The Pennsylvania State University
The Graduate School
College of Engineering

DEVELOPMENT AND APPLICATIONS OF ELECTRICAL
INSTRUMENTED INDENTATION

A Dissertation in
Engineering Science and Mechanics
by
Lei Fang

© 2009 Lei Fang

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2009

The dissertation of Lei Fang was reviewed and approved* by the following:

Lawrence H. Friedman
Assistant Professor of Engineering Science and Mechanics
Dissertation Adviser
Chair of Committee

Christopher L. Muhlstein
Associate Professor of Materials Science and Engineering

Bernhard R. Tittmann
Schell Professor of Engineering Science and Mechanics

Patrick M. Lenahan
Distinguished Professor of Engineering Science and Mechanics

Mark W. Horn
Associate Professor of Engineering Science and Mechanics

Judith A. Todd
P. B. Breneman Department Head Chair
Head of the Department of Engineering Science and Mechanics

*Signatures are on file in the Graduate School

iii

ABSTRACT
Instrumented indentation along with the Oliver-Pharr method is the most widely used
method for mechanical characterization of materials, especially at small length scales. Instrumented indentation employs high resolution instrumentation to continuously record indentation force and displacement simultaneously, from which mechanical properties of the
indented material, such as hardness and elastic modulus, are calculated. Accurate measurement of the contact area between the indenter tip and the sample is crucial for this
technique, because the resulting mechanical properties are directly related to the contact
area. Although the Oliver-Pharr method allows one to infer the contact area from the
measured force-displacement curve, it is based on an elastic contact model that has limitations in some applications. The fact that the Oliver-Pharr method does not have a direct
in-situ contact area measurement is a fundamental limitation that confounds instrumented
indentation when characterizing thin films, materials that pile-up and dynamic behavior
of materials such as creep and fatigue. The work presented here is an effort to enhance
instrumented indentation as a mechanical characterization tool by developing an electrical
technique to measure in-situ contact area, and thus improve mechanical characterization at
micro/nano-scales.
First, an electrical technique, electrical instrumented indentation, was developed and
validated by indenting annealed Cu. An electrical coupled instrumented indentation system
was designed and developed to enable reliable simultaneous electrical contact measurements during instrumented indentation. By indenting annealed Cu, the measured electrical
contact current-voltage (I −V ) curves were found to be nonlinear and asymmetric, posing
significant challenge to obtain mechanical properties from electrical measurements. A new
data analysis method was then proposed to obtain in-situ contact area and hardness from
the measured contact I − V curves by relating the nonlinear contact I − V curves to the
instantaneous contact area. The area under I −V curves were found to be correlated to the
contact area from the Oliver-Pharr method at the initial unloading, and this correlation was
a power-law function within the studied range. Using this relation, the in-situ contact area
and hardness were obtained as a continuous function of applied force during instrumented
indentation.
Second, a thorough investigation was conducted to determine the optimal data analysis
methods for the developed electrical technique. The nonlinearity in the measured I − V
curves posed significant challenge to inferring contact area and mechanical properties. To
overcome this challenge, various I −V curve analysis methods were investigated for their
abilities to infer in-situ contact area and hardness. Analyzing the resulting data from indentation of annealed Cu, the feasibility of each method was evaluated. The optimal methods to
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calculate the in-situ contact area and hardness were determined. It was found that a simple
summation of the absolute values of area under I −V curves or the area under I −V curves
at positive voltages yielded the most robust area measure. Error in the inferred contact area
was systematic and primarily from the velocity dependence of the I −V response.
Finally, the electrical instrumented indentation technique was extended to characterize
work-hardened Cu, a material that exhibits pile-up. The Oliver-Pharr method is known to
overestimate the hardness of materials that pile-up, sometimes by as much as 60%. To
apply the electrical technique to characterize materials that pile-up, it was hypothesized
that materials with the same chemical constituent have the same relation between contact
area and I −V curve. Thus, it is possible to characterize a material that piles-up using the
relation between contact area and I − V curve calibrated on its counterpart that sinks-in
via the Oliver-Pharr method. This hypothesis was tested by indenting both annealed and
work-hardened Cu and imaging the residual indents. It was found that the relations between
contact area and I −V curve for these two materials were sometimes as much as 10% different. This difference, on one hand, suggested that the electrical measurements are sensitive
to laboratory environment (e.g. temperature and humidity) and sample surface condition
(e.g. surface roughness and oxide layer). On the other hand, the moderate difference was
encouraging for us to pursue the same electrical contact characteristics for materials with
the same chemical constituent with reasonable experiment control. This will prove to be
useful for important applications such as characterization of thin films. Furthermore, measurements of electrical contact responses between a conductive diamond indenter tip and
the sample along with post-indentation imaging yielded in-situ contact area and hardness
as a continuous function of applied force with the pile-up effect appropriately accounted
for.
The electrical instrumented indentation technique developed in this dissertation was
demonstrated to measure in-situ contact area as a continuous function of applied force during instrumented indentation, thus enhanced instrumented indentation for characterization
of dynamic behavior of materials such as creep and fatigue. It also laid the foundation of
a standalone technique that has the potential to overcome all the other limitations that the
Oliver-Pharr method has. Due to the nonlinear nature of the measured electrical contact
I − V curves, however, the electrical technique currently still relies on other methods, either the Oliver-Pharr method or the optical method, to calibrate the relation between the
contact area and the I −V curve. This relation varies from material to material; it depends
on the band structures of the two contacting materials and is sensitive to lab environment
and surface condition as well. These increased the difficulty in using this technique and
extending it to other possible applications. A fundamental understanding of the contact
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I − V curves will greatly help us to overcome this difficulty. An electrical contact theory
relating the nonlinear I − V curve to contact area analytically will eliminate the need of
using other methods for calibration, and thus improve the electrical technique to be a powerful standalone technique for mechanical characterization that can overcome the intrinsic
limitations in the Oliver-Pharr method. It will then prove to be useful for characterization
of thin films and materials that exhibit pile-up and perhaps even more.
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Chapter 1
Introduction
Instrumented indentation, also known as depth-sensing indentation, is a relatively new but
dominant method of mechanical testing that significantly expands on the capabilities of
conventional hardness testing. Instrumented indentation employs high resolution instrumentation to continuously control and monitor the forces and displacements of an indenter
simultaneously as it is pushed into and withdrawn from a sample (see Figure 1.1) [1, 2].
Mechanical properties of the indented materials, such as hardness and elastic modulus,
are then calculated from the force-displacement data obtained from the tests as shown in
Figure 1.2. The most widely used method to calculate mechanical properties is the OliverPharr method [3, 4]. Although quite successful, the Oliver-Pharr method does not have a
direct measure of the in-situ contact area. Instead, it uses a semi-analytical approach to
estimate the contact area from the force-displacement curve. It is a fundamental limitation
considering that the mechanical properties measured from instrumented indentation are directly dependent on the contact area, and thus confounds instrumented indentation when
characterizing thin films, materials that pile-up and dynamic behavior of materials such as
creep and fatigue. The objective of this dissertation is to develop an electrical technique,
electrical instrumented indentation, to measure the in-situ contact area, thus improving
instrumented indentation as a mechanical characterization tool at micro/nano-scales.
Instrumented indentation is growing in popularity as a method to characterize mechanical properties. For small scale materials, it is sometimes even the only practical tool for
mechanical characterization. The advantages of instrumented indentation as a characterization tool are: 1) it is relatively easy to learn and operate, 2) high resolution in measurement
of both force and displacement are achievable, and 3) a variety of indenters with various
optional modules are available commercially at relatively low cost. Thus, it is a useful
characterization tool for a broad spectrum of scientists and engineers without an overly
burdensome need for training and background in mechanics, microfabrication or other spe1
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Figure 1.1: Schematic plot of an instrumented indenter’s configuration.
cialized field. Instrumented indentation has been widely used in both materials engineering
and fundamental sciences. For materials engineering, instrumented indentation has been
used to predict mechanical properties of materials and prevent failure, and it facilitates
the optimization of the material’s composition and structure. As for fundamental science,
the capability of obtaining high resolution measurement makes instrumented indentation a
valuable tool to understand mechanics of materials at small scales. It helps to answer some
fundamental questions, such as do material properties depend on size? or are there any
fundamental deformation mechanisms at atomic and molecular dimensions, etc.. For this
sake, instrumented indentation becomes a popular tool in emerging fields such as nanomechanics and biomechanics.
Unfortunately, instrumented indentation is not realizing its full potential, either as a
mechanical characterization tool or a research tool for fundamental science. As a characterization tool, the state-of-the-art analysis method, the Oliver-Pharr method, is intrinsically
limited by the method it employs to estimate the contact area and thus is problematic when
applied to characterize thin films, materials that pile-up and dynamic properties of materials such as creep and fatigue. Although tremendous effort has been paid by scientists and
engineers to overcome these limitations, the modifications are neither simple nor general.
Electrical contact responses between two materials are known to be related to the contact
area, as revealed by the well-known Holm’s equation [5]. Inspired by this, an electrical
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Figure 1.2: Schematic plot of a force-displacement curve from an instrumented indentation test.
technique was developed to obtain in-situ contact area during instrumented indentation
from electrical contact responses between the indenter tip and the sample. The additional
information of the in-situ contact area provided by the electrical measurement will help
to release the limitations inherent in the Oliver-Pharr method and enhance instrumented
indentation for mechanical characterization.
The work reported in this dissertation includes development of an electrical coupled
instrumented indenter, proposal and validation of a data analysis method to obtain mechanical properties from electrical measurements, and application of this electrical technique
to characterize materials that pile-up where the traditional instrumented indentation faces
difficulties. The developed technique was demonstrated to measure in-situ contact area as a
continuous function of applied force during instrumented indentation, thus enhanced instrumented indentation for characterization of dynamic properties of materials. However, due
to the nonlinear nature of the measured contact I − V curves, the technique currently still
relies on the Oliver-Pharr method for calibration. With future development of an electrical
contact theory, this technique can be improved to be a standalone technique for mechanical
characterization that can overcome all the limitations of the Oliver-Pharr method. It will
then prove to be useful for characterization of thin films and materials that pile-up.
The rest of this dissertation is organized as follows. Chapter 2 presents an overview
on instrumented indentation technique. Chapter 3 presents development and validation of
the electrical instrumented indentation technique and is based on an article entitled “Continuous electrical in-situ contact area measurement during instrumented indentation” [6]
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coauthored with C.L. Muhlstein, J.G. Collins, A.L. Romasco, and L.H. Friedman. Chapter
4 presents a thorough investigation of the data analysis methods used to obtain mechanical
properties from the developed electrical instrumented indentation technique and is based
on an article entitled “Augmented instrumented indentation using nonlinear electrical contact current-voltage (I − V ) curves” [7] coauthored with C.L. Muhlstein, A.L. Romasco,
J.G. Collins and L.H. Friedman. Chapter 5 presents application of the developed technique to characterize materials that pile-up, and is based on an article entitled “Extending
electrical instrumented indentation to characterize materials that pile-up” [8] coauthored
with A.L. Romasco, C.L. Muhlstein and L.H. Friedman. Finally Chapter 6 summaries the
work and discusses the ongoing and future work. This chapter serves as an introduction
of the historical perspective and background information needed to understand the content
of this dissertation. Because of the interdisciplinary characteristics of this research and
length consideration, the introduction will only cover the most fundamental concepts in the
related areas. Included in the rest of the chapter are: historical perspective of indentation
test, mechanical properties of materials, contact mechanics, and electrical contact. Readers
familiar with these topics might want to skip directly to Chapter 2.

1.1

Historical perspective of indentation tests

The development of indentation tests has been largely related to people’s need to understand
what hardness is and how to measure it [1, 9]. The perception of hardness is perhaps as
ancient as human existence. It is very natural for people to distinguish between “hard”
and “soft” by physical contact. However, as O’Neill (1934) has widely observed in his
introductory essay on the hardness of metals that "hardness, like the storminess of the seas,
is easily appreciated but not readily measured”. The first quantitative scale of hardness was
not developed until about 200 years ago. In 1822, Friedrich Mohs, a German mineralogist,
scratched one stone with another to establish a relative hardness scale of minerals, Moh’s
scale. In this scale, ten common minerals were arranged in order of increasing hardness
and were assigned with numbers; diamond was assigned the maximum value of 10. The
hardness of a mineral is obtained by determining which mineral in the Mohs scale will
scratch the sample.
The indentation hardness test was introduced by the Swedish metallurgist Johan August
Brinell in 1900. During the test, two steel plates, with a steel ball in between, were squeezed
together in a vice. The size of the residual dents was chosen to represent the hardness of
the steel. Since then, the Brinell test and its derivatives (Vickers, Knoop, Rockwell, ...)
were standardized for use of quality control in industry. In a standard hardness test, an
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indenter of given geometry and material type, such as sphere, cone, or pyramid made of
steel or diamond, is pushed into the sample. Upon removing the force, a permanent residual
indentation in the surface of the sample is examined with a microscope. The hardness is
determined by the ratio of the indentation force and either the surface or projected area of
the residual indent.
In the last three decades, people became more and more interested in the mechanical properties of ever smaller volumes, for example thin films, and traditional indentation
tests became less applicable. As the scale of contact goes down, the deformed area becomes difficult to measure. To solve this difficulty, instrumented indentation was developed. In instrumented indentation experiments, indentation force and indenter displacement are recorded simultaneously as the indenter is pushed into and removed from the
sample surface. The instruments also allow precise control of either indentation force or
penetration depth during the tests and can be accurately performed using forces as small
as a few micro-Newtons over depths in the nano-meter range. Apart from the length scale
of penetration depth, another distinguishing feature of instrumented indentation is the indirect measurement of the contact area, the area of contact between the indenter and the
sample. The depth of penetration into sample surface, together with known geometry of the
indenter, provides an indirect measurement of contact area. For this reason, instrumented
indentation is also known as “depth-sensing indentation”.

1.2

Mechanical properties of materials

Instrumented indentation is widely used to characterize mechanical properties of materials. Mechanical properties of materials is a topic with very rich content [10–12], and this
context here serves as an extremely brief introduction that is dedicated to this dissertation.
One of the most convenient ways to introduce mechanical properties of materials is to
look at the stress-strain curve resulting from a uniaxial tension or compression test. The
simplest definition of stress is a measure of force transmitted through an area. Strain is a
relative measure of deformation in the material. A typical stress-strain curve of a material
is shown in Figure 1.3. As shown in Figure 1.3, four typical regions can be observed: (1)
elastic region, (2) yielding, (3) strain hardening, and (4) necking. It should be emphasized
that a lot of variation from what is shown is possible for real materials, and not all materials
exhibit the regions shown in the figure. When the strain is very small, the stress is proportional to the strain. This region is called “elastic deformation” region. The slope of the
line is the elastic modulus E, which is also referred as Young’s modulus. Elastic deformation is reversible, i.e. once you remove the force applied on the material, the deformation
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disappears. Beyond this linear regime, material’s behavior goes into the nonlinear regime
named “plastic deformation” regime. In crystalline materials, the plastic deformation is
primarily due to motion of dislocations. The stress at which the onset of plastic deformation occurs is defined as yield stress, σy . However, this yield stress is generally difficult to
determine experimentally. Conventionally, a particular offset, most commonly 0.2%, from
the linearity of the stress-strain curve is given to obtain the value. When loading is carried
beyond the yielding region, the force needs to increase to allow for additional strain. This
phenomena is called "strain hardening", and it is associated with an increased resistance to
slip deformation at the microscopic level (for crystalline materials). One important parameter used to characterize the severity of strain hardening is the strain hardening exponent
n. This hardening lasts until the ultimate tensile stress point. Beyond this point, geometrical instabilities, such as internal microvoids and microcracks within the gauge sections,
dominate the plastic response, and the deformation is thus concentrated within the regions
with the highest crack/microvoid density. This phenomenon is well known as "necking",
which involves the gradual reduction in the cross-sectional area in the regime of concentrated deformation. This occurs because the rate of horizontal contraction is now greater
than the rate of hardening. Necking may continue until the catastrophic failure occurs when
a critical condition is reached.

1.3

Contact mechanics

When discussing indentation, it is necessary to introduce the general principles of contact
and how they are related to instrumented indentation [1, 13, 14]. Included discussions here
are Hertzian elastic contact, elastic-plastic contact, and hardness. Discussion of elastic
contact provides basis for elastic-plastic contact, which leads to the fundamental equation
for reduced elastic modulus (Eq. 2.2) in the Oliver-Pharr method. Finally, discussion of
hardness will hopefully give us a better understanding of the most frequently measured
mechanical property from instrumented indentation.

1.3.1

Hertzian elastic contact

The nature of the stresses arising from the contact between two elastic solids is important
and was first studied by Hertz in 1881. The most well known scenario is the contact between a rigid sphere and a flat surface as shown in Figure 1.4. This scenario is the same as
spherical indentation of a flat sample. It is found that the contact radius a is related to the
indentation force P, the indenter tip radius Rtip , and the elastic properties of the materials
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Figure 1.3: A typical stress-strain curve
by the following equation [1],

a3 =

3 PRtip
4 Er

(1.1)

The parameter Er is the reduced elastic modulus that depends on the elastic modulus of
both the indenter and the sample, and is defined as,

Er =

1 − νi2 1 − ν 2
+
,
Ei
E

(1.2)

where Ei and νi are the elastic modulus and Poisson’s ratio for indenter, and E and ν are
for the sample. The deformation of the sample during indentation is very localized, and the
deflection of the surface is given by,
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h(r) =

r2
1 3P
(2 − 2 ) for r < a,
Er 2 4a
a

(1.3)

where r is the distance from the central line. This equation will give us the maximum
3P
indentation depth hmax = h(r = 0) = 4aE
. Combining all these equations, the relation
r
between the indentation force P and the maximum indentation depth hmax is,

P =

4
1/2 3/2
Er Rtip hmax .
3

(1.4)

Figure 1.4: Rigid sphere in contact with a flat surface
For a conical indenter (see Figure 1.5), similar equations can be obtained [1],

πa
Er a cot θ ,
2
π r
h(r) = ( − )a cot θ ,
2 a
2Er tan θ 2
hmax .
and P =
π
P =

(1.5)
(1.6)
(1.7)
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Figure 1.5: Conical indenter in contact with a flat surface.

1.3.2

Elastic-plastic contact

Indentation tests on many materials involve both elastic and plastic deformation. In an
indentation test where plastic deformation of the sample occurs, there will be a residual
indent on the material’s surface. The surface geometry for a conical indenter at fully loaded
and fully unloaded conditions and the resulting force-displacement curve are schematically
shown in Figure 1.6. To calculate the hardness of materials from instrumented indentation
tests, it is necessary to know the contact depth, hc , and contact radius, a. Using the concept
contact stiffness, S = dP/dh, one can obtain the elastic modulus from the unloading curve.
The derivation for these parameters is shown below.
For a pure elastic indentation using a conical indenter tip, the relationship between the
force and penetration is given by Eq. 1.7. Rewriting this equation,
P =

2Er tan θ 2
hr=0 .
π

(1.8)

The slope of the elastic unloading is then given by,
dP
4Er tan θ
=
hr=0.
dh
π

(1.9)
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Figure 1.6: (a) sample’s surface geometry for a conical indenter at full load and full unload, (b)
Force-displacement curve resulted from the conical elastic-plastic contact.

Substituting back into Eq. 1.8, we have,
1 dP
hr=0 .
2 dh

P =

(1.10)

Now according to Figure 1.6, at the fully loaded situation, the elastic displacements are
hr=0 = he , hr=a = hs , and a cot θ = hc . Making use of Eq. 1.6, it is obtained that,

π
hc ,
2
π
= ( − 1)hc ,
2
π −2
he .
=
π

he =

(1.11)

hs

(1.12)

and hs

(1.13)

Combined with Eq. 1.10, the contact depth hc and the contact radius a can be calculated as,

hc = hmax − hs = hmax −

2(π − 2) Pmax
,
π
dP/dh

and a = hc cot θ .

(1.14)
(1.15)

Combining Eq. 1.9, one can calculate the elastic modulus of the indented material as,

Er =

dP/dh
.
2a

(1.16)
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1.3.3

Hardness

The meaning of hardness has been attracting much attention from scientists and engineers
for a long time; however, till now, a rigorous definition of hardness is still open to investigation. In general, hardness is test dependent and not an intrinsic constitutive property
of materials. The most famous criteria of hardness is given by Hertz, who postulated that
an absolute value for hardness is the least value of pressure beneath a spherical indenter to
produce a permanent set at the center of the area of contact. Thus, the pressure distribution
beneath the indenter is of particular interest. For a spherical indentation, Eq. 1.1 gives the
relation between the applied force P and the contact radius a. Rewriting this equation, one
would have [1],
4Er a
P
,
=
2
πa
3π Rtip

(1.17)

where πaP2 is equal to pm , the mean contact pressure, and is called "indentation stress", and
a/Rtip is called "indentation strain". A plot of the indentation stress vs. the indentation
strain for the whole range of elastic-plastic deformation shows three regimes depending on
the relation between the mean contact pressure and the yield stress: (1) pm < 1.1σy , pure
elastic response as described by Eq. 1.17, (2) 1.1σy < pm < Cσy , plastic deformation exists
beneath the indenter but is constrained by the surrounding materials, and (3) pm = Cσy ,
plastic region grows in such that no increase in the mean contact pressure occurs for further
increases in applied force.
The hardness value is given by the maximum mean contact pressure after which no
increase occurs with increasing indentation force. It is related to the uniaxial compression
yield stress as,
H = Cσy ,

(1.18)

where C is usually referred as the constraint factor. The reason the mean pressure in an
indentation test is larger than the yield stress in a uniaxial compression test lies in the fact
that shear stresses are responsible for plastic flow. The maximum shear stress is equal
to half of the difference between the maximum and minimum principal stresses. In an
indentation test, the material underneath the indenter is constrained by other material and
subjected to a substantiate hydrostatic stress component. Thus, a greater contact pressure
is needed in an indentation test than in an uniaxial compression test. Both experiments
and theories predict that C ≈ 3 for materials with a small value of the ratio σy /E (e.g.
metals), and C ≈ 1.5 for large values of σy /E (e.g. glasses). Many theoretical approaches
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to hardness are also available, for example, the expanding cavity model from Johnson, slip
line theory from Hill et. al., and another one from Shaw and DeSalvo [1].

1.4

Electrical contact

As a key component of the electrical instrumented indentation technique, electrical contact responses between a conductive indenter tip and a conductive sample are measured
and analyzed for mechanical properties. Understanding of the fundamental principles of
electrical contact is required. In this section, two topics, metal-metal contact and metalsemiconductor contact, are covered in Sections 1.4.1 and 1.4.2 respectively. More comprehensive and detailed discussion on electrical contact can be found in [5, 15–18].

1.4.1

Metal-metal contact

Microscopically all surfaces are rough. Surface microroughness consists of peaks and valleys whose shape, height, separation and other geometrical characteristics depend on details of surface generation process. If two bodies are put into contact, contact only occurs
at discrete spots produced by the mechanical contact of asperities on the two surfaces (see
Figure 1.7). Thus, for all solid materials, the area of true contact is only a small fraction
of the nominal contact area. When considering metal-metal contact, the area of electrical
contact is even smaller than the mechanical contact area because some of the mechanically contacting surface is covered by electrically insulating layers that prevent electrical conduction. In an electrical junction, the electrical current lines become distorted as
approaching the contact and bundled together to pass through the discrete contact spots,
which are usually named “a-spots”. Constriction of the electrical current at a-spots reduces
the cross-sectional area used for electrical conduction and thus increases electrical resistance. This increase in resistance is termed “constriction resistance”. In addition, usually
contamination films with large electrical resistivity will be present on the surface and cause
an increase in electrical resistance. The total increase of the electrical resistance due to the
presence of the interface, including the contribution of the constriction and contamination,
is called “contact resistance”.
To have a simple mathematical treatment of this electrical contact problem, the shape
of the “a-spots” are assumed to be circular and two contacting surfaces are assumed to
be semi-infinite and in contact at a single spot with radius a (see Figure 1.8). Under this
circumstance, the resulting constriction resistance takes on a very simple form,
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Figure 1.7: Schematic diagram of two bodies with nominally flat surfaces making electrical contact.

Rc =

ρ1 + ρ2
,
4a

(1.19)

where ρ1 and ρ2 are the electrical resistivities of the contacting solids, and a is the contact
radius. This equation is frequently used in electrical contact literature, and is often referred
as Holm’s equation. When the two contact materials are the same, the Holm’s equation
becomes

Rc =

ρ
.
2a

(1.20)

When the scale of the contact becomes really small, the Holm’s equation does not
necessarily hold [19, 20]. Holms’s equation is only applicable when the contact size is
much larger than the mean free path of electrons (a  l). On the other hand, when the
contact size is much smaller than the electron mean free path, the Sharvin’s equation [21]
should apply,
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Figure 1.8: Two semi-infinite flat surfaces in contact at a single spot with radius a. The resistivities
of the two bodies are ρ1 and ρ2 respectively.

Rc =

4ρl
,
3πa2

(1.21)

where l is the mean free path of electrons. At this limit, the electrons move in a ballistic
way and are scattered deeply inside the bulk of the specimen as schematically shown in
Figure 1.9.
For scales in between, Wexler [22] gave the expression for contact resistance,

Rc =

4ρ
ρ
K + ΓΨ(K),
3πa
2a

(1.22)
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Figure 1.9: Ballistic motion of electrons through a nanoscale contact.
where K = l/a is the Knudsen number and Ψ(K) is a function that takes value 1 at the limit
K = 0 and decreases slowly to 9π/128 as K increases to large values.

1.4.2

Metal-semiconductor contact

Metal-semiconductor structures play an important role in electronic devices [23], and has
been focus of many reviews [17, 18]. The electrical instrumented indentation technique
uses a semiconducting doped diamond tip to indent metals, so the metal-semiconductor
contact is of great importance for this work as well. This section only serves as a very
brief description related to this dissertation. Based on the current-voltage characteristics,
metal-semiconductor contacts can be divided into two classifications [24]. Contacts with
rectifying characteristics are called Schottky barriers, and those with linear characteristics
are called Ohmic contacts. The single most important parameter describing a Schottky
barrier is the barrier energy, φB . Ohmic contacts are best characterized by the specific
contact resistance Rc .
The contact formed between a metal and a semiconductor is usually described by the
band diagram (see Figure 1.10). The work function of the metal, φm , is the energy needed
to remove an electron from the Fermi level of the metal (EFm ) to an infinite distance from
the metal surface (i.e. the vacuum level). The work function of the semiconductor is φs ,
but a more useful quantity is the electron affinity χs , such that
φs = χs + ξ ,

(1.23)
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Figure 1.10: Energy-band diagrams of a metal and a semiconductor separated by a large distance.
where ξ is the position of the Fermi level in the semiconductor (EFs ) relative to the conductionband edge. Depending on the semiconductor type and relative magnitude of φm and φs , four
possible cases can occur as shown in Figure 1.11.
The current-voltage characteristics of a metal-semiconductor contact are governed by
the transport of the charge carriers, electrons or holes, across the metal-semiconductor
interface and its associated space-charge region. One of several different physical mechanisms can control the transport of the carriers depending on the semiconductor material,
doping, temperature and energy φB . Typical mechanisms include thermionic emission, field
emission, or a combination of both. In thermionic emission, the charge carriers flow over
the potential barrier. In field emission, electrons tunnel quantum mechanically through the
barrier at energies near the Fermi level; tunneling at energies above the Fermi level is called
thermionic-field emission. The thermionic emission usually results in rectification, while
field emission and thermionic-field emission results in Ohmic behavior.
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Figure 1.11: Band diagrams describing Schottky or Ohmic contact when putting metal into contact
with semiconductor. Four types of conduction are possible depending on semiconductor type and
the relative magnitude of φm and φs .

Chapter 2
Overview of Instrumented Indentation
Instrumented indentation has gained more and more popularity as a tool to characterize
mechanical properties of materials, especially at small length scales. The high levels
of control, resolution, and data acquisition in the system have advanced understanding
of many aspects of material science and mechanics, particularly regarding fundamental
mechanisms of mechanical behavior at micrometer and even sub-micrometer length scales.
Instrumented indentation testing is most frequently used to measure hardness and elastic modulus [3, 4]. Although not as well-established, the technique has also been used to
study yield stress and strain-hardening characteristics of metals [25], dislocation behaviors
in metals [26], residual stress [27], phase transformation in semiconductor materials [28],
fracture behavior in ceramics [29], mechanical behavior of thin films [30] biological materials [31], and time-dependent behavior in soft metals and polymers [32]. In addition, lateral
indenter tip motion was utilized to investigate tribological behavior of surfaces [33], including scratch resistance and wear resistance of metals. The extent to which the technique
can be used to characterize material’s properties are continuously being explored. Furthermore, a number of researchers are using dimensional analysis and finite element modeling
to relate material’s constitutive behavior to indentation force-displacement data [34]. In
this chapter, a brief overview is given regarding the most important aspects of instrumented
indentation, namely instrument configuration, data analysis methodology, calibration methods, and limitations of the Oliver-Pharr method. More complete reviews can be found
in [1, 2, 4, 34–41].
In an instrumented indentation test, an indenter tip with known shape is pushed into
the sample. Subsequently, after reaching a specified maximum force or depth, the tip is
removed. During this process, the indentation force and penetration depth are measured
simultaneously. Thus, this test gives not only a single value of hardness as in conventional
hardness tests, but also a complete history of deformation, the force-displacement (P −
18
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h) curve (Figure 2.1). A typical force-displacement curve consists of a loading and an
unloading part. The loading curve is elastic-plastic in nature, and shows the resistance of
the sample against the penetration of the tip and reflects both elastic and plastic properties
of the sample. The unloading curve is mainly determined by the elastic recovery of the
indent. From such a force-displacement curve, mechanical properties, such as hardness
and elastic modulus, can be extracted by applying an appropriate analysis.

Figure 2.1: Schematic plot of a force-displacement curve from an instrumented indentation test.
The rest of this chapter is organized as follows. A brief overview of the instrument
is given in Section 2.1, followed by an introduction of the most commonly used method
to analyze the force-displacement data, the Oliver-Pharr method (Section 2.2). Following
that, the uncertainties in the measurement and the limitations of the analysis method are
discussed in Sections 2.3 and 2.4 respectively.
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2.1

Instrument overview

An instrumented indentation systems is schematically illustrated in Figure 1.1. It consists
of four key components: (1) a stiff load frame to mechanically support the system, (2) a
force transducer to apply a controlled force, (3) a displacement sensor for measuring the
indentation displacement, and (4) an indenter tip to probe the sample’s surface. Nowadays, most instrumented indentation testing has been performed on instruments that are
specifically designed for small length scales, i.e. submicron scale. Because of the similarities in the basic components, however, other commonly used mechanical testing machines,
such as a tensile testing machine, can be adapted for instrumented indentation testing, as
discussed in Chapter 3.
There are a number of commercially available instrumented indentation systems developed by MTS Systems Corp. (Oak Ridge, TN), Hysitron Inc. (Minneapolis, MN), Micro
Materials Ltd. (UK), CSIRO (Australia), and CSM Instruments (Switzerland). They differ
primarily in the ways they apply the force and measure the displacement, and thus result
in different range and resolution in measurement. Detailed description of each system can
be found in [1]. In our development, the instrumented indentation tests are run on two
different machines: a modified Instron 5848 micromechanical tester for microscale, and a
Triboindenter from Hysitron Inc. for nanoscale.
Indenter tips made of various materials with a variety of geometries are used in instrumented indentation tests. Depending on the application, different indenter tips are chosen
to maximize the effectiveness of the tool. Diamond is the most commonly used material
because its excellent stiffness and hardness minimize its contribution to the measured deformation. Indenter tips can also be made of sapphire, silicon carbide, tungsten carbide or
other materials, but more elastic displacement of the indenter has to be accounted for. In
terms of geometries, many options exist: Berkovich, spherical, conical, and cube-corner
etc. [42]. Different geometries give different tip shape area functions, which are the relations between the projected contact area and contact depth. Assuming the indenter tip to
be perfect in geometry, an ideal tip shape area function can be obtained for each type of
indenter tip. Ideal tip shape area functions for different tips can be founds in [1]. The most
frequently used geometry is Berkovich, a three-sided pyramid with an ideal tip shape area
function Ac = 24.5h2c . In this work, Berkovich indenter tips are used because it is easy to
grind at nanoscale, thus allowing full range of measurements.
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2.2

Analysis of force-displacement curve: the Oliver-Pharr
method

Hardness and elastic modulus are the two most commonly measured mechanical properties from instrumented indentation tests. The analysis of indentation force-displacement
curves is often based on work by Doerner and Nix [43] and further modification by Oliver
and Pharr [3]. Their analyses were in turn traced back to the relations developed by Sneddon [44] for the penetration of a flat elastic half space by different probes of various shapes.
These analyses are based upon elasticity and assume that the unloading behavior is characterized by elastic recovery only.
The most widely used analysis method is the Oliver-Pharr method [3]. In this method,
the equations proposed to calculate hardness and elastic modulus are:

Pmax
,
Ac
√
π 1
S√ .
=
2β
Ac

H =
and Er

(2.1)
(2.2)

Here H is the hardness, Pmax is the maximum force (see Figure 2.1), Ac is the projected
contact area, Er is the reduced elastic modulus, β is a correction factor that slightly deviates
from unity, and S is the contact stiffness. The contact stiffness, S, is the increment in force
divided by the resulting increment in displacement in the absence of plastic deformation,
S =

dP
|
.
dh elastic

(2.3)

It can be obtained from the slope of the initial unloading curve, from which the elastic
modulus can be calculated. Er , the reduced elastic modulus is previously defined in Eq. 1.2
and repeated here for convenience,
1 − νi2 1 − ν 2
1
=
+
,
Er
Ei
E

(2.4)

where Ei and νi are the elastic modulus and Poisson’s ratio for indenter, and E and ν are for
the sample. The reduced modulus takes into account the fact that the elastic deformation
occurs in both the sample and the indenter.
Pmax can be directly read off from force-displacement curve. Elastic constants of the
indenter tip are usually known. For a diamond tip, Ei = 1060 GPa and νi = 0.07. Based on
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Eqs. 2.1-2.2, however, the three other quantities required to calculate hardness and elastic
modulus are: contact stiffness S, contact area Ac and correction factor β . The procedures
for calculating these three quantities are as follows.
Contact stiffness The contact stiffness S is determined in two steps:
(1) Fit the unloading curve (Figure 2.1) with P = α(h − h f )m , where α and m are fitting
parameters, and h f is final penetration depth (Figure 2.2). To avoid the complications in
experiments that usually occur at the maximum force and the low forces, the unloading
data from 20 − 95% of the maximum force is used to fit the curve.
(2) Take the derivative (Eq. 2.3) at the maximum force to determine the contact stiffness
S = ( dP
dh )P=Pmax .

Figure 2.2: Contact profiles at fully loaded and fully unloaded conditions.

Contact area Ac The projected contact area is determined by the geometry of the indenter
and the contact depth hc . Sneddon’s analysis [44] shows that

hc = hmax − ψ

Pmax
,
S

(2.5)

where the constant ψ is dependent on the indenter’s geometry. The effective indenter tip
shape concept, combined with Sneddon’s analysis, gives us an accurate value of the geometric factor ψ [45–47],
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m
)
2Γ( 2(m−1)
(m − 1)],
ψ = m[1 − √
1
πΓ( 2(m−1)
)

(2.6)

where m is the exponent of the power-law relation used to fit unloading curve, and Γ(...) is
the gamma function. In most experiments, 1.2 < m < 1.6, and the value of ε varies between
0.79 and 0.74.
To calculate the projected contact area from the contact depth, the tip shape area function is used,
Ac = f (hc ).

(2.7)

For a perfect geometry, the ideal tip shape area function is known [1]. However, the ideal
shape area function is not applicable because of the imperfection of the indenter tip, especially at small depth. Thus, the function requires calibration (Section 2.3). Substituting Eq.
2.5 into the calibrated area function, one can calculate the projected contact area.
The correction factor β Eq. 2.2 was originally developed for contact of an isotropic
elastic half space by rigid indenters of various geometries by Sneddon [44], and was subsequently determined to be a general formula that is applicable to any indenter that can
be described as a solid of revolution of a smooth function [48]. More recently, it has
been suggested to hold for general elastic-plastic solids with or without strain hardening as
well [49]. In the original method proposed by Oliver and Pharr, the dimensionless parameter β was taken to be unity [3]. However, experiments and numerical simulations showed
that β should deviate from unity [4, 39, 46, 50–55]. The correction factor is very important
when an accurate measurement of mechanical properties is desired (Eq. 2.2).
The reasons that β deviates from unity are the following [55, 56]: (1) an elastic radial
inward displacement is overlooked in Sneddon’s analysis, and it causes β to be slightly
larger than unity, (2) Eq. 2.2 is only accurate for the small strain condition, which is
only satisfied when the indenter half angle is around 90◦ , and (3) the indenter is not a
perfect cone and a geometrical correction is needed. The most widely used value of β is
1.034, which was obtained from finite element simulations of elastic indentations with flatended punches of triangular and circular cross-sections performed by King [50]. However,
different approaches [46, 51, 52, 54, 55, 57–61] have been taken to estimate the value of β
and yielded different results ranging from 1.032 and 1.14. Larsson et al. [51] conducted a
3D finite element calculation of Berkovich indentation of a purely elastic material. They
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found that β is dependent on the Poisson’s ratio through the equation
β = 1.2304(1 − 0.21ν − 0.01ν 2 − 0.4ν 3 ).

(2.8)

This equation gives β = 1.14 at ν = 0.3. Cheng and Cheng [57, 62] found that β = 1.05
for non-hardening material and β = 1.085 for hardening material, independent of E/σy and
ν, based on dimensional analysis and systematic finite element study of various materials.
Bolshakov and Pharr [52] conducted similar finite element simulation, and obtained that
β = 1.07 for most of the materials. To correct for the radial displacements within the circle
of contact for an elastic contact with a conical indenter from finite element results, Hay et
al. [55] proposed an equation,

β = π

(1−2ν)
]
[ π4 + 0.1548 cot θ 4(1−ν)
2
[ π2 − 0.8312 cot θ (1−2ν)
4(1−ν) ]

,

(2.9)

where θ is the half included angle of the indenter. For ν = 0.3 and θ = 70.3◦ , this equation gives β = 1.067. Dao et al. [58] calculated β = 1.096 for a Berkovich indenter and
β = 1.0595 for a 70.3◦ conical indenter from a 3D finite element analysis. More recently,
Borodich and Keer [59] derived an analytic equation for β by considering the elastic, adhesive contact between a rigid, axisymmetric punch and an isotropic, elastic half-space,
β =

(1 − ν) ln(3 − 4ν)
,
1 − 2ν

(2.10)

which gives us β = 1.0286 for the case ν = 0.3. Experimentally, Martin and Troyon [46]
measured β = 1.063 for a Berkovich indenter. Gong et al. [60] obtained β = 1.032 from
indentation of brittle materials using a Berkovich indenter tip. Troyon and Huang [61]
proposed β = 1.07 for a new Berkovich indenter and β = 1.26 for a worn one.
As indicated by Fischer-Cripps [39], the factor 1.034 reasonably represents the change
from axi-symmetric to a pyramidal cross-section and an additional factor ≈ 1.06 is required
to account for the radial displacements and other causes. These two will finally gives us
the value β = 1.09. However, in the investigation by Oliver and Pharr [4], a value of 1.05
was suggested to be a reasonable estimate. Currently, no consensus has been reached on
why this factor should arise and what value it should take. In our work, the value for the
correction factor β was taken to be 1.034.
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2.3

Calibration procedures

In order to calculate hardness and elastic modulus accurately, it is required that various
sources of error are accounted for when analyzing force-displacement data. Calibration
methods to remove the three essential errors, machine compliance, the indenter tip shape
area function and thermal drift, are introduced below. Other errors, namely nonzero initial
penetration, tip radius, and surface roughness, do exist, however, they will not be discussed
here for brevity’s sake. Detailed discussion on these issues can be found in [1].
Machine compliance In an instrumented indentation experiment, the measured displacement consists of three parts: the elastic deformation of the indenter, the elastic/plastic deformation of the sample, and the deformation from the load frame. The reduced elastic
modulus (Eq. 2.4) is taken to account for the contribution from the first two items, and the
third item also needs to be subtracted in order to obtain the only deformation from the sample, from which accurate contact stiffness can be determined. To determine the machine
compliance, it is assumed that the total compliance is the sum of the machine compliance
and the compliance of the contact between indenter and sample. Thus,
√
π 1
√ ,
Ctot = Cm +
2β Er Ac

(2.11)

where Cm is the machine compliance, and the second term is the compliance of the contact (i.e. inverse of the contact stiffness). This assumes that the machine compliance is a
√
constant independent of force. From Eq. 2.11, a plot of Ctot vs. 1/ Ac gives a straight
line if Er is assumed to be independent of the indentation depth. The slope of the line gives
the reduced elastic modulus, and the intercept defines the machine compliance. With the
machine compliance measured, the force-displacement data can be corrected according to
the equation,
h = ht −Cm P,

(2.12)

where ht is the total displacement and h is the displacement after correction.
The specific calibration method used to determine machine compliance involves an
iterative procedure on a reference material, usually fused quartz. Indentations should be
made on the reference material at relatively large depth, where the ideal tip shape area
function is expected to apply. Initially Cm is assumed to be zero, and Oliver-Pharr analysis
√
is run according to Eqs. 2.1-2.5. Plot of Ctot vs. 1/ Ac would give a new value of Cm .
This new value of Cm is used next to correct the force-displacement data according to Eq.
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2.12, and Oliver-Pharr analysis can be utilized to again calculate a new Cm . The procedure
is repeated until sufficient convergence in Cm is achieved.
Tip shape area function Tip shape area function is a function that relates the projected
contact area and the contact depth, and is needed to calculate hardness and elastic modulus
as in Eqs. 2.1 and 2.2. The ideal tip shape area function for a certain geometry is not
applicable, especially at the shallow depth, because of the roundness of the indenter tip.
Thus, the tip shape area function needs to be calibrated in order to get an accurate projected
contact area. An independent measure using AFM or other imaging techniques is more
beneficial, but very inconvenient. It is more common to calibrate on a material with known
properties, and obtain the values of Ac as a function of hc , from which the tip shape area
function can be found.
With the machine compliance known, the tip shape area function can be determined
from a series of indentations over the force range of the instrument on the reference material
with known elastic modulus. From Eq. 2.11, Ac can be calculated as,
Ac =

1
π
,
2
2
4β Er (Ctot −Cm )2

(2.13)

and is plotted versus the contact depth calculated from 2.5. The tip shape area function is
then obtained by fitting the (Ac , hc ) data to a polynomial of the form,
1/2

1/4

1/8

1/16

Ac = a0 h2c + a1 hc + a2 hc + a3 hc + a4 hc + a5 hc

+ ...,

(2.14)

where ai are fitting parameters. Then, this equation will be used as Eq. 2.7 to calculate
mechanical properties of materials.
Thermal drift In instrumented indentation tests, it is common for one to observe changes
in depth with constant force. There are two reasons for that: one is creep behavior of the
sample and another is the change in dimensions of the instrument due to thermal expansion
or contraction. The second type of change in depth is called a "thermal drift" error. The
thermal drift error is calibrated by holding the tip in the air with no force applied or by
holding the tip at a low force where creep effect is negligible, and recording how the depth
changes with time. The change of depth during this holding period will be fitted with a
straight line, the slope of which is taken as the thermal drift rate vtd . The depth for all the
indentation tests needs to be corrected according to the following equation,
h = ht − vtd · t.

(2.15)
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2.4

Limitations of the Oliver-Pharr method

Instrumented indentation along with the Oliver-Pharr method has been widely used in mechanical characterization of materials. However, it faces difficulties when applied to characterize materials that pile-up, thin films and dynamic properties of materials such as creep
and fatigue because the fundamental equation used by the Oliver-Pharr method to calculate
contact area has intrinsic limitations. For these applications, the electrical instrumented
indentation technique developed in this dissertation will prove to be useful. The reviews
of the work that has been done on indentation of materials that pile-up, thin films and
indentation creep are included in Sections 2.4.1, 2.4.2 and 2.4.3 respectively as follows.
Section 2.4.4 summaries the limitations of the Oliver-Pharr method and highlights the need
of in-situ contact area measurement.

2.4.1

Pile-up

It is well known that the materials outside the contact area of an indentation usually deform and the surface does not remain flat [9]. A well annealed metal with a high strain
hardening rate tends to exhibit plastic deformation far away from contact, and thus results in sink-in behavior. A heavily work-hardened metal with a low strain hardening rate
deforms more locally and forms pile-up around the contact. Both pile-up and sink-in behavior are schematically illustrated in Figure 2.3. The pile-up and sink-in behaviors are
of great interest because they affect the determination of the indentation contact area and
thus the mechanical properties measurements. The rest of this section is organized as follows. Section 2.4.1.1 discusses what types of material exhibits pile-up and how the pile-up
behavior correlates to material’s properties. Section 2.4.1.2 reviews efforts taken by other
researchers to correct pile-up effect for a better measurement of mechanical properties.
2.4.1.1

Pile-up in materials

What types of materials exhibits pile-up and how the pile-up behavior correlates to material’s properties have been examined by both finite element simulation [52, 56, 63, 64] and
experiments [65]. Marx and Balke [56] showed that pile-up should dominate for materials
with a low value of both hardness to Young’s modulus ratio (H/E) and strain hardening
exponent to Young’s modulus ratio (n/E). Bolshakov and Pharr [52] related the amount of
pile-up and sink-in to the ratio of final depth to the maximum depth (h f /hmax ), which is
dependent on the ratio of the effective modulus to the yield stress (Eeff /σy ) and the strain
hardening exponent n. In general, pile-up is greatest for large Eeff /σy and small strain hard-
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Figure 2.3: Schematic plot of pile-up and sink-in.
ening exponent. A more thorough investigation was conducted by Cheng and Cheng [63]
using dimensional analysis and finite element calculation. Pile-up and sink-in were shown
to depend on two relevant parameters: the ratio of elastic modulus to yield stress (E/σy )
and strain hardening exponent n. For large σy /E, sink-in always occurs for all values of
n > 0. For small σy /E, both sink-in and pile-up may occur depending on the value of
strain-hardening exponent; pile-up for small n and sink-in for large n. Alcala et. al. [65]
experimentally measured pile-up and sink-in in metals and ceramics using both Vickers
and spherical indenter tips, and correlated them with strain hardening exponent n. It was
found that sink-in predominates in materials with n > 0.2, and pile-up occurs for small n.
In [64], the influence of the ratio of the elastic recovered depth he (See Figure 1.6) to the
maximum penetration depth hmax on the pile-up and sink-in behavior and its relationship
with σy /E and n were investigated. As shown in [64], there is a linear relationship between
ln(he /hmax ) and ln(σy /E) when n is a constant,

ln

he
hmax


= c1 ln

σ 
y

E

+ c2 ,

(2.16)

where c1 and c2 are constants dependent on the hardening exponent n. The analysis indicates that no pile-up occurs for materials with n > 0.3, and the critical value of he /hmax
for pile-up and sink-in is 0.12 for materials with n < 0.3.
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2.4.1.2

Correction for pile-up

To correct for pile-up and get an accurate measurement of mechanical properties, much
work has been done in the last decade [53, 58, 66–71]. This work can be classified into two
categories. One was to find a way to characterize the amount of pileup and compensate in
the calculation of contact area. Another one was to utilize ideas such as indentation work
to calculate mechanical properties instead of estimating contact area based on Eq. 2.5.
In [66], a parameter was proposed to describe the ratio of the indentation contact area
Ac to the cross section area of the indenter Atri , the area of the triangle marked by the
corners of the indenter (see Figure 5.2 inset). This parameter was used to characterize the
extent of pile-up or sink-in and calculate the contact area. However, this method involved
direct imaging of the indentation impression, thus very time-consuming and inconvenient
to apply. In [67], a unique relation between Ac and hmax was obtained, which took into
consideration pile-up and sink-in by fitting finite element simulation data, and was shown to
be dependent on the parameters, h f /hmax or (Wtot − Wu )/Wtot , which could be extracted
from the force-displacement curve directly. Similarly, Xu and Agren [71] proposed an
equation to relate Ac to the ratio of the elastic recovered depth he to the maximum penetration depth hmax . This method took into account pile-up and sink-in behavior and gave
better prediction of actual contact area. In [69], a new analysis technique based on more
detailed contact morphologies was proposed to account for pile-up and sink-in behavior.
A constant to characterize the extent of pile-up was defined, and based on finite element
simulation this constant was shown to correlate with the material properties n and σy /E in
the following form,

f = 1.2445(1 − 0.6n)(1 − 7.2

σy
).
E

(2.17)

By using this constant, a more accurate contact area could be calculated, and thus effect of
pile-up and sink-in compensated.
The work of Cheng and Cheng [53], which is based on indentation work, is noteworthy.
Based on finite element simulations of various materials with varying σy /E ratios and
hardening exponents n, a unique relation between the ratio of hardness to effective modulus,
u
H/Er , and the ratio of the irreversible work to the total work, WtotW−W
, was found,
tot
H
≈ Πθ
Er




Wtot −Wu
,
Wtot

(2.18)
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where Πθ (...) is a dimensionless function dependent on the indenter angle θ , Wtot and
Wu are the total work and the unloading work that can be calculated from the forcedisplacement curve. Combining Eqs. 2.1 and 2.2 and taking β = 1, one can have the
following equation,

π Pmax
H
=
.
Er
4 S2

(2.19)

The two independent equations, Eqs. 2.18 and 2.19, rendered a solution for H and Er
without involving the contact area. Extension of this work can be found in [68], where the
u
relation between H/Er and WtotW−W
was explored further. It was shown that
tot
H
Wtot −Wu
1
,
=
Er
δ1 (1 + δ2 ) Wtot

(2.20)

where δ1 = 1.50 tan(θ ) + 0.327 for 60◦ ≤ θ ≤ 80◦ , and δ2 = 0.27. This work has also been
applied to spherical indenter by Ni and Cheng et. al. [70]. The advantage of this type of
method is that it avoids using Eq. 2.5 to estimate contact area, which is problematic for
materials showing pile-up, and possibly gives better measure of the mechanical properties.

2.4.2

Thin films

Metallic thin films are of great importance for semiconductor, magnetic recording media, and microelectromechanical system devices [72]. The principal design consideration
for thin films in the above mentioned applications is often not structural, however, the
structural integrity and reliability of these devices have to be achieved as secondary considerations [72, 73]. Instrumented indentation has become one of the most widely used
techniques to measure mechanical properties of thin films [38]. The technique has many
advantages, among which are that: 1) there is no need to remove the film from the substrate, and 2) it is possible to measure properties of a film with thickness less than 100nm.
However, since the original method [3] was primarily developed for monolithic materials,
it does not account for the influence from the substrate and thus is problematic when applied to characterize thin films. A significant amount of effort has been paid to address
the substrate effects, measure film/substrate composite properties accurately, and even determine film-only properties during the last decade through theories, simulations and experiments [30, 38, 43, 50, 70, 74–88]. A brief summary of the efforts is included as below.
Sections 2.4.2.1 to 2.4.2.3 review the work by other researchers to study substrate effects,
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to measure mechanical properties of film/substrate composite, and to measure film-only
mechanical properties, respectively.

Figure 2.4: Indentation of film on substrate systems for two cases: (a) soft film on hard substrate,
and (b) hard film on soft substrate.

2.4.2.1

Substrate effects

Film/substrate systems can be classified into two categories: soft film on hard substrate
and hard film on soft substrate (see Figure 2.4). The former is very commonly used in the
semiconductor industry, for example, aluminum, copper and gold are usually deposited on
silicon. The latter case is typical for magnetic recording media. In each case, substrate
affects the mechanical performance of thin films in different ways. To have a better understanding of the mechanical behavior of these film on substrate systems, the substrate effects
have to be investigated.
One way to deal with the substrate effect is to find a critical penetration depth, hcr ,
above which the substrate starts to have significant effect on the behavior of film/substrate
composite, and indent thin films only to a maximum depth less than hcr . In this way the
substrate effect can be avoided in the testing. The rule of thumb frequently used is that
the penetration depth should be smaller than one tenth of the film thickness. However, this
one-tenth rule is not necessarily applicable to all systems. Research work has been done to
investigate the indentation behavior of thin films to determine the critical penetration depth
hcr [82,88]. It was shown that the critical penetration depth is dependent on the mechanical
properties of the film and substrate, the ratio of the yield strength of substrate to that of
film σys /σy f and the ratio of the elastic modulus of substrate to that of film Es /E f , and
the indenter’s tip radius. Panich and Sun [82] showed that hcr increases with increasing
σys /σy f and decreases with increasing tip radius. They also indicated that when σys /σy f
is larger than 5, the hcr value increases abruptly, which means that the restriction on the
penetration depth is much released for a soft film on a very hard substrate systems. Xu and
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Rowcliffe’s work [88] indicated that elastic property difference between film and substrate
have larger influence than the plastic property difference. It is not surprising, because the
elastic deformation is a far field deformation while the plastic deformation is a local one.
Another way to deal with the substrate effect is to try to understand and/or measure it
when it exists. Various work has been done to study the influence of substrate on measured
elastic modulus and hardness of thin films, by means of analytic treatment, finite element
simulation and experiments [30,77,82,83,89]. It was shown that mismatches in both elastic
and plastic properties between film and substrate have influences on mechanical properties
of thin films.
The elastic property of the substrate affects the measured contact stiffness, thus the
elastic modulus and hardness of the film. The influence on the contact stiffness increases
as the depth of indentation increases. For a soft film on a hard substrate, the contact stiffness
increases with increasing elastic modulus of the substrate. Thus, the elastic modulus of the
composite is increased. However, the hardness of the composite is almost unaffected by the
elastic modulus mismatch. By contrast, for a hard film on soft substrate system, the contact
stiffness decrease with decreasing substrate modulus [30]. Therefore, the elastic modulus
and hardness of the composite decrease with decreasing substrate modulus.
The influence of the substrate plastic properties is more complicated, and exhibits different features for the two different cases. The influence on the soft film on hard substrate
case experiences two regimes [82]. First, the constraint of the harder substrates alters the
plastic deformation of the soft film, resulting in enhanced material piling-up around the
indenter. This behavior was also experimentally observed in a variety of soft film on hard
substrate systems [30, 77, 83]. Second, as the indentation depth exceeds a critical value,
plastic deformation of the substrate is initiated and propagated and it will obviously affect
the behavior of the system. The Oliver-Pharr method does not account for piling-up effect,
thus it underestimates the contact area and overestimates hardness and elastic modulus.
For the case where a hard film is deposited on a soft substrate, the substrate is not able to
support the force intensity applied by the indenter on the hard film, which leads to plastic
deformation in the substrate creating a larger flow area in the substrate than in the film,
thus resulting a sinking-in behavior and underestimating mechanical properties [83]. In
this case, the substrate effect is very large and inevitable even if the penetration depth is
less than 1/10 of the film thickness.
A more comprehensive investigation was conducted by Chen and Vlassak [89] through
numerical simulation. First, the investigation showed that the elastic mismatch plays a
minor role in hardness measurement of thin films. Then a substrate effect factor was defined
as
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δ =

H − Hb
,
Hb

(2.21)

where Hb is the hardness of the film in bulk form. This factor was shown to be dependent on
yield stress mismatch σy f /σys while ignoring any dependence on elastic modulus mismatch
E f /Es , and the dependence can be described in three different regions. When σy f /σys ≤ 1,
the plastic zone is almost confined in the film itself and substrate effect is negligible until
the indentation depth is less than 50% of the film thickness. For deeper indentation, the
substrate factor decreases with increasing yield stress mismatch. When 1 < σy f /σys ≤ 40,
plasticity is induced mostly in the substrate with only a small plastic region in the film
beneath the indenter. The substrate effect is very pronounced, and is almost inevitable even
when indentation depth is smaller than 10% of the film thickness. The substrate effect
factor can be as high as 80% when the indentation depth is equal to film thickness. Finally
when σy f /σys > 40, the substrate is fully plastic and unable to support the film. The plate
bending effect becomes important and further reduces the plastic zone in the film. As a
result, the substrate effect factor will become smaller with increasing yield stress mismatch.
2.4.2.2

Film/substrate composite properties

As discussed in Section 2.4.2.1, the presence of the substrate affects the composite properties. The hardness of a soft film is enhanced by the hard substrate while the reverse is
true for a hard film on soft substrate. In addition, the true contact area estimation is affected by the substrate because of different pile-up and sink-in characteristics. Soft films
on hard substrate tend to pile-up, and hard films on soft substrate tend to sink-in (see Figure
2.4.2.1). The change in contact profile makes the Oliver-Pharr method not applicable. The
contact area is underestimated for soft film on hard substrate case and overestimated for
hard film on soft substrate case. The error in contact area estimation will eventually affect
the measurement of hardness and elastic modulus.
To accurately measure the mechanical properties of film/substrate composite, the true
contact area has to be measured with pile-up or sink-in accounted for. Or, new methods that
avoid using Oliver-Pharr to estimate contact area need to be utilized to calculate mechanical
properties. Saha and Nix [30] utilized the equation first suggested by Joslin and Oliver [90]
to estimate the thin film hardness,

H(E) =

4 2 2P
β Er 2 .
π
S

(2.22)
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Unfortunately, Eq. 2.22 only applies to elastically homogeneous materials, where elastic
moduli of both film and substrate are equal. This method was extended by Han et. al. [79]
for elastically mismatched film-on-substrate system, by calculating Er from Eq. 2.25. This
equations takes into account the contribution to elastic response of film/substrate composite
from substrate, and thus Eq. 2.22 can be applied to inhomogeneous cases. However, elastic
moduli of both film and substrate need to be known prior to application of this method. Yu
et. al. [75] analyzed an axisymmetric mixed boundary value problem, Boussinesq problem,
where an indentation was made by a rigid indenter on an elastic layer attached to a semiinfinite elastic half-space. The elastic solution gives γ = a/ah , the ratio of the contact radius
of the film/substrate system to that of the homogeneous film material, as a function of thickness divided by contact radius t f /a and P/Ph , the ratio of the force on the film/substrate
system to that of the homogeneous material, as a function of thickness divided by the homogeneous contact radius a/th , for a variety of film-substrate combinations. The solution
was shown to agree well with finite element simulation result of a elastic-plastic indentation analysis [89]. This led to a unique relation between contact stiffness and contact area,
which applies to both elastic and elastic-plastic contacts, since the contact stiffness measured during the initial unloading is almost purely elastic. Inspired by this observation, Han
et. al. [80] applied the method of Yu et. al. for nanoindentation of film/substrate system,
and calculated the corrected contact area a/S from the unique relation between S and a.
Taking one step further, the hardness was then calculated as,

H =

P
.
π[a(S)]2

(2.23)

This approach was shown to give reasonable results, however, it is complicated in procedure and has limitations. For example, the elastic modulus of the film and substrate need
to be known a priori and it is not applicable to hard film on soft substrate systems.
2.4.2.3

Film-only mechanical properties

There are basically two different approaches to determine film-only properties. One is
to make a shallow indentation to avoid substrate effect as just discussed, which requires
identification of the critical penetration depth beyond which the substrate effect becomes
significant. It is obvious that this approach only applies to relatively thick films and has
been discussed in Section 2.4.2.1. Another way is to extract film properties from the response of a film/substrate system through analytic and empirical approaches. Discussions
about elastic modulus and hardness are given separately below.
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Elastic modulus The response of film/substrate composite is generally a combination
of the response from the film and the substrate. Both empirical equations and analytic
formulas have been proposed to account for the effect from the substrate. Doerner and
Nix [43] developed an empirical model to account for the substrate effect by including a
substrate term in the reduced modulus equation. However, it was only tested for the system
they studied. King modified the equation proposed by Doerner and Nix and made it more
generally applicable [50] through numerical analysis. The equation King proposed was
written as,

2

1 − νi2 1 − ν f
1 − νs2 −δ3t f /a
1
=
+
(1 − e−δ3t f /a ) +
(e
),
Er
Ei
Ef
Es

(2.24)

where a is the square root of the projected contact area, t f is the film thickness, δ3 is a
numerically determined scaling parameter that is a function of the normalized punch size
a/t f , and ν and E are the Poisson’s ratio and elastic modulus of different materials with
subscripts i, f , s indicating indenter, film and substrate respectively. In this analysis, a
flat triangular punch geometry was assumed, and it deviated from the Berkovich geometry
widely used. In order to account for this discrepancy, Saha and Nix [30] modified King’s
formula by replacing film thickness t f with t f − h where h is the indentation depth and
obtained,

2

1 − νi2 1 − ν f
1 − νs2 −δ3 (t f −h)/a
1
−δ3 (t f −h)/a
=
+
(1 − e
)+
(e
).
Er
Ei
Ef
Es

(2.25)

It was finally refined by Jager [91] by taking into account explicitly the various indentation
depths within the contact area of the indenter due to its geometry.
Gao et. al. [92] derived an analytic solution for indentation of a rigid cylindrical punch
into a multi-layered linear elastic half space, and applied it to the film on substrate system.
A moduli-perturbation method was utilized, and the formula developed for the composite
modulus was,




1 − νs − (ν f − νs )I1
1−ν
=
,
µ eff
µs + (µ f − µs )I0

(2.26)

where µ is the shear modulus, and I0 and I1 are functions of the normalized film thickness
x = t f /a given by,
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π
2π(1 − ν)
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2
x 1 + x2
=
.
arctan x + ln 2
π
π
x


I0
and I1

(2.27)

Gao’s model, along with Doerner and Nix and some other possible models, has been tested
experimentally by Mencik et. al. [93] and was shown to be able to reasonably describe
the nanoindentation response of film on substrate composite. Eq. 2.26 was improved by
Xu and Pharr [94], by considering the physically important limits. When µ f → ∞ (rigid
film limit), Eq. 2.26 reduces to an effective compliance of zero as expected. However,
1−νs −(ν f −νs )I1
when µs → ∞ (rigid substrate limit), the effective modulus becomes
. This is
µs (1−I0 )
not correct since at this limit the effective modulus should primarily depend on the shear
modulus of the film. According to this observation, a new formula was proposed,






1 − I0 I0
1−ν
= [1 − νs + (νs − ν f )I1 ]
+
.
µ eff
µs
µf

(2.28)

This equation gives correct effective compliance at rigid substrate limit, but is not correct
at the rigid film limit. So, as claimed and proved by the authors, Eq. 2.28 gives better
prediction for µs > µ f , and Eq. 2.26 when µ f > µs . Furthermore, to improve the accuracy
at the whole range, a weighting average factor δ4 can be used and gives,





1 − I0 I0
1−ν
= δ4 [1 − νs + (νs − ν f )I1 ]
+
µ eff
µs
µf


+(1 − δ4 ) 1 − νs − (ν f − νs )I1 .

(2.29)

Another work worth mentioning is from Yoffe [95]. In Yoffe’s work, the elastic compliance of a film on substrate system was analyzed. The stress and displacement fields for the
case of a rigid, flat-ended circular punch indenting on an elastic half space are well known,
from which the indenter depth h and the force P are related,

h
1 − ν2
=
,
P
2Ea

(2.30)

where a is the radius of the punch, and ν is the Poisson’s ratio of the material. For a film
on substrate system, it is imaginable that the displacements on either film or substrate are
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different at the interface due to the mismatch in material properties. However, in the case
of a film firmly adhered to the substrate, this different should not exist, thus a modification
is needed. In the model, the modification was carried out by inserting a layer of double
pressure at the interface region, and it led to the following equation,

1 − ν 2f
h
=
+ δ5 ,
P
2E f a

(2.31)

where ν f and E f are the Poisson’s ratio and Young’s modulus of the film, and δ5 is a
parameter dependent on contact radius a and film thickness t f . This equation gives the
elastic compliance of the film on substrate composite. From Eq. 2.31, the elastic modulus
of the film material can be inferred provided that a, t f , ν f and h/P are available. This
model was applied to a Berkovich indenter tip by Lim et. al. to calculate elastic modulus
of the film [76].
Hardness Efforts have been made to try measuring the film-only hardness. Bhattacharya
and Nix [74] analyzed the indentation testing of thin films by finite element method, and
proposed a series of empirical relations between composite hardness and film hardness for
soft film on hard substrate and hard film on soft substrate respectively, from which the filmonly hardness can be extracted from composite response given the mechanical properties
of the substrate. However, these equations are purely empirical and are not necessarily
generally applicable.
Tsui et. al. [84] proposed a new method to make substrate-independent hardness measurement of soft film on hard substrate system. This proposal assumed that the substrate
would enhance the pileup in the film in a manner that depends only on the normalized depth
of penetration hmax /t f . Similar phenomenon has also been reported by Kramer et. al. [96].
The amount of pileup can be characterized by the ratio of actual contact area Aactual to
the corner-to-corner triangle area Atri , i.e. the area of the triangle defined by the corner
positions observed in the SEM images. A curve fitting procedure resulted in an empirical
relation between Aactual /Acc and hmax /t f . In addition, they assumed that the composite
hardness Hc can be estimated from a simple equation,

Hc =

Af
As
H f + Hs ,
A
A

(2.32)

where A f and As are the projected indentation contact areas in the film and substrate re-
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spectively and A = A f + As is the total contact area including pileup. By combining Eq.
2.32 and the empirical equation between Aactual /Atri and hmax /t f , one is able to obtain the
substrate-independent hardness. This method has some limitations. One is that it requires
prior knowledge of the substrate modulus, and it is only applicable to soft film on hard
substrate systems.
In addition, the relation from Jager [91] was used by Wang et. al. [87] to determine
film-only hardness. However, it is based on the assumption that the difference between
total displacement during unloading and that during loading at the same force just includes
the displacement due to the elastoplastic deformation of the film, and thus only suitable for
indentation tests in low force range where the substrate only deforms elastically.

2.4.3

Indentation creep

Since the flow stress of a material is a function of strain rate and temperature, the hardness
of a material is expected to behave in a similar way. This fact has led to many investigations attempting to correlate hardness with the variables of time (or indentation strain
rate) and temperature using indentation. The temperature dependence of indentation creep
has received limited attention with instrumented indentation due to to technical difficulty
in measuring small displacements at elevated temperature. Early investigation on temperature dependence of indentation creep were carried out using an impression creep test by
Yu and Li [97] and Chu and Li [98]. They obtained activation energies for the high temperature indentation creep that are in good agreement with those from uniaxial creep and
self-diffusion. Our focus here is to give a brief review of the work done on dependence of
hardness on indentation strain rate, i.e. stress exponent for creep or strain rate sensitivity.
2.4.3.1

Indentation creep effect

Creep is commonly observed during instrumented indentation experiments, where the indentation depth increases at a constant applied force. This could cause some problems
when trying to obtain mechanical properties from instrumented indentation tests using the
Oliver-Pharr method. As pointed out by Chudoba and Ritcher [99], creep effects can sometimes lead to a net increase in indentation depth with decreasing force during early stages
of unloading. This is due to the material plastically deforming by creep faster than it elastically recovering as the applied force is reduced. This can cause serious problem, because
the Oliver-Pharr method relies on the initial unloading data to calculate mechanical properties. To avoid errors caused by creep, it was suggested to hold the indenter tip at the
maximum force for a certain amount of time before unloading. The purpose of the holding
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period is to allow the material to deform sufficiently for creep deformation to be insignificant during unloading. It is hypothesized that creep rate will decrease with time, possibly
due to a decreasing contribution from primary creep. Although a potential problem for
one to calculate hardness and elastic modulus from instrumented indentation tests, it provides opportunities for us to characterize creep behavior of materials because both force
and indentation depth are recorded continuously during the tests.
2.4.3.2

Theoretical background

All instrumented indentation based methods use the same basic equations to analyze creep
data. These equations were based on the early observations that the shape of the plastically
deformed zone is approximately hemispherical [100]. The stress under an indenter varies
from high levels in the vicinity of the tip to small values in remote regions. A characteristic
stress commonly used in indentation creep analysis was defined in an analogous way to
that for hardness [101],

σ = P/Ac ,

(2.33)

where P is the applied force and Ac is the projected contact area. Similarly, definition of a
characteristic strain led to the following equation [101],
ε̇ = ḣ/h,

(2.34)

where ε̇ is the indentation strain rate, h is the indentation depth, and ḣ is the penetration
rate. Both of these equations assumed the deformation to be solely due to steady-state
creep, such that the creep rate conforms to the secondary creep equation,


Q
,
ε̇ = Cσ exp −
RT
λ

(2.35)

where C is a constant, λ is the stress exponent, Q is the creep activation energy, R is the
gas constant and T is the absolute temperature. From Eq. 2.35, the stress exponent can be
calculated as,
λ = d ln ε̇/d ln σ .

(2.36)

40
Because the similarity between the definition of a characteristic stress σ and the hardness
H, Eq. 2.36 is sometimes written as,
λ = d ln ε̇/d ln H.
2.4.3.3

(2.37)

Testing and analysis methods

Initial investigation of indentation creep was focused on conventional hardness testing at
elevated temperature [102] or at room temperature [103], which involves no monitoring
of the indentation depth. However, due to the measurement uncertainty inherent in the
conventional hardness measurement, it is very difficult to obtain accurate measurement of
creep properties of materials. A similar technique is impression creep [104], where a flatended punch is used instead of a pyramid or sphere. The following discussion is mainly
concerned with investigation of creep using instrumented indentation.
Mainly, four types of tests have been used to characterize creep behavior of material
with instrumented indentation: constant depth [105], constant rate of loading [106], constant strain rate [107], and constant load [108–114].
Constant depth method The constant depth method is also called the load relaxation
method. In this test, the indenter remains at a constant indentation depth as the indentation
force decreases. The load relaxation occurs as conversion of the elastic strain in the machine and the sample into plastic deformation in the sample. This method has been applied
to study time-dependent deformation in small volumes [105]. However, while it is relatively easy to hold an indenter in a fixed spatial position, keeping the indentation depth a
constant is extremely difficult. The test condition thus involves continuous change in both
indentation depth and force, making data analysis complicated. As a result, this method
has not gained popularity.
Constant rate of loading method The constant rate of loading (CRL) test is a multiindentation test developed to determine stress exponents. In a CRL test, the indenter is
loaded at a constant rate until reaching a desired force. Multiple indents are made with
different loading rates, and the hardness is calculated for each loading rate. Analyzing
the H vs. ε̇ data, one can obtain the stress exponent for creep, n = d ln ε̇/d ln H. Mayo
and Nix [106] has applied this technique to indent pure Pb and Sn. Although approximate
agreement was reached comparing to the literature values from uniaxial creep, a systematic
confirmation of the validity of this approach was not reached. The significant problem
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associated with this technique is that the indentation strain rate keeps changing throughout
the loading segment.
Constant strain rate method By programming loading rates during instrumented indentation, it is possible to run a constant indentation strain rate test. The loading rate needs to
increase in such a way that it is a constant when normalized by the instantaneous load. The
technique has been applied by Lucas and Oliver [107] to indent power-law creep of highpurity Indium. They obtained good agreement for both stress exponent n and activation
energy Q compared with the literature values.
Constant load method The constant load method is probably the most popular method
used to study creep behavior of materials with instrumented indentation. The technique
was first proposed by Pollock et al. [108] and then refined by Mayo et al. [109]. During
a constant load test, the indenter is held at a constant applied force while monitoring the
change in indentation depth. During holding, the indentation depth increases as a function
of time, and thus both stress and strain rate changes with time. Using Eq. 2.35, the stress
exponent of creep can be determined. This technique has been widely applied to investigate
time-dependent deformation properties of many materials in both bulk and thin film form
[111, 113–117].

2.4.4

Need for in-situ contact area measurement

Although the Oliver-Pharr method is the dominant method used in instrumented indentation
to calculate mechanical properties, it has some limitations due to the method employed to
estimate the contact area. The key equation (Eq. 2.5) used in the Oliver-Pharr method to
estimate the contact area was based on results of Sneddon’s analysis [44] for an elastic
contact between a rigid indenter tip and a homogeneous elastic half space. Because of the
assumptions made in the original development, Eq. 2.5 becomes not applicable in many
important applications as reviewed in Sections 2.4.1, 2.4.2, and 2.4.3. The major limitations
of the Oliver-Pharr method are summarized below:
1. Indentation of materials that pile-up. The fundamental equation (Eq. 2.5) comes
from analysis of elastic contact where sink-in always occurs. Thus, pile-up behavior
can not be modeled properly by the Oliver-Pharr method (see Figure 2.3). For materials that exhibit pile-up, the Oliver-Pharr method will underestimate the contact
area, sometimes by as much as 60% [52], and thus overestimate hardness.
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2. Indentation of thin films. The Oliver-Pharr method was developed primarily for homogeneous materials, and does not account for the influence of the substrate in a
film-substrate system. Thus, it experiences difficulties with thin films when substrate
effect is important, again, because of the incapability of the fundamental equations
(Eqs. 2.1-2.5) to predict the behavior of film-on-substrate systems. Thus, indentation
to depth that substrate effect starts to be significant (usually greater than 10% of the
film thickness) produces great error.
3. Characterization of dynamic behavior of materials. The Oliver-Pharr method is not
generalizable to characterize dynamic mechanical properties such as creep and fatigue and places a limit on the applications of instrumented indentation as a characterization tool.
To avoid these limitations, tremendous effort has been paid by scientists and engineers in
the last two decades or so as shown in the preceding discussion of this section. However,
the proposed methods to overcome the limitations of the Oliver-Pharr method are complicated and not validated to be generally applicable. As one can imagine, it would be even
more painful and suspect for the analysis of new materials. The limitations of the OliverPharr method originate from the method of estimating the contact area. To overcome the
limitations of the Oliver-Pharr method, an in-situ contact area measurement is needed, and
thus comes the electrical instrumented indentation technique presented in this dissertation.

Chapter 3
Development and Validation of
Electrical Instrumented Indentation
3.1

Introduction

Mechanical characterization of films and surfaces is an invaluable tool for ongoing research
in a broad range of fields including protective coatings, electronic devices and functionalized surfaces [37,38,41,118]. In a relatively short period of time, instrumented indentation
(e.g., nanoindentation) has emerged as a dominant method that is used as frequently as
traditional tensile testing—if not more often. With instrumented indentation, the contact
areas between the indenter and sample are inferred from force-displacement curves (Figure
3.5 inset) via the celebrated Oliver-Pharr method [3, 4]. The fact that there is no independent, in-situ measurement of the indentation contact area is a fundamental limitation
when we recognize that the measured properties are represented in terms of the applied
force and the associated contact area (i.e., units of Pa). While the Oliver-Pharr method
can infer the contact area from the unloading stiffness of the testing system, the approach
breaks down in applications such as thin films [30, 77, 80], materials that pile up [52, 63]
and characterization of dynamic properties. In this chapter, we show that simultaneous
electrical measurement of in-situ contact area can extend instrumented indentation to overcome these limitations when evaluating conducting samples. Indenting annealed Cu, we
find the electrical I − V curves to be non-linear and use them to calculate contact area
and hardness continuously. This method can be extended to other areas where the OliverPharr method faces difficulties: characterization of dynamic properties, indentation of thin
films [30, 77, 80], and indentation of materials that pile up [52, 63].
The Oliver-Pharr method differs from other indentation test methods. Most conven-
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tional indentation testing methods (with the exception of the Rockwell technique) define
the hardness of a material such that it can be related to the applied force, P, divided by the
ex-situ post-test measured projected indent area, A. During instrumented indentation tests,
the applied force and the indenter displacement, h, are monitored continuously. The OliverPharr method allows the in-situ, projected contact area to be inferred from the unloading
stiffness of the system [3, 4]. Consequently, images of the resulting depression are not required, and the hardness, H, can be more generally defined in terms of the applied force
and in-situ projected contact area, Ac (i.e., H = P/Ac ). In addition to defining the hardness
of a material even in the absence of permanent (plastic) deformation, the elastic properties
of the sample can be measured. These features make the Oliver-Pharr method both powerful and convenient, but it is based on an elastic contact model by Sneddon [44] that applies
to bulk, isotropic elastic materials during quasi-static unloading. The technique is applied
to elastic-plastic materials by assuming a parabolic indenter tip shape [4], a method that is
justified empirically, but does not apply to materials that pile-up [52, 63]. Furthermore, the
presence of plasticity under the indenter limits the applicability of Oliver-Pharr to the very
beginning of the elastic unloading of the indenter. The situation becomes even more difficult when the analysis method is extended to inhomogeneous systems such as thin films
on substrates [30,80]. The continuous stiffness measurement partially mitigates the restriction on unloading [119, 120], and numerical models can provide important insight into the
behavior of layered systems [89] and materials that exhibit pile-up [52, 63]. However, all
of the limitations can be removed if we have access to a continuous measure of the in-situ
contact area. We find that the in-situ contact area can be found via electrical measurements
of the contact between a conductive indenter and a more conductive sample, even though
the contact I −V curve is nonlinear.
During the past two decades, electrical measurements have been made during indentation tests to provide insight into deformation processes and the electrical performance of
the contact. For example, stress-induced phase transformations in diamond cubic semiconductors [121, 122], domain wall motion in piezoelectric materials [123–125], and the
current-voltage (I − V ) behavior of a conductive diamond-metal contact have been studied [122]. However, the extension of these techniques to measure the in-situ contact area
has not been made because of empirical and theoretical challenges. Early research correlated the ex-situ contact area with the electrical resistance of a metal-coated diamond
indenter and a metal sample [126]. This technique of contact area measurement was made
possible by the Holm equation for Ohmic electrical contact resistance at an asperity, , where
is the electrical resistivity and a is the contact asperity radius [5, 15]. Unfortunately, conductive coatings wear away during repeated use, so harder, less conductive materials must
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be used for the indenter. Subsequent studies with semiconducting and moderately conductive materials such as silicon carbide [127] and doped diamond [128] revealed that the
electrical properties of the indenter-sample system were more complicated than the assumed (Ohmic) metal-metal junction. The presence of a surface oxide or contamination
on the sample and/or the non-metallic nature of the indenter tip rendered the contact nonOhmic. While an electrical arc discharge between a silicon carbide indenter and sample
surface improved the reproducibility of the contact resistance measurement [127] by presumably cleaning the surface of organic contamination and the native oxide, this strategy
was not effective for doped diamond indenters [128] and is an unacceptable surface modification for shallow (micro- and nanoscale) indentation depths. Recent studies demonstrated
that the non-Ohmic contact between a doped diamond indenter and noble metal is reproducible [122], but an interpretation of the nonlinear I − V response has remained elusive.
Our work demonstrates for the first time that the nonlinear contact I −V curves of a doped
diamond indenter tip on a metallic substrate can be used to continuously measure in-situ
contact area and hardness of materials. Not only does this work clarify previous electrical
indentation results [122, 127, 128], but it also provides a solution for the limitations of the
Oliver-Pharr analysis method.
The rest of this chapter is organized as follows. Section 3.2 presents development of
the experimental apparatus and testing methods. Section 3.3 discusses calibration of the
machine compliance and the thermal drift rate of the experimental apparatus. Section 3.4
presents validation of the technique by indenting annealed Cu. Section 3.5 summarizes this
chapter.

3.2

Development: experimental apparatus and testing methods

Development of an electrical instrumented indenter involves developing both the experimental apparatus and an associated testing method. Discussions of these two subjects are
included in Sections 3.2.1 and 3.2.2 respectively.

3.2.1

Experimental apparatus

The electrical coupled instrumented indentation apparatus (Figure 3.1) is a modification
of an Instron 5848 Microtester (Instron Inc., Norwood, MA) that enables simultaneous
electrical measurement during instrumented indentation. Detailed assembly drawing of the
apparatus can be found in Appendix C.1.The microtester has a stiff load frame that was iso-

46
lated from mechanical vibration, a force transducer that had a load capacity of 100 N, and
a displacement sensor with a resolution of 20 nm. To run reliable electrical measurements
simultaneously with instrumented indentation, the following changes were made. First,
a Berkovich Boron doped diamond indenter tip (Microstar Technologies, Huntsville, TX)
was used that had a nominal resistivity of 0.04 Ω·m; thus, electrical conduction occurred
when applying voltage over the contact between the tip and a conducting sample. The indenter tip had a nominal tip radius of 100 nm due to machining limitation and repeated use.
Second, a Keithley 2400 source meter (Keithley Inc., Cleveland, OH) was connected to the
system to measure the electrical contact responses between the conductive indenter tip and
the sample. The negative test lead of the source meter was connected to the sample, and
the positive lead to the top end of the conductive indenter tip through a custom indenter
tip holder. The indenter tip holder transferred the force from the force transducer to the
indenter tip, isolated the tip from the rest of the apparatus electrically, and kept the electrical connection to the top end of the indenter tip mechanically stable. To make sure the
electrical measurements are reliable, two electrical insulators isolated the electrical measurement circuit from the force transducer, the displacement sensor, and the Instron load
frame. Finally, a two-axis sample stage (Parker Hannifin Corporation, Rohnert Park, CA)
with a resolution of 10 µm in both axies was mounted on the load frame to provide accurate
positioning and easy handling of samples.

Figure 3.1: Schematic plot of experimental setup.
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3.2.2

Testing methods

The electrical instrumented indentation tests are essentially combination of simultaneous
electrical and mechanical contact measurements. The mechanical measurements were the
same as the traditional instrumented indentation, where the force and displacement were
simultaneously measured while moving the indenter tip into and away from the sample. On
top of the mechanical measurements, the electrical contact responses between the tip and
the sample were measured simultaneously. A linear staircase voltage sweep was performed
during each interval of any two measured (P, h) points, where voltage was swept from a
minimum value to a maximum value and current was measured at each step. Resulting
from each sweep, an electrical contact current-voltage (I − V ) curve was recorded. As a
result of each electrical instrumented indentation test, a force-displacement (P-h) curve and
a series of current-voltage (I − V ) curves were generated synchronously. System control
and data acquisition were automated through a LabVIEW program (please see more detail
in Appendix C.3).

Figure 3.2: Schematic plot of the testing methods.

3.3

Calibration

As discussed in Section 2.3, the experimental apparatus needs to be calibrated for machine
compliance, tip shape area function and thermal drift in order to have accurate measurements. In this work, a tip radius of 100 nm was assumed for the Berkovich diamond tip
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used in our work, thus the tip shape area function becomes
Ac = 24.5 × (hc − Rtip + Rtip / sin 70.3◦ ),

(3.1)

where Rtip is the indenter tip radius. The general procedures to calibrate machine compliance and thermal drift have been described in Section 2.3, and the calibration results for
our particular instrument are discussed as follows.

3.3.1

Machine compliance

To measure the machine compliance for our particular instrument, a reference material,
single crystal tungsten, with material properties E = 410 GPa, and ν = 0.28 is used. Single
crystal tungsten instead of the more commonly used fused quartz was taken as the reference
material was because cracking occurred while indenting fused quartz even at a force as low
as 2 N. The samples were polished to 0.05 µm finish prior to testing. Maximum forces
ranging from 10 N to 20 N were applied, and for each maximum force 10 indents with
spacing at least 10 times the lateral indent size were performed. A detailed description of
the testing protocol can be found in Appendix D.2. After a few iterations as discussed in
Section 2.3, the converged machine compliance is found to be 0.694 µm/N. The plot of
√
Ctot vs. 1/ Ac giving the machine compliance is shown in Figure 3.3. This value is used
throughout this work to correct penetration depth.

3.3.2

Thermal drift

The thermal drift rate for the electrical instrumented indentation test system was calibrated
by indenting the reference material, fused quartz, at a load of 1 N for 100 seconds. The
change of displacement during holding period is shown in Figure 3.4, and it gives a thermal
drift rate of 0.4 nm/s. The total time for a typical indentation is on the order of 100 seconds,
so the error caused by thermal drift (Eq. 2.15) in the tests we performed was negligible.

3.4

Validation: indentation of annealed Cu

In this section, the electrical instrumented indentation technique was validated by indenting annealed Cu. Section 3.4.1 discusses materials tested. Section 3.4.2 presents testing
procedure. Section 3.4.3 presents the experimental results and pertinent discussion.

49

√

Figure 3.3: Measured total compliance (Ctot ) versus 1/ Ac for fused quartz showing a machine
compliance of 0.694 µm/N.

3.4.1

Materials

Copper alloy 101 (oxygen-free, 99.99% pure) was indented to validate the electrical instrumented indentation technique. We chose annealed Cu because it is well characterized both
mechanically and electrically, and more importantly is known to be a material to which
the Oliver-Pharr method applies [129]; thus, it is a suitable sample for testing the efficacy
of continuous in-situ contact area measurement. Copper alloy samples were annealed at
550◦C for 3 hours in a vacuum chamber, mechanically polished to 0.05 µm finish, and
cleaned with acetone and isopropyl alcohol prior to testing. The material was found to
have an average grain size of about 100 µm after being annealed.

3.4.2

Testing procedure

All the indentation tests on annealed Cu were conducted in a force-controlled mode. The
sample was loaded up to a maximum force, Pmax , at a constant loading rate over a 100
s period, held at Pmax for 20 s, and unloaded to zero force with the same rate as during
loading. A detailed description of the testing protocol is included in Appendix D.1. We
performed ten indents on annealed Cu for each of five conditions with the maximum forces
that ranged from 1.2 N to 5.2 N with a 1 N increment. Each second during indentation,
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Figure 3.4: Measured displacement change during holding tip on fused quartz at a load of 1 N for
100 sec.

we performed a linear staircase voltage sweep from −10 V to +10 V via 20 equal steps and
recorded the force, displacement, and current. Thus, for each indentation test we recorded
a single P − h curve and a series of I − V curves synchronously. The spacing between
any two indents was at least 10 times the lateral extent of the indent, and was controlled
manually via a two-axis stage that was mounted on the load frame.

3.4.3

Results and discussion

Typical P − h and I −V curves from electrical instrumented indentation of annealed Cu are
shown in Figure 3.5 (the inset shows a P − h curve from an indentation with a maximum
force of 5.2 N), with h corrected for initial penetration depth and machine compliance [1].
As shown in Figure 3.5, the measured I − V curves were nonlinear and asymmetric. The
nonlinearity and asymmetry in the I − V curves were believed to be resulting from the
Schottky type of contact between metal and semiconductor, but also might be affected by
the non-uniform doping level and defect density distribution in the conductive diamond tip,
and/or the oxide layer that forms quickly on the surface of annealed Cu when exposed in
the air [130]. More linear and symmetric I −V curves were reported by Ruffell et. al. [122]
(and reproduced in our laboratory) for indentation of Au using a conductive diamond tip,
perhaps because Au does not form an oxide layer on the surface and has a higher work
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function than Cu. In contrast to the observations of Goldsmid et. al. [128], the I −V curves
that we measured during our instrumented indentation tests were nonlinear, asymmetric,
and reproducible.

Figure 3.5: Typical experimental results from indentation of annealed copper. The inset shows
an applied force-displacement (P − h) curve for a maximum force of 5.2 N. The main graph shows
contact I −V curves taken at applied forces ranging from 1.2 N to 5.2 N recorded during the same
indent.

The nonlinearity in the I −V curves made the Holm’s equation not applicable to measure the contact area for conductive diamond on a metallic substrate, and an alternative
methodology must be pursued. As shown in Figure 3.5, the current through the contact
increased monotonically with the applied force. Interestingly, it is also known that contact
area increases with the applied force as well. Thus, we expected the area under the I − V
curves, denoted Γ, to be correlated with indentation contact area, Ac . This correlation in
turn will provide a way to calculate contact area from contact I − V measurements. We
characterized each contact I −V curve by adding the absolute values of the integrated areas
under the curve at positive voltages (from 0 to +10 V) and negative voltages (from -10 V
to 0 V), and we found that the random variations in Γ at the same applied force were less
than 3%. In addition, for I −V curves corresponding to the same value of Γ from our fifty
indentation tests, the variations in current at the same voltage were averaged to be less than
9% including point-to-point variation. These not only indicated that electrical measure-
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ments were reproducible, but also that Γ was a good representative of an I − V curve and
thus could be used to calibrate the contact area. It should also be noted that other characterizations of the contact I −V curve might be equally well suited for this purpose, but the
absolute area is simple and effective.
To obtain the in-situ contact area from online contact I − V measurements during instrumented indentation, we needed to find how Γ and contact area Ac were correlated. To
find this relation, we used the Oliver-Pharr method to find Ac at the maximum force for our
fifty indentation experiments. We then calculated Γ at the constant, maximum force after
the hold period by numerically integrating the corresponding contact I − V curve at positive and negative voltages respectively using Simpson’s rule [131], and adding the absolute
values of the two integrated areas. Figure 3.6 shows contact area Ac versus Γ from all fifty
experiments. A least square power-law fitting function to the (Γ, Ac ) data was found to be
Ac = (5.279 ± 0.354) × 10−7 × Γ1.754±0.028 ,

(3.2)

where Ac was in m2 and Γ was in A-V. Eq. (1) was only valid for Γ values between 0.0483
and 0.134 (applied forces between 1.2 N and 5.2 N, respectively), because the curve fitting
was based on data in this range. The reasons that we chose a power-law function to fit (Γ,
Ac ) data were twofold. First, Γ has to be zero when the contact area Ac is zero, which is
accomplished through a power-law fit. Second, for an Ohmic contact, the relation between
Ac and Γ obeys the form, Ac ∝ Γ2 . We made the reasonable assumption that some similarity
exists between an Ohmic contact case and a non-Ohmic contact case, which leads to a
power law function, Ac ∝ Γq , for the non-Ohmic contact case. Interestingly, the exponent
found in our fitting function (Eq. 3.2) was comparable to the exponent in an Ohmic contact
case (1.754 and 2, respectively).
Using the empirical power-law fitting function (Eq. 3.2), we continuously determined
the in-situ contact area during loading up to Pmax at a given applied force by measuring
the contact I − V curve, and thereby found hardness as H = P/Ac . Figure 3.7 shows results from the forty tests (2.2 N ≤ Pmax ≤ 5.2 N) and the hardness from the Oliver-Pharr
method for all fifty tests. Experiments with Pmax = 1.2 N have been omitted because of the
Γ validity restrictions. From Figure 3.7, we found that in-situ hardness H decreased from
0.56 GPa to 0.36 GPa with applied force between 1 N and 5.2 N. The values match well
with reported Vickers hardness, 50 kg/mm2 [30]. The estimated errors in in-situ hardness
averaged 2.4%. Error estimates of hardness on the plot were obtained by using the Bootstrap method [131] and a standard error propagation technique [132]. Instead of the single
hardness value found from a P − h unloading curve using the Oliver-Pharr method (denoted
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Figure 3.6: Contact area versus absolute area under I − V curves with power-law function. A
strong correlation between the absolute area under I −V curve and the contact area measured from
the unloading compliance was observed.

by the yellow “×” symbols in Figure 3.7), our analysis method of an electrical coupled instrumented indentation test gives hardness as a continuous function of applied force from
the loading (or unloading) portion of P − h curves. This is important because it allows
one to assess the dependence of hardness on testing parameters such as strain rate within
even a single test, and it will prove to be useful for characterization of dynamic properties
of materials such as creep and fatigue. These results are similar to those available from
the continuous stiffness measurement method [4] that use the unloading portion of P − h
curves; however, unlike the continuous stiffness measurement method, our technique can
be applied in cases where the Oliver-Pharr method is problematic.
The trend of decreasing hardness with increasing applied force observed in Figure 3.7
and the method of characterizing the contact I − V curve warrant further discussion. The
trend in hardness shown in Figure 3.7 was believed to be due to the indentation size effect
[133], which was confirmed by the mean hardness from the Oliver-Pharr method. However,
the magnitude of the size effect was enhanced in the hardness calculated from the electrical
measurements. This enhanced size effect needs to be further explored to determine whether
it is a dynamic effect or an artifact of the analysis method. Additionally, other methods of
characterizing I − V curve may work equally well as we previously mentioned. We tried
three other different methods to calculate Γ: (1) integrate I − V curve from 0 V to 10 V,
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Figure 3.7: Hardness versus applied force from loading curves of indents with Pmax ranging from
2.2 N to 5.2 N. Hardness values from Oliver-Pharr from all 50 indents are shown for comparison.

(2) integrate I − V curve from -10 V to 0 V, and (3) integrate I − V curve from -10 V
to +10 V. The first two methods (i.e., integrating to find the area under the positive and
negative portions of the I −V curve, respectively) delivered similar results as presented in
this chapter, while the third method resulted in qualitatively different results. Integrating
over the complete I − V curve from -10 to 10 V led to an unexpected, apparent load-ratedependent softening. While the third analysis strategy appears to capture important features
of the rate of the contact area change, the results are less robust from a numerical analysis
perspective. These different methods of calculating Γ will be further explored and reported
in Chapter 4.

3.5

Summary

In this chapter we have demonstrated that the in-situ contact area during instrumented indentation of conducting materials can be measured continuously via the non-linear (nonOhmic) contact I − V curve. Our progress followed on previous work where electrical
measurements during instrumented indentation were made but not used for contact area
measurement [121–125] and where contact resistance had been assumed to be Ohmic and
then correlated with ex-situ contact area measurements [127, 128]. An electrical coupled
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instrumented indenter was developed to measure simultaneous electrical and mechanical
contact responses between the indenter tip and the sample. We used our electrical instrumented indenter to indent annealed Cu and made four important observations.
1. the contact I −V curve for a conductive diamond-annealed Cu system was non-linear
and asymmetric, making analysis of contact area via Holm’s equation impossible
(Figure 3.5).
2. At the start of unloading the absolute area under the I −V curve correlated well with
in-situ contact area, and this correlation was a power-law function within the studied
range (Figure 3.6).
3. In-situ contact area and hardness H were obtained as a continuous function of applied
force, and in-situ hardness decreased with applied force during loading, reflecting an
indentation size effect (Figure 3.7).
4. Other measures of integrated area of the I − V curve can be correlated with in-situ
contact area and its rate of change.
As diamond-metal contacts are frequently non-Ohmic and dynamic response requires insitu contact area measurements, our technique opens doors for many applications of quantitative instrumented indentation, namely materials that pile up, thin films, dynamic mechanical studies, and perhaps others. Moreover, direct access to contact area may expand our
notions of mechanical measurement; structure in samples such as film-substrate interfaces
will shift from being a confounding factor in elasticity and plasticity studies to a subject of
study itself via instrumented indentation.

Chapter 4
Data Analysis Methods
4.1

Introduction

In Chapter 3, an electrical technique was demonstrated to measure the in-situ contact area
continuously during instrumented indentation by simultaneously monitoring electrical contact current-voltage (I −V ) response between a conductive indenter tip and more conducting samples [6]. Although it used the Oliver-Pharr method for calibration, the electrical
technique gave contact area and hardness during loading and holding as a continuous function of the applied force instead of a single value for the Oliver-Pharr method from unloading. Thus, the technique enhanced the Oliver-Pharr method for characterization of
dynamic properties of materials. Furthermore, it laid the foundation of a standalone mechanical characterization technique that can overcome many of the limitations inherent to
the Oliver-Pharr method. However, the electrical contact I − V curves measured during
electrical instrumented indentation tests were found to be nonlinear, which is common for
metal-semiconductor contact or metal-oxide-semiconductor contact [17, 23]. This feature
made it impossible to apply the Holm’s equation [5], which is only valid for Ohmic contact,
or other analytic formula [21, 22] to relate contact I − V curves to contact area. In Chapter 3, a method was proposed to obtain in-situ contact area from nonlinear I − V curves,
but other analysis strategies can be applied. Without a better understanding of the data
analysis method, extension of the technique to more applications such as characterization
of materials that pile-up, indentation of thin films, and dynamic behavior of materials will
be unreliable. In this chapter, alternative methods of analyzing nonlinear I − V curves to
obtain in-situ contact area and hardness are presented, results from the different methods
are compared, the feasibility of each method is evaluated, and the optimal methods are
determined.
Accurate measurement of the contact area is crucial for mechanical characterization
56
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using instrumented indentation, considering that hardness, H, is defined in terms of the
applied force, P, and the in-situ projected contact area, Ac (i.e., H = P/Ac ). Although the
Oliver-Pharr method allows one to infer the in-situ projected contact area from the unloading portions of the force-displacement (P − h) curve, it is based on an elastic contact model
by Sneddon [44] that only applies to bulk, isotropic elastic materials during quasi-static
unloading. Thus, the Oliver-Pharr method faces difficulties when applied to characterize
elastic-plastic materials that pile up, dynamic properties, and inhomogeneous materials
such as film on substrate. Both experiments and numerical simulations were tried in the
past twenty-five years to partially relieve some of these limitations [30, 52, 63, 77, 80, 89];
however, a continuous measure of the in-situ contact area can remove all of them.
Measurements of the electrical contact response between a conductive indenter tip and
a conductive sample can be used to obtain the in-situ contact area. In the past two decades,
electrical measurements have been made during indentation tests to facilitate mechanical
characterization. Howes et al. [126] correlated the ex-situ contact area with the electrical
contact resistance of a metal-coated diamond indenter and a metal sample, where the contact was assumed to be Ohmic and the Holm’s equation was applied, stating that contact
area is inversely proportional to resistance squared (Ac ∝ R−2 ). However, metallic coatings
were not durable for repeated use. Subsequent studies with harder but less conductive tip
materials such as silicon carbide [127] and doped diamond [128] rendered the tip-sample
contact non-Ohmic and electrical contact I − V curves nonlinear. Nonlinear I − V curves
were also shown by a more recent study for contact between a doped diamond tip and
Au films [122]. This nonlinear I − V behavior renders the Holm’s equation inapplicable
and poses a significant challenge for using the measured I −V curves for mechanical characterization. A recent study by the authors [6] demonstrated reproducible nonlinear and
asymmetric I −V curves (similar to Figure 4.1) from indenting annealed Cu with a doped
diamond indenter tip, and proposed a method to obtain the in-situ contact area from the
nonlinear I − V curves. In-situ contact area was obtained by relating the absolute area
under the nonlinear I − V curve to the instantaneous contact area; however, this work left
questions as to whether more accurate in-situ contact area could be obtained using more sophisticated techniques and possible sources of systematic error could be determined. Here,
these questions are addressed by running electrical instrumented indentation experiments
on annealed Cu.
The rest of this chapter is organized as follows. Section 4.2 describes experimental
methods. Section 4.3 discusses various I −V curve analysis methods. Section 4.4 presents
results from both experiments and data analyses. Section 4.5 provides discussion and evaluation of the I − V curve analysis methods. Section 4.6 summarizes and concludes this
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work.

4.2

Experimental method

Experimental aspects of the electrical instrumented indentation technique are discussed in
this section. As in Chapter 3, annealed Cu was indented with the electrical instrumented
indenter. Detailed description of the material and the experimental apparatus can be found
in Sections 3.4.1 and 3.2.1. However, both linear loading and exponential loading indentations were performed in this chapter with the latter one allowing us to investigate dynamic
response.
Two series of force-controlled indentation tests were conducted on the polished, annealed Cu samples; the first with linearly ramped loading and the second with exponentially ramped loading. Each series consisted of 50 indents with various maximum applied
forces and loading rates described below. The spacing between any two indents was at least
10 times the lateral extent of the indent and was controlled manually via the two-axis stage
that was mounted on the load frame. During each test, force (P), displacement (h), current
(I), and voltage (V ) were recorded throughout. Experimental control and data acquisition
were automated through a LabVIEW® program (National Instruments, Austin, TX).
In the first test series, the applied force, P, was increased linearly to a maximum, Pmax ,
with a constant loading rate over a 100 s period. Then P was held at Pmax for 20 s, and
unloaded to zero force with the same constant rate as during loading. For linear loading
tests, ten indents were performed for each of five different maximum forces that ranged
from 2 N to 6 N with 1 N increments. The second test series consisted of an exponential
loading up to a maximum force Pmax , a hold at Pmax for 20 s, and a linear unloading to
zero force in 100 s. During loading, the force increased as P = P0 × ekt , where P0 was a
preload and k was a constant of relative loading rate, k = Ṗ/P. As for the linear loading
series, ten exponential loading tests were performed for each of five different maximum
forces ranging from 2 N to 6 N, with each test having a different k value. The preload,
P0 , for all exponential loading tests was set to be 0.1 N and the ten different k values for
each maximum force were 0.006, 0.008, 0.01, 0.012, 0.014, 0.016, 0.018, 0.02, 0.025 and
0.03. These k values were in the range of k values from the linear loading experiments;
thus results from the two types of experiments can be fairly compared.
Once per second for the duration of all tests, a linear staircase voltage sweep was performed from −10 V to +10 V via 20 equal steps. Each sweep took approximately 0.4 s;
force and displacement were measured at the beginning of each sweep, and current was
recorded at each step throughout the sweep. As a result, for each indentation test a sin-
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gle force-displacement (P − h) curve and a series of current-voltage (I − V ) curves were
recorded synchronously.

4.3

I −V curve analysis methods

To obtain in-situ contact area and hardness, the I − V curves need to be related to the indentation contact area, Ac . For an Ohmic contact, where the I − V curve is linear, such
a relation is readily available from the Holm’s equation [5]. However, I − V curves obtained from our experiments were nonlinear (see Figure 4.1) and the Holm’s equation is
not applicable. Two alternative strategies to relate the I −V curve to the contact area were
developed. The first approach was to hypothesize that in-situ contact area, Ac , was a unique
function of I and V , so that the possible (I, V , Ac ) triplets form a two-dimensional surface
in the three-dimensional I-V -Ac space (Figure 4.2). The second approach was to relate contact area to area under the I −V curve (Figure 4.4). The area under I −V curve method was
simpler to implement, and the I − V − Ac method was expected to deliver more accurate
results. However, this was not what we found out as discussed in Sections 4.4.2 and 4.4.3.
For both methods, the relation between I − V curve and contact area was obtained using
I −V data from the start of unloading and the contact areas inferred from initial unloading
P − h data via the Oliver-Pharr method [3] ( see Section 2.2 for detailed procedure). This
Ac vs. (I − V ) relation was then used to calculate the in-situ contact area at any given applied force from the measured contact I − V curve. Additionally, hardness was calculated
by dividing the applied force by the in-situ contact area. Finally, hardness values from the
Oliver-Pharr method were taken as reference values to which results from I − V analysis
methods were compared.

4.3.1

I −V − Ac surface method

It is reasonable to hypothesize that current, I, is a unique function of voltage, V , and contact
area, Ac , so that I = f (V, Ac ) (Figure 4.2). The form of this function can be found using
experimental data from the start of unloading. At this instant, Ac was calculated using
the Oliver-Pharr method, and 21 (I, V ) values were directly measured during the voltage
sweep. Thus each of the 50 indents in a series provided 21 data points for this relation,
yielding 1050 measurements from which could be interpolated. A series of (V , Ac , I) was
measured and a guessed function was fit to the data using least square residuals,
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I = f (V, Ac )
= (Ac )b × (a1V + a2V 2 + ... + agV g ),

(4.1)

where a1 ...ag and b were fitting parameters, and g was chosen to be 15. Setting g to such
a large number allowed the calibration function to match the high order nonlinearity in the
measured I −V curves (Figure 4.1).
Using the calibrated fitting function (Eq. 4.1) alone, one can calculate the contact area
directly when both current and voltage are known. However, an extra complication came
from the fact that each voltage sweep took a fraction of a second, during which the contact
area changed linearly with time in the loading period. In addition, calculating Ac from a
single point may have large random error. To average out random noise and account for the
instantaneous area change rate, it was assumed that Ac = A0 + A1 × t within each sweep,
with A0 and A1 being fit parameters. Thus, for a given sweep, one could infer the initial
area A0 and area change rate A1 by finding the least square residual for Ii = f (A0 + A1ti ,Vi )
data for each sweep with i = 1...21. The in-situ hardness can then be found from H = P/A0
since P was measured at the beginning of each sweep.

4.3.2

Area under I −V curve methods

An alternative procedure to relate the I − V curve to the contact area was to characterize
each contact I − V curve by a single scalar, the area under the curve denoted by Γ, and
find the reduced relation between Γ and Ac (Figure 4.4). In Chapter 3, Γ was calculated by
adding the absolute values of the integrated areas under the I −V curve at positive voltages
(from 0 to +10 V) and negative voltages (from -10 V to 0 V), and this method is referred to
be Γs here. However, this method was empirical, and other scalar measures were possible
and perhaps equally or even more effective. Three other methods were considered in this
study: (1) Γ p , the integrated area under I −V curve at positive voltages (from 0 V to 10 V),
(2) Γn , the absolute value of the integrated area under I −V curve at negative voltages (from
-10 V to 0 V), and (3) Γd , the absolute value of the integrated area under I −V curve from
-10 V to +10 V. The subscripts p, n, s and d mean positive, negative, sum and difference
respectively, and the four entities are related by: Γd = |Γ p − Γn | and Γs = |Γ p + Γn |.
As in Chapter 3, the Ac − Γ relation was calibrated at the start of unloading for each
method of calculating Γ. Ac at the start of unloading was found via the Oliver-Pharr method
for our fifty experiments. Γ at the start of unloading was calculated by numerically integrating the corresponding contact I − V curve using the Simpson’s rule [131] at positive
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or negative voltages, followed by a summation or subtraction depending on the chosen Γ
method. A power-law function, Ac = C × Γq , was then used to fit the (Ac , Γ) data (see
Figure 4.4), with C and q being fitting parameters. Using the calibrated power-law relation,
the in-situ contact area and hardness were then calculated from the measured contact I −V
curves as a continuous function of applied force.

4.4

Results

Experimental data as well as the in-situ contact area and hardness obtained from different
analysis methods are discussed in this section. First, mechanical (P − h) and electrical
(I − V ) data are discussed in Section 4.4.1. Following that, the in-situ contact area and
hardness results from different analysis methods are presented in Sections 4.4.2 and 4.4.3.

4.4.1

Mechanical and electrical measurements

A typical P − h plot and some associated I −V curves from an exponential loading experiment with a maximum force of 6 N are shown in Figure 4.1, with h corrected for initial
penetration depth and machine compliance [1]. Similar curves were obtained from linear
loading experiments and, for simplicity, are not shown here. As shown in Figure 4.1, the
I − V curves measured during instrumented indentation were found to be nonlinear and
asymmetric. The nonlinearity and asymmetry in the I −V curves are believed to be resulting from a Schottky type of metal-semiconductor contact [17], but could also be affected
by the non-uniform doping level and defect density distribution in the conductive diamond
tip, and/or the oxide layer that forms quickly on the surface of annealed Cu when exposed
in the air [132]. Furthermore, at a given voltage, current increased monotonically with the
applied force during loading (Figure 4.1). Since contact area also increases monotonically
during loading, this observation was consistent with the hypothesis that a unique relation
between contact area and the instantaneous I − V curve can be found. Finally, the I − V
curves were also found to be reproducible for both types of tests, which provided a firm
basis for further data analysis. It was found that for I − V curves at the nominally same
applied force (less than 1% variation), the variations in current at the same voltage were
averaged to be about 7% including point-to-point variation.

4.4.2

I −V − Ac surface analysis

Results from the I − V − Ac surface analysis are discussed below. For simplicity, only
results from the linear loading tests are discussed, as the exponential loading tests gave
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Figure 4.1: Typical experimental results from an exponential loading indentation of annealed copper. Insert shows applied force-displacement (P − h) curve for an indentation test with a maximum
force of 6 N. Main graph shows contact I −V curves taken at applied forces ranging from 2 N to 6
N during loading of the same indent.

similar results. Figure 4.2 shows the (I, V , Ac ) triplets obtained at the start of unloading
along with the two-dimensional (2D) surface defined by Eq. 4.1. As shown in Figure
4.2, the hypothesized I − V − Ac surface fits the (I, V , Ac ) data well. The deviation of the
individual (I, V , Ac ) point from the 2D fitted surface, i.e. the average absolute deviation in
current for a given voltage and contact area was 3%.
As discussed in Section 4.3.1, to account for the area change during each sweep, one
needs to fit (V , t, I) data of each sweep for fitting parameters A0 and A1 and then calculate
the in-situ contact area using Ac = A0 + A1 ×t. A typical plot of the calculated contact area
versus time during the loading portion of an indentation test with Pmax is shown in Figure
4.3. As shown in Figure 4.3, the mean contact area for each voltage sweep increases with
time as expected, which reflects the rate of change in contact area. Within each voltage
sweep, however, the calculated contact area showed a large variation, the rate of which was
not consistent with the rate of change in the mean contact area and thus was nonphysical.
This discrepancy appears systematic and indicates that there is not a unique relation among
V , Ac and I. Analysis of the integrated areas under the I − V curves (see below) suggests
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that this discrepancy is due to a dynamic affect related to the area change rate, A˙c . Until
this discrepancy is clarified, using the (I, V , Ac ) surface will not be a reliable method to
determine in-situ contact areas.

Figure 4.2: (I,V, Ac ) surface fit to (I,V, Ac ) triplets measured at the start of unloading from fifty
indents.

4.4.3

Area under I −V curve analyses

The four different area under I − V curve analysis methods gave varied results. For the
linear loading tests, Figure 4.4 shows Ac versus Γ at the start of unloading for all four
calculation methods, with Ac calculated from the Oliver-Pharr method. As shown in Figure
4.4, although Γ values from different methods were substantially different, Ac and Γ for all
the cases exhibited a power-law relation and the exponent q ranged between 1.39 and 2.00.
The power-law relation for each case was found by a least square fitting, and is included in
the corresponding figure. This function is only valid for Γ values measured at applied forces
between 2 N and 6 N, because the curve fitting was based on data in this range. Figure 4.5
shows in-situ hardness from the forty linear loading tests with Pmax between 3 N and 6 N,
and the results from experiments with Pmax = 2 N have been omitted because the Ac − Γ
relation was only valid for applied forces between 2 N and 6 N. Hardness values from the
Oliver-Pharr method for all fifty tests are also included in Figure 4.5 for comparison. Figure
4.5 demonstrates that our analysis gives hardness as a continuous function of applied force
from the loading (or unloading) portion of P − h curves instead of the single hardness value
found from a P − h unloading curve using the Oliver-Pharr method (denoted by the brown
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Figure 4.3: Contact area calculated using I −V − Ac surface method versus time for during loading
between 2 N and 3 N from an indent with Pmax = 3 N.

“×” symbols in Figure 4.5). Furthermore, the in-situ hardness H remained almost constant
with applied force between 2 N and 6 N for the Γ p and Γs methods, but not for the Γn and
Γd methods. For Γn , hardness appeared to be a decreasing function of the applied force. For
Γd , hardness increased as the applied force for each individual indent, and appeared to be a
function of the maximum applied force Pmax as well. Error bars on the plots were obtained
by using the Bootstrap method [131] and a standard error propagation technique [132].
Similar results from the exponential loading tests are shown in Figure 4.6 and Figure
4.7, for Ac versus Γ and H versus P respectively. From Figure 4.6, it was shown that Ac and
Γ were related by a power-law function for all four cases despite the substantial differences
among Γ values from different Γ methods, and the exponent q ranged from 1.22 to 2.05.
Similar to the linear loading tests, hardness was measured as a continuous function of the
applied force using different Γ methods. Different from the linear loading tests, however,
hardness appeared to be constant for all four cases as shown in Figure 4.7.

4.5

Discussion

Of the two types of methods to infer contact area from I −V curve, the I −V − Ac surface
method was unreliable and yielded non-physical oscillations in inferred contact area, but
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the area under I −V curve methods yielded reasonable results. These area under I −V curve
methods were further distinguished by interpreting the various hardness during loading
curves to see if one method was superior.

4.5.1

Comparison with the Oliver-Pharr method

Each of the four different area under I −V curve methods was used to determine the contact
area and hardness at each applied force during loading. Results averaged over mechanical
tests with a common maximum force along with the average Oliver-Pharr hardness are
shown in Figure 4.8 for both linear and exponential loading experiments. These averages
were obtained by first interpolating H vs. P data from each indentation with a third order
polynomial and then taking averages of the ten interpolation functions for each maximum
force. As shown in Figure 4.8, instead of a single hardness value from the Oliver-Pharr
method, the electrical technique gave hardness as a continuous function of the applied
force. This is important because it allows us to assess the dependence of hardness on
testing parameters such as strain rate even within a single instrumented indentation test
and will prove to be useful in characterizing dynamic behavior of materials such as creep
and fatigue. Quantitatively, using Γn gave hardness values larger than Oliver-Pharr, using
Γd resulted in hardness values smaller than Oliver-Pharr, and using Γ p or Γs gave similar
values only a few percent larger than the Oliver-Pharr hardness. Hardness during loading
was expected to be larger than that from unloading because of increase in indentation depth
during holding (Figure 4.9) due to creep. Furthermore, hardness values inferred by Γ p and
Γs methods were almost constant between 2 N and 6 N with a percent relative standard
deviation less than 5% for both linear and exponential loading tests. While for Γn and Γd
methods, different trends were observed especially from the linear loading tests. Thus, both
Γ p and Γs methods are equally suitable for characterizing in-situ contact area and hardness,
but Γn and Γd are not.
From Figure 4.8, the hardness values from the four area under I −V curve methods and
the Oliver-Pharr method were ranked as HΓn > HΓs > HΓ p > HOP > HΓd for both linear
and exponential loading tests. This was consistent with the different increases in Γ during
holding. Figure 4.9 shows Γ p , Γn , Γs and Γd along with h normalized by the corresponding
values at the end of holding as a function of time during holding of a typical indent at the
constant maximum applied force Pmax = 3 N. From Figure 4.9, it was found that Γ p , Γn ,
Γs and h increased, while Γd decreased during holding. Furthermore, the percentage of
increase in Γ during holding was ranked in the same order as the hardness from different
Γ methods. Since the contact area at the end of holding was calibrated to the same contact
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area from Oliver-Pharr for all methods, a larger increase in Γ during holding led to a smaller
contact area and thus larger hardness values during loading. Increases in Γ p and Γn were
the result of creep during the holding period as the actual contact area rose during this
period, but there was also a time-lag in establishing electrical contact. Thus, while contact
area was increasing, there was a small systematic error that tended to underestimate the
contact area or over-estimate the hardness. This effect was larger for Γn than for Γ p (Figure
4.9) for two reasons. First, the time lag effect decreased with time and Γn was calculated
using (I, V ) data measured at the first half of a voltage sweep. Second, Γn had a smaller
value than Γ p (see Figure 4.1), making the time lag effect more pronounced. The increase
in Γs was expected, since Γs was just a summation of Γ p and Γn . The decrease in Γd is an
intriguing phenomenon and is further discussed in Section 4.5.2.

4.5.2

The method Γd

Using Γd method warrants further discussion. Figure 4.8a shows that hardness H increases
with applied force P during loading for any individual indent, but was not a unique function
of P. In fact, H appeared to be a function of both P and Pmax . This observation led to
serious doubts about whether the Γd method could be used to calculate hardness. This trend
was believed to be an artifact resulting from taking the difference of two large numbers:
Γd = |Γ p | − |Γn |. As shown in Figure 4.9, both Γ p and Γn increased but Γd decreased
during holding. The time lag was a small percentage of Γ p but a larger percentage of Γd
and Γn due to their smaller absolute values. More importantly, the difference in time lag
effect for Γn and Γ p created an opposite effect in Γd , where subtracting |Γn | from |Γ p | led
to a decreasing value of Γd and an apparent decrease in contact area during holding. This
was contradictory to the fact that during holding the applied force was held constant and
indentation depth increased. Finally, the problem with using Γd is underscored by the fact
that for an Ohmic contact, the I −V curve is linear so that Γd = 0, regardless of contact area.
All these made the Γd method not reliable for inferring in-situ contact area and hardness.
Despite the problems with using Γd to infer contact area and in-situ hardness, it may still
have an important role to play. Γd showed a heightened sensitivity to rates of increase in
contact area when compared with other Γ calculation methods. Although a problem when
trying to estimate absolute area, it may be an important measure of the rate of increase or
decrease during dynamic testing. When Γd was used to calculate hardness and hardness
was plotted versus indentation strain rate ḣ/h (Figure 4.10), a surprising data collapse occurred, i.e. hardness H appeared to be a unique function of the indentation strain rate. This
collapse was further tested using exponential loading tests where ḣ/h was constant during
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the entire loading period. As confirmed by Figure 4.8b, measured hardness values were
indeed constant during loading of each exponential loading test. Thus, it appeared that the
errors in inferred contact area were systematic and a function of relative indentation strain
rate.
To test the relation between the shift in Γd and the rate of change in contact area directly,
we calculated the contact area Ac from Γs , which shows little time-dependent sensitivity (<
1/q
3%), and plotted Γd /Ac as a function of A˙c /Ac in Figure 4.11. The exponent q was
obtained by fitting ( Γd , Ac ) at the start of unloading to a power-law function, Ac = C × Γq
1/q
(see Figure 4.4d). Γd /Ac appeared to be a unique function of A˙c /Ac for both linear and
exponential loading tests. The data collapse in Figure 4.11 confirmed that Γd was related
to the rate of change in contact area. Thus, with further development, it may be possible
to use Γd to correct the time-lag errors in Γs , so that Ac = f (Γs , Γd ). Although Γd was
not important or useful for the slow tests presented here, for fast dynamic testing, it may
become a very useful tool.

4.5.3

Dynamics effects

Taking the idea that the electrical technique can capture dynamics effect, the dependence
of the measured hardness on strain rate was studied for the other three Γ methods: Γ p ,
Γn , and Γs . Figure 4.12 shows hardness H vs. indentation strain rate ḣ/h from the three
different Γ methods for both types of experiments. It was found that the measured hardness
was a unique function of the strain rate for all cases (Figure 4.12), but the sensitivity of
the measured hardness to the strain rate varied. Hardness from Γn method increased with
ḣ/h, and H from Γ p and Γs decreased with ḣ/h. Fitting H vs. ḣ/h data with a linear
function, H = H0 + γ × (ḣ/h), a parameter γ characterizing sensitivity of the measured
hardness to dynamics effects can be obtained. H0 can be taken as an intrinsic hardness with
dynamics effects eliminated. Allowing 5% error in the measured hardness compared to H0 ,
a maximum allowable strain rate can be defined. The sensitivity γ provides a guide of how
slowly tests should be performed to limit error due to dynamic effects on Γ. The maximum
allowable strain rates (ḣ/h)max for a 5% error in measured hardness along with H0 and γ
for the three different Γ methods are included in Table 4.1 for both types of experiments.
From Table 4.1, it was found that Γs was the least sensitive to dynamics effect and Γ p was
the most sensitive. In addition, the exponential loading tests seemed to be less sensitive to
the dynamics effect. Correcting the effects from dynamic loading, we obtained true static
hardness values H0 for all three Γ methods that were within 10% of the average OliverPharr hardness for the linear loading tests and 6% for the exponential loading tests.
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Parameters

Γ p Linear

Γn Linear

Γs Linear

Γ p Exp

Γn Exp

Γs Ex

γ (GPa.s)
H0 (GPa)
(ḣ/h)max (s−1 )

-0.0034
0.410
6.12

0.0029
0.432
7.53

-0.0014
0.418
15.22

-0.0015
0.389
13.07

0.0011
0.400
17.55

-0.00067
0.393
29.53

Table 4.1: Parameters characterizing dynamic effect on the measured hardness for three Γ methods
(Γ p , Γn , and Γs ) for both types of tests.

The hardness versus strain rate curves merit further discussion. As shown in Figure
4.12, the method Γn resulted in an upward slope, and the other two, Γ p and Γs , resulted
in downward slope of the hardness as a function of strain rate. The likely causes of a
dynamic rate-dependent hardness are creep and I − V time lag, but neither can explain
the downward sloping lines. Creep should manifest itself as a strain-rate hardening, i.e.
upward slope. Lag in the I −V response at increasing strain rates should result in systematic
errors leading to smaller inferred contact areas and consequently larger apparent hardness,
again an upward slope. Thus, some other effect must explain the downward slopes. Since
strain-rate softening seems inconsistent with plasticity of annealed Cu, we conjecture that
it is caused by a velocity dependent friction between the indenter and specimen [134].
At higher strain rates, the velocity dependent friction would result in more constrained
elastic deformation under the indenter. This constraint would tend to raise stresses even
for the same force much in the same way that plane-strain deformation has higher von
Misses stresses than plane-stress deformation for identical loads. The resulting increased
stress would in-turn increase the amount of plastic deformation and thus increase the actual
contact area even for the same force. This effect would explain the downward sloping
hardness vs. strain-rate relation. The last issue is to explain the upward sloping line from
the method. It can not be creep, as creep would affect all three curves. Therefore, it must
be the I −V lag effect, and the time constant for must be so large as to completely obscure
the velocity-dependent friction effect. All three lines are thus explained as the combined
effects of I −V lag and velocity dependent friction. If creep is taking place as well, it is the
smallest effect of the three.

4.6

Summary

In this chapter, alternative data analysis methods for the recently developed electrical instrumented indentation technique were investigated. Two types of methods of inferring
in-situ contact area and hardness from measured nonlinear I − V curves were discussed:
the first using a measured surface relating contact area, current and voltage (I, V , Ac ), and
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the second using various scalar measures of the area under I −V curve. Using the I −V −Ac
surface gave nonphysically large but systematic variations in the calculated contact areas
within each voltage sweep; thus it will be an unreliable method until the systematic errors
are better understood. Using areas under the I − V curve, four measures were discussed:
the positive half (V > 0), the negative half (V < 0), the sum and the difference, respectively,
Γ p , Γn , Γs , and Γd . Using Γ p and Γs methods yielded hardness values that were constant
during loading between 2 N and 6 N and compared well to the Oliver-Pharr hardness. Using Γn overestimated hardness because of the large increase in Γ during holding. Γd had
fundamental issues such as large error sensitivity and a counterintuitive reverse time-lag
error, but may be useful in the future for correcting velocity dependent errors during dynamic loading tests. Thus, it is recommended to use Γ p or Γs to analyze the nonlinear I −V
curves from electrical instrumented indentation tests for in-situ contact area and hardness
because of their small rate dependence and good comparison with Oliver-Pharr hardness.
The area under I − V curve (Γ) methods were shown to capture dynamics effect; the
measured hardness appeared to be uniquely related to indentation strain rate, ḣ/h. Assuming a linear dependence of hardness on strain rate, we defined the maximum allowable
strain rate below which a test should be performed in order to achieve certain accuracy in
the measured hardness. This dynamics effect could also be corrected to obtain a true static
hardness of indented material by extrapolating the linear dependence of hardness on strain
rate to a static condition (i.e. ḣ/h = 0). The hardness versus strain rate curves also showed
a surprising softening trend, which was attributed to a velocity dependent friction effect.
The investigation of various data analysis methods advanced our understanding of the electrical instrumented indentation technique, and put the technique at a better position to be
extended to other applications such as characterization of materials that pile-up or creep,
non-monotonic (e.g. cyclic) loading and indentation of thin films. Further development
may also allow investigation of rapid dynamic effects.
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Figure 4.4: Contact area (Ac ) versus area under I − V curves (Γ) from the linear loading tests for
four different Γ methods: (a) Γ p , (b) Γn , (c) Γs , (d) Γd , and (e) comparison.

71

Figure 4.5: Hardness (H) versus applied force (P) during loading from the linear loading tests for
four different Γ methods: (a) Γ p , (b) Γn , (c) Γs , and (d) Γd .
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Figure 4.6: Contact area (Ac ) versus area under I −V curves (Γ) from the exponential loading tests
for four different Γ methods: (a) Γ p , (b) Γn , (c) Γs , (d) Γd , and (e) comparison.
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Figure 4.7: Hardness (H) versus applied force (P) during loading from the exponential loading
tests for four different Γ methods: (a) Γ p , (b) Γn , (c) Γs , and (d) Γd .
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Figure 4.8: Average hardness (Havg ) versus applied force (P) during loading for: (a) linear loading
experiments and (b) exponential loading experiments. The average Oliver-Pharr hardness values are
also included for comparisons.
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Figure 4.9: Normalized Γ versus t and normalized h versus t during loading from a typical linear
loading experiment. Γ0 and h0 are values of Γ and h at the end of holding.

Figure 4.10: Hardness calculated from the Γd method (H) versus indentation strain rate (ḣ/h)
during loading from linear loading experiments.
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Figure 4.11: Γd /A1/q
versus indentation strain rate (ḣ/h) from (a) linear indentation experiments
c
and (b) exponential loading experiments. The contact area Ac was calculated from the Γs method.
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Figure 4.12: Hardness (H) versus strain rate (ḣ/h) during loading for three Γ methods (Γ p , Γn ,and
Γs ) from: (a) linear loading experiments and (b) exponential loading experiments. The lines indicate
linear fit of (ḣ/h, H) data.

Chapter 5
Characterization of Materials that
Pile-up
5.1

Introduction

During instrumented indentation, it is well known that material surface outside the contact
area does not remain flat and may sink-in or pile-up depending on mechanical properties
of the indented material (see Figure 2.3) [1, 9]. The pile-up and sink-in behaviors are of
great interest because they affect determination of the indentation contact area and thus the
mechanical property measurements resulting from instrumented indentation. The OliverPharr method [3, 4] infers contact area from the measured force-displacement curve based
on an elastic contact model [44] where sink-in always occurs, making it not applicable for
materials that pile-up [52]. In Chapters 3 and 4, an electrical technique has been demonstrated to measure in-situ contact area during instrumented indentation [6, 7] as a continuous function of applied force. This allows one to assess the dependence of hardness on
testing parameters such as strain rate and will prove to be useful in characterizing dynamic
behavior of materials such as creep and fatigue. However, in [6] the technique was only
applied to annealed Cu, a material to which the Oliver-Pharr method applies, and used
the Oliver-Pharr method for calibration of the relation between contact area and electrical
contact I − V curves. Thus, application of the technique to materials that pile-up faces
a critical challenge, because the Oliver-Pharr method is not usable for calibration in this
case. It is hypothesized that materials with the same chemical constituent have the same
relation between contact area and I −V curve, and thus it becomes possible to characterize
a material that piles up with the relation calibrated on its counterpart that sinks-in. Here,
the hypothesis was tested by indenting both annealed and work-hardened Cu and imag-
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ing the residual indents. The electrical instrumented indentation technique was used along
with the post-indentation imaging to measure in-situ contact area and hardness as a continuous function of applied force for materials exhibiting pile-up, with the pile-up effect
appropriately accounted for.
The Oliver-Pharr method [4] is the primary tool to determine mechanical properties
of materials from the force-displacement (P − h) curve measured during instrumented indentation test. The resulting mechanical properties, such as hardness (H) and the elastic
modulus (E), depend on the in-situ projected contact area (Ac ) between the indenter and
sample; however, the Oliver-Pharr method lacks a direct measurement of Ac . This is a fundamental limitation that confounds instrumented indentation when characterizing dynamic
properties of materials (e.g. creep and fatigue), thin films [30, 77, 80] and materials that
pile up around the indenter tip [52, 63]. In the Oliver-Pharr method, the contact depth, hc ,
is determined by
hc = hmax − ψ

Pmax
,
S

(5.1)

where hmax and Pmax are the maximum indentation depth and applied force, ψ is a constant
dependent on indenter’s geometry, and S is the contact stiffness defined as . This is taken
directly from solution of a purely elastic contact analysis where material always sinks in
[44]. Thus, pile-up behavior cannot be modeled properly by the Oliver-Pharr method. For
materials that pile-up, the Oliver-Pharr method was shown to underestimate the contact area
and overestimate hardness, sometimes by as much as 60% [52]. To correct for pile-up and
get an accurate measurement of mechanical properties from instrumented indentation, two
general approaches were taken by other researchers. One was to characterize the amount
of pile-up and compensate in the calculation of contact area using the Oliver-Pharr method
[56,64–66,69], while the other one was to utilize ideas such as indentation work to calculate
mechanical properties instead of estimating contact area based on Eq. 5.1 [67, 71, 135] and
known geometry of the indenter tip.
The electrical technique demonstrated in [6] obtains in-situ contact area from the nonlinear electrical contact I − V curves, thus, it has the potential to become an effective
method for characterization of materials that pile-up. However, applying the electrical
technique to characterize materials that pile-up faces a critical challenge. One of the key
steps in the electrical technique is to calibrate the relation between the contact area (Ac ) and
area under I −V curve (denoted as Γ), based on which the in-situ contact area and hardness
can be obtained as a continuous function of applied force during loading. For materials to
which the Oliver-Pharr method applies, such as annealed Cu, the Ac − Γ relation was cali-
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brated by using the contact area at the maximum forces via the Oliver-Pharr method. For
materials that pile-up, alternative methods of calibrating Ac − Γ relation need to be pursued.
The pile-up behavior is strongly correlated to material’s mechanical properties as revealed
by both finite element simulations [52, 53, 63, 90] and experiments [68]. In general, it is
believed that pile-up should dominate for materials with a low value of both hardness to
Young’s modulus ratio (H/E) and strain hardening exponent (n). It is also known that mechanical properties of material can be altered by engineering the microstructure of material
without changing its chemical constituent. Thus, the pile-up and sink-in behavior can be
altered without changing the chemical constituent as well. If the Ac − Γ relation is found to
be the same for materials with the same chemical constituent and different pile-up/sink-in
characteristics, it is then possible to characterize materials that pile-up using the Ac − Γ
relation calibrated on its counterpart that sinks-in. To test our hypothesis, the electrical instrumented indentation technique was applied to characterize work-hardened and annealed
Cu. Combined with post-indentation imaging, the in-situ contact area and hardness of the
pile-up material was also obtained as a continuous function of the applied force with the
pile-up effect accounted for. The rest of this chapter is organized as follows: Section 5.2
discusses the materials and methods, Section 5.3 presents results and discussion, and Section 5.4 concludes this chapter.

5.2

Materials and methods

Electrical instrumented indentation tests were performed on both work-hardened and annealed Cu and an optical profilometer was used to image the residual indents from both
materials. Section 5.2.1 describes the materials tested in this work. Section 5.2.2 presents
the electrical instrumented indentation test methods. Section 5.2.3 discusses the postindentation imaging and contact area calculation methods.

5.2.1

Materials

Both work-hardened and annealed Cu alloy 101 (oxygen-free, 99.99% pure) were tested
in this work. These two materials were chosen because they have the same chemical constituent but different pile-up/sink-in characteristics. Work-hardened Cu is known to pile-up
while annealed Cu sinks-in. Annealed Cu was obtained by heat treating work-hardened Cu
in a vacuum chamber at 550◦C for three hours. All samples were mechanically polished to
0.05 µm finish and cleaned with isopropyl prior to testing.
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5.2.2

Indentation tests

An Instron 5848 Microtester (Instron, Norwood, MA) was modified to enable simultaneous
electrical contact measurements during instrumented indentation. Details of the experimental apparatus were described previously (see Section 3.2.1), but it is summarized here for
convenience. A conductive diamond Berkovich indenter tip with a nominal resistivity of
0.04 Ω·m was used, allowing electrical conduction to occur when applying voltage across
the contact between the tip and a conducting sample. An electrical circuit was added to a
traditional instrumented indentation configuration to allow reliable simultaneous electrical
contact measurements. Experimental control and data acquisition were automated through
a LabVIEW program (National Instruments, Austin, TX).
All indentation tests were conducted in a force-controlled mode; in each test, the specimen was linearly loaded up to the maximum force (Pmax ) over 100 s, held at Pmax for 20 s,
and unloaded to zero force with the same rate as the loading. Ten indents were performed
for each of five conditions with maximum forces ranging from 2 N to 6 N with 1 N increment. The spacing between any two indents was at least 10 times the lateral extent of the
indent, and was controlled by a manual two-axis stage. Throughout each test, the electrical and mechanical contact responses between the indenter tip and sample were measured
simultaneously. Once per second for duration of all tests, a linear staircase voltage sweep
was performed from -10 V to +10 V via 20 equal steps. Force and displacement were measured at the beginning of each sweep, and current was recorded at each step throughout the
sweep. As a result, for each indentation test a force-displacement (P − h) curve and a series
of current-voltage (I −V ) curves were recorded synchronously.

5.2.3

Imaging and contact area calculation

A Wyko NT1100 optical profilometer (Veeco, Plainview, NY) was used to image the residual impressions for all the indents. For each indent, an area of 299 µm by 227 µm was
scanned with a sampling interval of 0.4 µm and 0.5 µm in horizontal and vertical direction
respectively. The measured out of plane height had a resolution of 3 nm. The semi-ellipse
method developed by Kese et al. [135] was applied to determine the post-indentation contact area. The three corner points were identified manually and the positions of the local
maxima around the three sides were found by a computer program. The contact area was
then calculated as [135]

π
Ac = Atri + (a1 b1 + a2 b2 + a3 b3 ) ,
4

(5.2)
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where Atri was the area of the triangle formed by connecting the three corner points, ai
were distances between the corner points, and bi were the distances between the positions
of the local maxima and the corresponding sides of the triangle (see Figure 5.2 inset).

5.3

Results and discussion

As for annealed Cu, the measured I −V curves were found to be nonlinear and asymmetric for work-hardened Cu (Figure 5.1), making it impossible to apply the Holm’s equation
and other analytic formula [5, 15] that are only valid for Ohmic contact. The nonlinearity
in the I-V curve is believed to result from a Schottky type of contact between metal and
semiconductor [17]. The deviation of the shape of the measured I-V curves from that of
a typical Schottky contact I-V curve is suspected to be due to the interfacial oxide layer
on the copper sample surface [136]. Comparing the work-hardened Cu I −V curves to the
annealed Cu I − V curves, the current measured for work-hardened Cu was smaller than
those for annealed Cu at the same voltage and applied force, consistent with our expectations. At a given applied force, work-hardened Cu should have a smaller contact area, thus
a lower current. The similarity in nonlinearity and asymmetry of the measured I −V curves
was also expected because of the similar band structure and surface condition of the two
materials.
In [6], a method was proposed to obtain in-situ contact area and hardness continuously
from the nonlinear I − V curves. Each I − V curve was characterized by the sum of the
absolute area under the curve at both positive and negative voltages, denoted by Γ, and Γ
was subsequently correlated with Ac obtained from the Oliver-Pharr method at the start of
unloading. Based on this Ac − Γ relation, the in-situ contact area and hardness were determined as a continuous function of applied force from the recorded contact I −V curves
instead of a single hardness value from the Oliver-Pharr method. This method was applicable to annealed Cu because the Ac − Γ relation could be calibrated using the contact area at
the start of unloading via the Oliver-Pharr method. However, work-hardened Cu exhibits
pile-up, making the Oliver-Pharr method not applicable and unusable for calibration. As
an alternative described in Section 5.2.3, an optical profilometer was used to image the
residual indents and the semi-ellipse method [135] was applied to estimate the post-indent
contact area. The ratio of the in-situ contact area from the Oliver-Pharr method ( AOP ) to
the optically measured ex-situ contact area ( AOpt ) is shown versus applied force in Figure 5.2 for work-hardened Cu. From Figure 5.2, the contact areas from the Oliver-Pharr
method were about 30% smaller than those from the optical measurements.
The Ac − Γ relation for work hardened Cu was then calibrated using Γ at the initial
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Figure 5.1: Comparison of experimental data from electrical instrumented indentation of workhardened Copper and annealed Cu. The inset shows force-displacement curves for indents with
maximum force of 6 N, while the main graph shows electrical contact I − V curves measured at
applied forces ranging from 2 N to 6 N during the same indents. “WH” and “An” represents workhardened Cu and annealed Cu respectively in the legends.

unloading and the optically measured contact area. Γ was calculated by adding the absolute
values of the integrated areas under the I −V curve at positive voltages (from 0 to +10 V)
and negative voltages (from -10 to 0 V) [7]. The I − V curves at the start of unloading
were used. As shown in Figure 5.3, Ac was found to correlate well with Γ at the maximum
forces, and a power-law relation of the form,

Ac = (2.239 ± 0.305) × 10−7 × Γ(1.571±0.057)

(5.3)

was found to be fairly accurate for the shown range of data using Γ values corresponding
to applied forces between 2 N and 6 N. For comparison, the Ac − Γ relation from annealed
Cu that was tested two weeks later is shown in Figure 5.3. We had hoped that these two
curves would be identical so that the Ac − Γ relation of annealed-Cu could be used to characterize work-hardened Cu and the optical measurements would become unnecessary for
calibration of the Ac − Γ relation. However, these two curves were distinct with a differ-
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Figure 5.2: Ratio of the Oliver-Pharr contact area and the optically measured contact area
(AOP /AOpt ) versus applied force (P) for work-hardened Cu. The inset shows an example image of a 3 N indent residual impression left on work-hardened Cu surface taken with the optical
interferometer.
ence sometimes as large as 10%. We believe that the difference was caused by change in
the laboratory environment, such as temperature and humidity, and surface condition of the
sample, such as surface roughness and oxide layer thickness [137]. More investigation is
needed to clarify what effect each of these factors has on the contact I − V curves. Furthermore, the Ac − Γ relation for annealed Cu measured months ago [6] was much different
from those shown in Figure 5.3, although the chemical constituent and heat treating history
were the same as the annealed Cu sample in Figure 5.3. This further confirms that the lab
environment affects the contact I −V curve significantly.
With the Ac −Γ relation calibrated using the contact area from the optical measurements
(Eq. 5.3), the in-situ contact area and hardness were calculated from the contact I − V
curves measured during loading for work-hardened Cu. Hardness values from ten indents
with the same maximum force were averaged to obtain the average hardness for the four
maximum forces (3 N to 6 N). The 2 N indents were omitted because the Ac −Γ relation was
only guaranteed to be valid between 2 N and 6 N. As shown in Figure 5.4, the hardness
values obtained from the electrical technique gave hardness as a continuous function of
the applied force instead of a single value from the Oliver-Pharr method and the optical
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Figure 5.3: Contact area (Ac ) versus area under I − V curve (Γ) for work-hardened Cu with that
of annealed Cu shown for comparison. The contact area from work-hardened Cu was taken from
optical measurements, while that for annealed Cu was from the Oliver-Pharr method.

method. This is important because it allows one to assess the dependence of hardness on
testing parameters such as strain rate and will prove to be useful in characterizing dynamic
behavior of materials such as creep and fatigue. Second, the hardness values from the
electrical technique were almost constant during loading between 2 N and 6 N, and were
comparable to those from the optical measurements. Finally, the hardness values obtained
from both electrical and optical methods were found to be 30 to 40 percent lower than the
average Oliver-Pharr hardness. This difference accounted for the pile-up effect.

5.4

Summary

In this chapter, electrical instrumented indentation tests along with post-indent imaging
gave in-situ contact area and hardness as a continuous function of applied force while accounting for material pile-up. Both annealed Cu and work-hardened Cu were tested to
examine the hypothesis that materials with the same chemical constituent have the same
relation between contact area and I − V curve. It was found that Ac − Γ relations from
annealed Cu and work-hardened Cu could be as much as 10% different. This difference,
on one hand, suggested that the laboratory environment and the sample surface condition
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Figure 5.4: Average hardness (Havg ) versus applied force (P) from instrumented indentation of
work-hardened Cu.

affected the electrical contact characteristics. On the other hand, the fact that these two materials had reasonably comparable Ac − Γ relations indicated that the electrical technique
may allow us to use the Oliver-Pharr method for materials that pile-up with better experimental control. The electrical technique will also prove to be useful for other applications
such as cyclic loading, indentation creep and indentation of thin films.

Chapter 6
Conclusion, Ongoing Effort and Future
Work
6.1

Summary of research

In this dissertation, an electrical technique, electrical instrumented indentation, was developed to measure in-situ contact area during instrumented indentation, thus improved
mechanical characterization of materials at micro/nano-scales. The technique was demonstrated to measure in-situ contact area as a continuous function of applied force during
instrumented indentation, thus enhanced instrumented indentation for characterization of
dynamic behavior of materials such as creep and fatigue. This work also laid the foundation
of a standalone method for mechanical characterization that can overcome other limitations
of the Oliver-Pharr method with further development in electrical contact theory. A data
analysis scheme was proposed and validated by indenting annealed Cu, and was further
supported by more sophisticated investigation. Furthermore, this technique was extended
to characterize materials that pile-up, where the traditional instrumented indentation faces
difficulties.
In this electrical technique, a conductive diamond indenter tip was used along with an
appropriately configured electrical circuit to measure simultaneous electrical contact responses between the tip and the sample during instrumented indentation. By indenting annealed Cu, the electrical contact current-voltage (I −V ) curves were found to be nonlinear
and asymmetric, posing significant challenge to obtain in-situ contact area from electrical
measurements. A new analysis method was proposed to overcome this challenge by relating the nonlinear I −V curves to instantaneous contact areas. This relation was calibrated
using the contact area at the initial unloading from the Oliver-Pharr method. A strong cor-
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relation was found between the nonlinear I −V curves and instantaneous contact area from
the Oliver-Pharr method and this correlation was a power-law function within the studied
range. Using this calibrated relation, the in-situ contact area and the hardness of indented
material can be obtained as a continuous function of applied force.
A more thorough investigation was then conducted to determine the optimal data analysis methods for the electrical instrumented indentation technique. Two types of methods
of inferring in-situ contact area and hardness from measured nonlinear I − V curves were
investigated: the first using a measured surface that relates contact area, current and voltage (I, V , Ac ), and the second using various scalar measures of the area under I −V curve.
Using the I −V − Ac surface gave nonphysically large but systematic variations in the calculated contact areas within each voltage sweep; thus it will be an unreliable method until
the systematic errors are better understood. Using areas under the I − V curve (Γ), four
measures were discussed: the positive half (V > 0), the negative half (V < 0), the sum and
the difference, respectively, Γ p , Γn , Γs , and Γd . Using Γ p and Γs methods yielded hardness
values that were constant during loading between 2 N and 6 N and compared well to the
Oliver-Pharr hardness. Using Γn overestimated hardness because of the large increase in
Γ during holding. Γd had fundamental issues such as large error sensitivity and a counterintuitive reverse time-lag error, but may be useful in the future for correcting velocity
dependent errors during dynamic loading tests. Thus, it was recommended to use Γ p or Γs
to analyze the nonlinear I −V curves from electrical instrumented indentation tests for insitu contact area and hardness because of their small rate dependence and good comparison
with Oliver-Pharr hardness. The area under I −V curve methods were also shown to capture dynamics effects; the measured hardness appeared to be uniquely related to indentation
strain rate, ḣ/h. Assuming a linear dependence of hardness on strain rate, we defined the
maximum allowable strain rate below which a test should be performed in order to achieve
certain accuracy in the measured hardness. This dynamics effect could also be corrected to
obtain a true static hardness of indented material by extrapolating the linear dependence of
hardness on strain rate to a static condition (i.e. ḣ/h = 0).
The electrical instrumented indentation technique was finally applied to characterize
materials that pile-up, in particular work-hardened Cu. Using the ex-situ contact area from
the optical measurements for calibration of the relation between contact area and I − V
curve, the electrical technique gave hardness values 30-40% lower than those from the
Oliver-Pharr method and this appropriately accounted for the pile-up effect. We had hoped
that the contact area (Ac ) - area under I − V curve (Γ) relation for annealed Cu and workhardened Cu were the same, and thus we could use the calibrated relation from annealed Cu
via the Oliver-Pharr method to characterize work-hardened Cu. However, the experiments
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showed that Ac − Γ relation were different for these two materials and the difference was
about 10% at the worst case. The difference was believed to be due to the change in
lab environment, such as temperature and humidity, and sample surface condition, such
as surface roughness and oxide layer thickness. With a better experimental control, it is
promising to achieve a better agreement between the Ac − Γ relation functions between
annealed and work-hardened Cu. This will prove to be useful for important applications
such as indentation of thin films.

6.2

Future work

Many interesting and intriguing questions remain to be explored. A list of projects that we
are working on or plan to do in the future are summarized below:
• To achieve a better understanding of the difference in Ac − Γ correlation functions
between annealed and work-hardened Cu. A detailed investigation of this will allow
us to assess how each of the factors (surface roughness, oxide layer thickness, temperature, humidity and possibly others) affects the electrical contact characteristics.
This investigation will give us indication of what are the most important parameters
to control in experiments to achieve the same Ac − Γ correlation functions for materials with the same chemical constituent. With this, the electrical technique can be
more easily applied to characterize materials that pile-up and thin films. Some initial thoughts are enclosing the instrumented indenter in a chamber with temperature
and humidity controls and controlling the sample polishing procedure and the time
between polishing and indenting.
• To obtain a fundamental understanding of the nonlinear and asymmetric I −V curves.
If we can predict the electrical contact I − V curves based on band structure of the
contact materials, the electrical technique will be more easily applied. Calibration of
the Ac − Γ correlation function using either the Oliver-Pharr method or optical measurements will become unnecessary. An analytic formula relating the nonlinear I −V
curve to the contact area will serve as an “Holm’s equation” for non-Ohmic contact.
This requires modeling of the electronic carrier transporting through the interfaces of
metal-semiconductor contact or maybe even metal-oxide-semiconductor contact.
• To pursue linearity in the mesured I − V curves by using different materials for indenter tip. The nonlinearity in the measured contact I − V curves posed significant
difficulty for us to obtain in-situ contact area, even with the method proposed in this
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work. Using alternative materials for the indenter tip can possibly result in linear
I − V curves, thus the data analysis becomes much easier with the readily available
Holm’s equation. A good indenter tip material needs to be both mechanically hard
and electrically conductive. Possible candidates include single-crystal SiC, more
heavily doped diamond, and some sintered metal with large hardness.
• To extend this technique to smaller length scales. The experimental setup used in
this lab was an important development that allowed us to establish the technique,
however, it is limited by its capability of measuring small force and displacement.
Nowadays, there is a great need for characterizing mechanical properties of materials at smaller length scales, i.e. nanometer scales. To apply this technique to smaller
scale materials, such as nanomaterials and biomaterials, the current apparatus needs
to be improved in its resolution. We have developed a second apparatus by using
a higher resolution load cell (Sensotec 10 N load cell) and redesigning the fixtures
(see Appendix C.2). A third apparatus is under development; it uses a LVDT load
cell and a piezoelectric actuator that allows measure of forces as low as 50 µN and
displacements as small as 0.1 nm. Furthermore, it is known that at different length
scales, the current transport mechanisms are different [16]. For example, at nanoscale
where the dimension of contact is even smaller than the mean free path of electrons,
the electrons move in a ballistic way to enable conduction (see Section 1.4.1). Thus,
the relation between contact area and contact resistance becomes very different. The
different current transport mechanisms will be reflected in the Ac − Γ correlation in
our technique. It will be very interesting to see the changes in the Ac − Γ correlation at different length scales. Finally, extension to smaller length scales will allow
it to be used for studying deformation in elastic regime. A variety of elastic contact models [138] combined with electrical contact models available at this length
scale [20, 21]will provide important insights for better understanding of elastic deformation.
• To extend this technique to more applications. This electrical technique will prove to
be a very useful technique for many more applications both quantitatively and qualitatively. Quantitatively, it can be useful for characterization of thin films, piezoelectric properties of piezoelectric materials, creep and fatigue properties of materials.
Qualitatively, it can be useful for studying phase transformation in semiconductors,
film delamination and contact degradation etc. Indentation of single crystal tungsten
and annealed Cu has been conducted to test the efficacy of this technique for measuring creep properties as explained in Appendix B. A set of thin films samples have
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been prepared as well to apply this technique to indentation of thin films.
In conclusion, an electrical technique was developed to measure in-situ contact area during instrumented indentation in this dissertation to improve mechanical characterization at
micro/nano-scales. It was demonstrated to measure in-situ contact area as a continuous
function of applied force, thus improved instrumented indentation for characterization of
dynamic behavior of materials. The optimal methods were investigated to infer mechanical
properties from electrical measurements. This technique was also extended to characterize
materials that exhibit pile-up where the traditional instrumented indentation faces difficulties. The technique has a great potential to become a standalone technique that can overcome the limitations inherent to the state-of-the-art data analysis method for instrumented
indentation, the Oliver-Pharr method, and will prove to be useful in many other important
applications, such as indentation of thin films, characterization of creep and fatigue properties of materials, phase transformation of semiconductors, film delamination and maybe
even more.
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Appendix A
Finite Element Simulation
Finite element simulation was used in this work extensively to provide insight to the instrumented indentation testing. In particular, it was used to simulate electrical instrumented
indentation, geometrical correction factor in Holm’s equation, pile-up behavior, and indentation of thin films. All simulations were done using commercially available finite element
software, ANSYS.

A.1

Electrical instrumented indentation

Section A.1.1 describes the model used in the simulation, and Section A.1.2 presents simulation results.

A.1.1

Model

A 2D axisymmetric model as shown in Figure A.1 is used. A 2D model is faster than a three
dimensional analysis and yields sufficiently accurate results. The indenter tip is modeled
as a rigid cone with an equivalent cone angle 70.3◦ , giving the same area depth function as
the Berkovich indenter tip commonly used in instrumented indentation experiments and our
electrical instrumented indentation experiments. The upper radius of the conical indenter
tip is set to be 1 µm so that sample size effect is minimized and enough indentation depth
can be provided. The sample is modeled as a cylinder 10 µm high and 10 µm in radius. The
geometrical boundary conditions for the indentation simulations are set to be the following:
the nodes on the y-axis can move only along this axis, all the nodes on the bottom of the
sample are fixed in y-direction, and the outside of the sample is set to be a free surface,
i.e. no residual stress is considered. In practice, all indenter tips have a certain degree of
roundness because of machining limitations and blunting during usage. To account for the
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roundness effect, a typical 200 nm tip radius is modeled.

Figure A.1: Schematic plot of a 2D axisymmetric instrumented indentation model.
The next step is to specify the properties of the indenter and the indented sample. The
material properties for the indenter are elastic modulus Ei = 1060 GPa, Poisson’s ratio
νi = 0.07, and resistivity ρi = 1.8 × 10−4 Ω − cm. The sample is modeled as isotropic,
elastic-plastic solids with isotropic hardening. Parabolic hardening behavior is assumed, as
shown in Figure A.2, so that,


Eε
 n
σ =
σy Eε
σy

ε≤
ε≥

σy
E
σy
E

,

(A.1)

where σy is the yield stress, and n is the strain hardening rate. The values taken for annealed
copper, the material we are using for electrical instrumented indentation experiments, are
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E = 110 GPa, σy = 70 MPa, ν = 0.342, n = 0.54, and ρs = 1.8 × 10−6 Ω − cm [76]. The
stress strain curve as parameterized in ANSYS is shown in Figure A.2. The resistivity of the
indenter is chosen to be 100 times larger than the sample for computational convenience,
and it should provide sufficient accuracy.

Figure A.2: Stress-strain curve for annealed Cu parameterized in ANSYS.
The Finite Element mesh close to the contact zone is shown in Figure A.3. This model
consists of about 8300 2D multi-field 4-node elements (PLANE 223) and 22000 nodes.
Very fine meshes are used in the region close to the contact zone, and the mesh is continuously coarsened as one goes further away from the contact zone. The finest element size
used in this simulation is about 10 nm. To model the contact behavior, 2D contact elements
TARG169 and CONTA171 in ANSYS are used, with the indenter surface being the contact
surface and sample surface the target surface. The friction between the tip and the sample is assumed to be zero. Electric Contact Conductivity (ECC) is set to be about 108 /ρi .
Depth-controlled mode was used in all the simulations, and the force for every indentation
step is calculated by summing up the reactions forces from all the bottom nodes. The actual
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contact radius is measured from the horizontal coordinate of the last contact edge “node”
between the indenter and sample.

Figure A.3: Element mesh close view.

A.1.2

Simulation results

The results of the Finite Element Simulation are as follows. A typical P-h curve resulted
from the simulation for annealed copper is shown in Figure A.4. The maximum indentation
depth is 200 nm. The electrical potential at the instant h = 100 nm is shown in Figure A.5.
As seen in Figure A.5, the potential drop occurs almost entirely within the indenter tip
because the much larger resistivity of the tip.

A.2

Geometrical correction factor

To measure mechanical properties of materials using electrical contact resistance measurement, relationships among hardness H, elastic modulus E of the material, and the electrical
contact resistance Rc are needed. Contact resistance is dominated by the constriction resistance, which is due to the constriction of electrical current through points of actual contact
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Figure A.4: Typical P − h curve for electrical instrumented indentation of annealed Cu. Material
properties used for annealed Cu are: E = 100GPa, σy = 70MPa, and n = 0.54.

between the two conductors (See Figure 1.7). From the a-spot theory, the constriction resistance between two flat semi-infinite planes in contact at a single spot with a contact radius
a (see Figure 1.8) can be simply expressed as [15],
Rc = (ρ1 + ρ2 )/4a,

(A.2)

where ρ1 and ρ2 are the resistivities of the two contacting solids, and a is the radius of the
contact area. Alternatively, Eq. A.2 can be written as
ρ1 + ρ2
Rc =
4

r

π
,
Ac

(A.3)

where Ac is the contact area. From this equation, the contact resistance gives us a direct
measure of the contact area, and in turn, this contact area Ac leads us to the hardness and
elastic modulus of the sample. Eq. A.3 is derived from contact between two flat infinite
planes; however, indentation geometrical configuration deviates from this. Therefore, a
geometrical correction factor η should be used in Eqs. A.2 and A.3 to account for the
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Figure A.5: Electrical potential contour plot during electrical instrumented indentation.
deviation, and Eq. A.3 becomes
ρi + ρs
Rc = η
4

r

π
,
Ac

(A.4)

where ρi and ρs now are the resistivities of the indenter tip and sample, respectively.
Finite element simulation was performed to obtain the geometrical correction coefficient η (Eq. A.4). In our indentation system the indenter tip has much higher resistivity
than the sample (ρi  ρs ), thus it is expected that most of the voltage drop occurs within
the indenter tip (see Figure A.5). Therefore, it is reasonable to assume the sample is an
equi-potential body with the same potential as that of the portion of the indenter tip bottom surface that is in contact with the sample. So, to simplify our finite element analysis,
only electrical conduction within the indenter itself is considered (see Figure A.6). The
top surface of the indenter is assumed to be an equi-potential surface, and the portion of
the bottom surface that is in contact with the sample is assumed to be equi-potentialized as
well. The boundary conditions on the bottom surface carries the information of the contact radius between the sample and the indenter tip. By changing the boundary conditions,
i.e. the contact radius, the conduction current and the contact resistance are changed correspondingly. A C shell script is written to automatically run systematic simulations with
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different boundary conditions, and the correction coefficient is obtained as needed. Both
2-D and 3-D versions of this simulation have been performed, and the results are shown
separately following a discussion of simulation procedure.

Figure A.6: 2D model for finite element calculation of the geometrical correction factor for electrical instrumented indentation. Rtop is the radius of the top surface, and a is the radius of contact.
The two bold lines are equi-potential lines with applied voltages φ1 = 1V and φ2 = 0V.

A.2.1

Simulation procedure

The procedure of a typical simulation can be described as follows:
1. Construct the finite element model using ANSYS, assign material properties, and
mesh the model
2. Apply boundary conditions, solve the problem, and obtain the conduction current I
running through the indenter
3. Repeat preceding procedure for different boundary conditions, which implies different contact radius a
2
4. Calculate contact resistance as Rc = φ1 −φ
I , where φ1 and φ2 are the voltage of the two
equi-potential surfaces defined as boundary conditions, I is the current resulted from
2
the simulation. Ideally, φ1 −φ
includes the resistance of the indenter itself, however,
I
the resistance of the indenter is usually very small compared to the contact resistance.
2
Thus, the contact resistance can be calculated as Rc = φ1 −φ
I
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5. Plot Rc vs. 1/a, and the slope will give us the correction coefficient according to
i
Rc = ηρ
4a .

A.2.2

2D simulation

The indenter is modeled as a rigid cone with an equivalent angle θ = 70.3◦ , which gives
the same area-to-depth ratio as the Berkovich tip commonly used in nanoindentation experiments. The radius of the indenter’s top surface is rtop = 100 µm, thus resulting in a
height of 35.28 µm. To account for the roundness of the indenter tip, a tip radius 200 nm
is assigned to the tip. The finite element mesh is shown in Figure A.7. It consists of 36641
eight-node axisymmetric elements. The top surface is set to be an equi-potential surface
with a potential φ1 = 1 V. The portion of the contact surface that is in contact with the
sample is assumed to be equipotentiallized with a potential φ2 = 0 V. The resistivity of the
indenter is specified to be ρi = 1 Ohm-cm. Thus, the simulation will result in a conduction
2
.
current I, from which the contact resistance Rc can be calculated according to Rc = φ1 −φ
I
In the instrumented indentation experiments, the contact radius a between the indenter
and the sample will increase with increasing applied force on the indenter. Instead of modeling the real contact between sample and indenter, we can simulate this behavior through
applying different boundary conditions. Larger portion of the contact surface assumed to
have potential φ2 = 0 V indicates larger contact radius between the indenter and the sample. To simulate the nanoindentation process, a series of simulations are run with different
boundary conditions.
The result of the simulations are shown in Figure A.8. From Figure A.8, it is shown
that the contact resistance Rc is uniquely related to the contact radius a,
Rc =

ρi
2a
(1.26 −
),
4a
Rtop

(A.5)

where Rtop is the radius of the indenter’s top surface. If a  Rtop as expected from practical
ρi
nanoindentation experiments, Eq. A.5 will simply become Rc = 1.26 × 4a
, i.e. η = 1.26.

A.2.3

3D simulation

Another question will be how does a 3D Berkovich tip deviates from a 2D axisymmetric
cone? To address this issue, a 3D simulation is performed. A Berkovich indenter tip is used
instead of an axisymmetric cone, and the finite element mesh is shown in Figure A.9. The
mesh around the indenter tip is refined, and it becomes coarser and coarser away from the
tip. The same procedure as described in 2D case is repeated for 3D case, and the simulation
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Figure A.7: The finite element mesh of the indenter for 2D simulation.
result is shown in Figure A.10. From this plot, an equation similar to Eq. A.5 is obtained,
Rc =

ρi
2.1a
(1.235 −
),
4a
Rtop

(A.6)

where a and Rtop are equivalent contact radius and equivalent top surface radius, respecp
tively, and a can be easily calculated as Ac /π. Comparing Eqs. A.5 and A.6, one can
find a slight change of η from 1.26 to 1.235. 3D simulation result should be a better representative of practical nanoindentation experiments, thus Eq. A.6 will be compared to our
experiments.

A.3

Pile-up/Sink-in

Finite element simulation is performed to study pile-up and sink-in behavior during instrumented indentation. The model for instrumented indentation is the same as the one
described in Section A.1.1. Two different materials are investigated, one being workhardened copper and another annealed copper. The material properties for work-hardened
copper used in the simulation is: E = 110 GPa, σy = 330 MPa, and n = 0.05. For the annealed copper, the input material properties are: E = 110 GPa, σy = 70 MPa, and n = 0.54.

113

Figure A.8: Plot of

Rc ·4a
ρi

vs. a for different indenter top radius Rtop from 2D finite element

simulation.

As expected, very distinctive behavior in pile-up and sink-in has been observed based on
finite element simulations. Typical contact profiles for both materials are shown in Figures
A.11 and A.12. Pile-up behavior is observed for work-hardened copper, and sink-in for
annealed copper. It is consistent with experimental observations reported in [66, 129].

A.4

Indentation of thin films

The model for nanoindentation of film-on-substrate system is very similar to the one for
nanoindentation of bulk material as discussed in Section A.1.1, and is schematically shown
in Figure A.13. The same dimensions for the indenter tip and substrate are used, with a
new dimension: film height t f . Constitutive relationship for both film and substrate are
assumed to be described by Eq. A.1. Material properties for film are denoted as: E f , σy f
and n f with a subscript f for film, and Es , σys and ns with a subscript s for substrate.
In Figure A.14 P − h curves at different indentation depths for a specific film-onsubstrate system are shown. The parameters for the system are the following: material
properties are E f = 200 GPa, σy f = 1 GPa, n f = 0.3 for the film and Es = 200 GPa,
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Figure A.9: Finite element mesh for the indenter in 3D simulation.
σys = 2 GPa, n f = 0.1 for the substrate, and the film thickness is 250 nm. Four different indentation simulations were run, with maximum indentation depth of 50, 100, 200,
and 250 nm. From the P − h curves, the hardness and elastic modulus of thin films can be
obtained. The dependence of E and H on indentation depth are shown in Figures A.15 and
A.16 respectively.
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Figure A.10: Plot of

Rc ·4a
ρi

vs. a for different indenter top radius Rtop from 3D finite element

simulation.

Figure A.11: Pile-up shown by work-hardened copper based on finite element simulation.
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Figure A.12: Sink-in shown by annealed copper based on finite element simulation.

117

Figure A.13: Model for instrumented indentation of film-on-substrate system.
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Figure A.14: Typical P − h curves from instrumented indentation of a film-on-substrate systems.
The films thickness is 250 nm.

Figure A.15: Elastic modulus E vs. indentation depth h for thin films.
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Figure A.16: Hardness H vs. indentation depth h for thin films.

Appendix B
Indentation Creep and Thin Films
B.1

Indentation creep

Single crystal tungsten with surface orientation (100) and annealed Cu alloy 101 were indented to test the efficacy of the electrical technique to study creep behavior of materials.
Cu was annealed at 550◦C for three hours in a vacuum chamber. Both samples were mechanically polished to 0.05 µm finish. Samples were cleaned with isopropyl alcohol prior
to testing.
The constant load method as discussed in Section 2.4.3 was used. All indentation tests
were conducted in a force-controlled mode. In each test, the sample was linearly loaded
up to the maximum force Pmax over 100 s, held at Pmax for 200 s, and unloaded to zero
force with the same rate as during loading. For both materials, ten indents were performed
for five different maximum forces ranging from 1 N to 5 N with an increment of 1 N. The
spacing between any two indents were at least ten times the lateral extent of the indents.
Using the electrical technique developed here, the contact area and hardness during
holding can be obtained continuously from the electrical measurements. From this, the
stress exponent for creep can be determined by analyzing H vs. ε̇ data. When analyzing
creep data from constant load test with traditional instrumented indentation, it was assumed
that Ac ∝ h2 during holding. However, it was shown by Elmustafa et al. [113] by numerical
simulation that this proportionality might not be valid. Since the electrical technique is
capable of measuring in-situ contact area during instrumented indentation, it has a unique
opportunity to be used to verify this assumption experimentally. With that, a more accurate
measurement of the creep properties of the indented materials can be obtained.
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B.2

Thin films

Cu films on three different substrates were prepared with Reactive Ion Assisted Electron
Beam-Physical Vapor Deposition. The three substrates are Si, glass, and Ni. Cu on silicon
and glass substrates are widely used in microelectronic industry, while Cu and Ni have
very similar lattice constant so that a thick layer of film can be deposited. For all the
substrates, a very thin Cr adhesion layer is deposited to allow Cu film to adhere to substrates
better. Three film thicknesses were deposited for each film-substrate system, and they are
approximately 5 µm, 10 µm, and 100 µm. The thickest film can be used to calibrate
the electrical contact characteristics of the sample-tip contact, which can then be used to
characterize mechanical properties of thinner films.
Depth controlled indentation will be run to indent these films. Different maximum penetration depth into the films ranging from 10% to 100% of the film thickness will allow us
to assess the effect of substrate on hardness measurement. The in-situ contact area measurement capability of the electrical technique promises to give a better measure of the
film/substrate composite mechanical properties. With that, the existing models of extracting film-only properties from film/substrate composite properties can be tested or a new
method can be proposed to do so.

Appendix C
Design of Instruments
C.1

Design of 100 N electrical instrumented indenter

A schematic assembly plot of the 100 N electrical instrumented indenter is shown in Figure
C.1. The green components are commercially available, and the rest of the components
were custom designed and manufactured. Yellow components are made of metals and blue
parts are made of ceramics, in particular MACOR. One of the key designs in this electrical
coupled instrumented indenter is the indenter tip holder. It needs to mechanically transfer
the force from the load cell to the tip, provide electrical isolation between the tip and the
outer side of the indenter tip holder, and mechanically support the electrical connection
between the coaxial cable and the source meter test leads.

C.2

Design of 10 N electrical instrumented indenter

To improve the resolution of the experimental apparatus, a new electrical instrumented
indenter was developed. A schematic assembly plot of the 10 N electrical instrumented
indenter is shown in Figure C.2. This apparatus uses a Sensotec 10 N load cell, and thus
the adapters were redesigned. A key challenge faced when designing this system was to
reduce the weight of the fixtures. The total weight of the fixtures for the 100 N electrical
instrumented indenter was 1.3 kg, which already exceeded the load capacity of the 10 N
load cell. In the new design, the total weight of fixtures were reduced to 26 g, only 2% of
the previous design. The key improvement was made by using a different design for the
indenter tip holder. In addition, the 10 N electrical instrumented indenter simplified the
design such that less components were used and the assembly of the system became much
easier. Finally, the use of a BNC connector plate above the load cell prevented the motion
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Figure C.1: Assembly plot for the 100 N electrical instrumented indenter.
of the test leads from affecting force measurement. The error on force measurement due
to the motion of test leads is on the order of 0.01 N, which is negligible when measuring
relatively large force but could be significant at smaller scales.

C.3

LabVIEW code development

The experimental control and data acquisition for electrical coupled instrumented indentation are automated through a LabVIEW program, the front panel of which is schematically
shown in Figure C.3. In the top two windows, force-displacement curve and I −V curves
are generated simultaneously in real time. In the bottom two windows, control parameters need to be specified by users. For mechanical testing, force is applied to the sample
obeying a desired force-time function, and the displacement is measured simultaneously.
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Figure C.2: Assembly drawing for the 10 N electrical instrumented indenter.
As a result, a force-displacement curve is recorded. To specify the force-time function, the
control parameters include the maximum force, loading rate, holding time, and unloading
rate. For electrical measurement, a linear staircase voltage sweep is performed and current
is measured at each step, thus a I − V curve is obtained for each sweep. Maximum voltage, minimum voltage and number of sweep steps are need to be specify the linear voltage
sweeping function. In addition, source delay time and measurement speed need to be set in
order to control the time for current measurement. Finally, a complete history of force (P),
displacement (h), current (I) and voltage (V ) is recorded synchronously during indentation,
and written into a text file in a desired format for further data analysis.
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Figure C.3: Schematic of the experimental control and data acquisition front panel.

Appendix D
Testing Protocols
D.1

Electrical instrumented indentation test procedure

Objective

Run electrical instrumented indentation experiments.

Equipments and Materials Instron 5848 micromechanical tester, Keithley source meter
2400 and test leads, Berkovich conductive diamond tip, indenter tip holder, Parker-motion
XY stage, sample stage and adapters, and samples.
Preparation
1. Polish sample to 0.05 micron finish, and check under microscope to make sure the
sample is sufficiently polished
2. Mount the sample to a stainless steel sample carrier with conductive epoxy, making
sure the contacting surfaces of the sample and the sample carrier are clean for better
electrical conduction
3. Let the conductive epoxy dry for at least 4 hours
4. Clean the indenter tip with cotton swab and isopropyl, and take images of the tip
from the microscope before and after cleaning
5. Clean the sample surface with cotton swab and isopropyl
6. Determine experimental parameters for both mechanical and electrical measurements,
and fill up Table D.1 and Table D.2.
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Experiment Setup
1. Mechanical Setup
(a) Detach unnecessary components from Instron and adjust the height of the Instron top crosshead if needed
(b) Mount the load cell to the Instron top crosshead
(c) Assemble sample stage components, mount the cleaned sample to the stage,
and fix the stage to the Instron base plate
(d) Assemble conductive diamond tip with the indenter tip holder, and check with
Fluke meter to make sure a good electrical conduction occurred through the
contact at the back end of the tip
(e) Attach the indenter tip holder to the load cell
(f) Connect the source meter into the system in appropriate electrical configuration.
Necessary connections include IEEE cable, power cord, and test leads.
(g) Turn on Keithley 2400 source meter, and warm up for half an hour
(h) Activate the vibration isolation table
2. Software Setup
(a) Open “Instron 5800 Console”
(b) Open and run the LabVIEW program “Electrical Instrumented Indentation 3.5.vi”
3. System PID tuning for different forces
(a) Balance the load cell (weight: _________N)
(b) Set limits on “Load” for both compression and tension
(c) Tune the indentation system, and adjust PID parameters following Instron manual (sample protect gain = 0.02, proportional: ________, integral:________,
derivative: __________)
i. Drop the tip to the sample surface with a preload
ii. Check off sample protection option
iii. Change load mode transfer to “immediately”
iv. Use loop tuning tools to tune PID parameters for different loads
v. Change displacement mode transfer to “immediately”
(d) Repeat this tuning process for different forces
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Single Indentation Test Procedure
1. Move the sample to a chosen position and record the coordinates according to the
readings from XY stage
2. Bring down the tip close to the sample surface using “Setpoint” function
3. Balance the load cell and set limits on “Load”
4. Specify parameters for initial surface engagement, and run “Initial Contact” event in
LabVIEW program to engage the tip
(a) Typical values: threshold load: 0.05 N, ramp rate: 0.0001 mm/sec, and initial
load: 0.1 N
5. Specify parameters for electrical measurement as shown in Table D.1.
6. Click on specific function and specify parameters for mechanical testing according
to Table D.2.
(a) “Special Trapezoidal” for exponential loading tests
(b) “Trapezoidal” for linear loading tests
7. Start running the test and collecting data by clicking the button “Ramp”
8. Save data with a standard name
(a) Exponential loading tests: “Material_Maximum force_k_Holding time_Unloading
time_Maximum Voltage_Position.txt”
(b) Linear loading tests: “Material_Maximum force_Loading time_Holding time_Maximum
Voltage_Position.txt”
9. Disengage the indenter tip from the surface once the test is complete, and move the
sample to next desired position
Perform Indentation Tests Note: All indentation tests performed should conform to the
procedure described in “Single Indentation Test Procedure”.
1. Run one indentation at each maximum force according to Table D.2 to estimate spacing between indents. For a Berkovich indenter tip, d 2 /2 = 24.5h2 , i.e. d ≈ 7h. Thus,
spacing should be about 70h. Update PID parameters accordingly for each maximum
force.
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2. Run indentations at different maximum forces as shown in Table D.2 and loading
profile shown in Figure D.1. Every condition should be run at ten different positions
with spacing schematically shown in Figure D.2 and specified by Table D.2.
Post-indentation Procedure
1. Detach components
2. Clean the indenter tip, and take images of the indenter tip under the microscope
3. Take images of the indents using the microscope or AFM
Test

Source delay
time (s)

Voltage range
(V)

No. of sweep
steps

Measurement
time interval
(s)

1
2
3
4
5
6
7
8
9
10
Table D.1: Specified parameters for electrical measurements.

Test
1
2
3
4
5
6
7
8
9
10

Pmax (N)

t1 (s)

t2 (s)

t3 (s)

d (mm)

k

Table D.2: Specified parameters for mechanical measurements.

Measurement
speed
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Figure D.1: Schematic plot of force-time profile for a force-control indentation test. The force is
ramped up to Pmax within t1 seconds, and held at Pmax for (t2 − t1 ) seconds, and dropped at the
same rate as loading. (a) for linear loading tests, and (b) for exponential loading tests where the
force increases with time as P = P0 × ekt during loading.

D.2

Machine compliance calibration procedure

Objectives Calibrate the machine compliance of the indentation system.
Instruments and Materials Instron 5848, Parker motion two-axis stage, stage adapter
and sample stage, indenter tip, indenter tip holder, and reference material (single crystal
tungsten (100)).
Experimental Procedure
1. Set up experiments
(a) Detach unnecessary components and mount the load cell to the top crosshead
(b) Assemble sample stage components, mount the cleaned sample on the stage,
and fix the stage on INSTRON base plate
(c) Check the cleanness of the indenter tip, and take images of the tip
(d) Assemble indenter tip with the tip holder, and attach the indenter tip holder to
the load cell
2. Preparation and system tuning
(a) Open the LabVIEW code “Instron5848_Mechanical.vi”
(b) Balance the load cell (weight: __________kg)
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Figure D.2: Schematic plot of the indentation positions. di is the distance between different positions.

(c) Tune the system, and adjust PID parameters (sample protect gain = 0.02, proportional:________, integral:________, derivative: __________)
3. Running experiments
(a) Run one indent at each maximum force as shown in Table D.1. This gives us
roughly the maximum depth and then we can calculate the spacing between
indents. For a Vickers indenter tip, d 2 /2 = 24.5h2 , i.e. d = 7h. Thus, spacing
should be 70h.
(b) Run experiments based on the experimental parameters specified in Table D.2.
For each maximum indentation force, 10 indents at 10 different positions will
be run. The loading profile is sketched in Figure D.1(a), and the indentation
positions are schematically shown in Figure D.2.
4. Post-indentation procedure
(a) Detach all the components from Instron
(b) Clean the indenter tip

Appendix E
List of Symbols
Symbols Meaning
H
Hx
E
Ex
ν
νx
µ
µx
σy
σyx
n
nx
σ
ε
ε̇
P
P0
Pmax
k
h
hmax
hc
hf

Hardness
Hardness of film, x = f for film and x = s for substrate
Elastic modulus
Elastic modulus, x = i for indenter, x = f for film and x = s for substrate
Poisson’s ratio
Poisson’s ratio, x = i for indenter, x = f for film and x = s for substrate
Shear modulus
Shear modulus, x = f for film and x = s for substrate
Yield stress
Yield stress, x = f for film and x = s for substrate
Strain hardening exponent
Strain hardening exponent, x = f for film and x = s for substrate
Stress
Strain
Strain rate, ε̇ = ḣ/h
Applied force
Preload
Maximum applied force
k = Ṗ/P
Indentation depth
Maximum indentation depth
Contact depth
Final indentation depth
132

133
θ
Rtop
Rtip

Indenter tip’s half angle. θ = 70.3◦ for a Berkovich tip
Top radius of the indenter tip
Tip radius

tf
d
S
α, m
ψ, β
Ac
a
Cm
Ctot
vtd
Rc
ρx
η
I
V
Γ
Γs
Γp
Γn
Γd
q
γ
W
Wtot
Wu
t
λ
φm
φs
χs
ξ
φB
EFm

Film thickness
Spacing between indents
Contact stiffness, S = dP/dh
Fitting parameter in the Oliver-Pharr method
Correction coefficient in the Oliver-Pharr method
Projected contact area
Contact radius
Load frame machine compliance
Total compliance
Thermal drift velocity
Contact resistance
Resistivity, x = i for indenter tip and x = s for sample
Geometric correction factor for Holm’s formula
Current
Voltage
Area under I −V curves
Area under I −V curves - sum
Area under I −V curves - positive
Area under I −V curves - negative
Area under I −V curves - difference
Exponent in the power-law function, Ac ∝ Γq
A parameter characterizing sensitivity of hardness to strain rate
indentation work
Total work done during indentation
Unloading work done during indentation
Time
Stress exponent for creep
Metal’s work function
Semiconductor’s
Semiconductor’s electron affinity
ξ = φs − χs
Schottky energy barrier height
Metal’s Fermi energy level
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EFs
R
T

Semiconductor’s Fermi energy level
Gas constant
Absolute temperature

Appendix F
Nontechnical Abstract
Mechanical properties of materials are of great importance for designing structures and
preventing failure. Instrumented indentation is a relatively new but dominant method to
characterize mechanical properties of materials, especially at small length scales. Since
introduced about 20 years ago, instrumented indentation has become widely used in both
fundamental science and materials engineering. In fundamental science, it has become a
major research tool in emerging fields such as nanomechanics and biomechanics because
of its capability of making high resolution measurements of force and displacement. In
materials engineering, it is used to characterize mechanical performance of materials and
thus help to prevent failure, and it facilitates the optimization of material’s composition
and structure. However, instrumented indentation is not realizing its full potential as a tool
either for mechanical characterization or for fundamental research. As a characterization
tool, the state-of-the-art data analysis method, the Oliver-Pharr method, is intrinsically limited by the semi-analytical method it employs to estimate mechanical properties. The work
presented in this dissertation is an effort to overcome these limitations and thus enhance
instrumented indentation for mechanical characterization at micro/nano- scales.
In instrumented indentation, an indenter tip is pushed into and removed from a sample, during which the applied force and the displacement of the indenter tip are recorded
simultaneously. As a result, a force-displacement curve is measured from an instrumented
indentation test, from which the mechanical properties of materials, such as hardness and
elastic modulus, can be obtained. One of the key issues in this technique is measurement
of the contact area between the indenter tip and the sample, since the measured mechanical
properties are directly dependent on the contact area. The Oliver-Pharr method is the most
widely used method to calculate contact area from the force-displacement curve. However, this method does not have a direct measure of the in-situ contact area. Instead, it
uses a semi-analytical approach to estimate the contact area, and thus is problematic in
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many important applications, such as characterization of thin films and dynamic behavior
of materials such as creep and fatigue.
In this dissertation, an electrical technique was developed to obtain in-situ contact
area during instrumented indentation and thus improve mechanical characterization. An
electrical instrumented indenter was designed and developed to measure electrical contact (current-voltage) responses between a conductive indenter tip and a conductive sample
simultaneously during instrumented indentation. The technique was validated by indenting annealed Cu; the contact area was related to the nonlinear current-voltage curves, and
hardness and in-situ contact area were obtained as a continuous function of applied force
during instrumented indentation. Furthermore, an optimal data analysis method was developed to infer in-situ contact area from the electrical measurements. Finally, the technique
was successfully extended to characterize materials that exhibit pile-up, where the traditional instrumented indentation faces difficulties. Because of its continuous in-situ contact
area measurement capability, the developed technique not only enhanced instrumented indentation for characterization of dynamic properties such as creep and fatigue, but also
allows one to achieve a more fundamental understanding of hardness, such as its dependence on strain rate. Due to the nonlinear nature of the measured contact current-voltage
curve from the tip-sample contact, no analytical formula relating contact area to currentvoltage curve is available and thus this technique currently still relies on other methods,
the Oliver-Pharr method or the optical method, for calibration. However, a future development of an electrical contact theory will allow this technique to become standalone for
mechanical characterization. This work has laid the foundation of a standalone technique
for mechanical characterization that can overcome all the limitations of the Oliver-Pharr
method. This technique will prove to be useful in many more applications quantitatively
and qualitatively. Quantitatively, it can be used to characterize thin films, materials that
exhibit pile-up, and creep and fatigue properties of materials. Qualitatively, it will be useful for detection of phase transformation in semiconductors, film delamination and contact
degradation.
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