystal copper thin

films via amorphous transformation is more favorable than via the generation and propagation of

dislocations, unlike in bulk material, where the plastic deformation of crystalline solid is difficult

without dislocations.

6 CONCLUSIONS

In this study, the AFM system and molecular dynamics simulations have been successfully used to

conduct nanoindentation tests of single crystal copper thin films. The following conclusions can be

drawn from the investigation:

(1

2

3)

“4)

The elastic modulus of the film obtained from nanoindentation tests with the AFM is 67.0+6.9GPa

which is in reasonable agreement with the results reported by other researchers.

Both AFM experiments and MD simulations results show that there is no size effect on elastic

properties of materials, because elastic properties of the materials intrinsically depend on the

cohesive energy between atoms and are insensitive to the size and the microstructure of materials.

A constant increase in the experimental indentation hardness was observed with decreasing

indentation depth, indicating a strong size effect, which arises because of geometrical constraints

on dislocation motion. MD Simulations results also show that due to size effect the plastic

deformation via amorphous transformation is more favorable than via the generation and

propagation of dislocations in nanoindentation of single crystal copper thin films.

The MD simulations are conducted on a relatively small-scale compared to the experiment, but the

simulation results can illustrate many phenomena observed experimentally and provide an
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atomistic description.

(5) The main limitations of the experimental method proposed in this study include the inaccuracy in

the contact area calculation and the instrumental uncertainties of commercial AFM systems.
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