Exploration of the Origin of Substrate Effects and Elastic Strain Properties during
Thin Film Nanoindentation

by

Bo Zhou

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
December 18, 2009

Keywords: Nanoindentation, Thin Film, Young’s Modulus
Substrate Effect

Copyright 2009 by Bo Zhou

Approved by

Barton C. Prorok, Chair, Associate Professor of Materials Engineering
Ruel A. Overfelt, Professor of Materials Engineering
Dong-Joo Kim, Associate Professor of Materials Engineering
Pradeep Lall, Thomas Walter Professor of Mechanical Engineering
Minseo Park, Associate Professor of Physics



Abstract

In this study, the main goal was to investigate the true origin of an influence of
substrate effects during nanoindentation of thin films. The work examined the proper
relation between the elastic strain intensities in the film and substrate, and modified the
Doerner & Nix function used to first describe this situation. A universal mathematical
model/formula was developed to better describe the nanoindentation Modulus—
Displacement curve. Furthermore, a physical explanation was suggested for the new
function. In this project, 15 specimens (including 14 amorphous thin films and 1
nanocrystalline film deposited on Si substrates) were tested using a MTS nanoindentation
XP system. The films were tested with a continuous stiffness measurement (CSM), where
flat regions were found in the early stage of the E-4 curves that reflected the true film
modulus.

The flat region (the region without substrate effects) and critical indentation depth
(h.r) was determined for each material. A unique non-linear trend was found between the
critical indentation depth/film thickness ratio (h./f) and film/substrate modulus ratio
(E/E;). It was found parameter o in Doerner & Nix function was not a constant as
originally suggested. Instead, it changed with the indentation depth. To improve Doerner
& Nix function, two parameters «; and a, were suggested in the equation instead of one,
as the elastic strain growth is not continuous in the film and substrate. Based on the

experimental investigation and analytical modeling, the two parameters were determined



as the Poisson’s ratios of the film and substrate. The new function was found to be adept
at closely matching all experimental data collected, which spanned both soft films on

hard substrates and hard films on soft substrates.
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CHAPTER 1
INTRODUCTION

1.1. Synopsis

In the last three decades, Instrumented Indentdgsting (1IT), also known
as depth sensing indentation, has become one ofdlseimportant methods for the
mechanical characterizations of bulk and thin fifraterials [1-66]. As the world has
been more and more inspired by the nano-scale i@atand devices, instrumented
indentation, inexorably, followed this “expanding&nd. From micro-scale to the
nano-scale regime, nanoindentation has been widsdy to determine the Young’s
modulus, hardness, fracture strength, residuadstiad other important mechanical
properties of extremely small systems, such asa-tiin films, nanowires,
nanoparticles, NEMS, and bio-nanomaterials [20,29,850]. However, several
key issues have limited the use of nanoindentabormore precisely, prevented it
from obtaining accurate information of the targeatemials [10,16,67-69]. For
instance, thin film substrate effects have alwaysglicated measurements as the
indentation is influenced by m both the film and Bubstrate. Eliminating substrate
effects and deriving the true mechanical propertieshe film are essential and
urgent for the development of nanomaterials andteahnology, as well as greatly
improve the comprehension of the elastic and mladtiformation growth in thin

films.



Ever since nanoindentation was applied to thindjltmere have been efforts
to eliminate substrate effects. Many outstandingeaechers have used both
experimental and theoretical methods to study swikject [8,10,13,15,18,70-72].
However, due to the complexity from other nanoiridgon effects, such as film
microstructures and pile-up/sink-in situations, #ed on the substrate effect has not
been fully uncovered. Thus, this research followlkd significant work of Nix,
Doerner, Gao, Oliver, Pharr, and others to investigand better understand the
mechanism behind the substrate effect. In this wbskthin films (14 amorphous and
1 nanocrystalline films) were deposited and tesweth the Nanoindenter. The
selection of amorphous structure was aimed at editiig the microstructure effects
so that the substrate effect could be decoupled fheem. A physical explanation was
found for an existing empirical function of the striate effect. By improving this
function, it was able to derive the true film magsiffrom the nanoindentation data.
One unique result in this research was to find thatPoisson’s ratios of the film and
the substrate played important roles for deterngirsnbstrate effects and how they

manifested the composite modulus measured by th@mdentation.

1.2. Dissertation Structure

Chapter 2 gives literature reviews to all the scigjghat are related to this
dissertation work. It includes nanoindentation, tocwrous stiffness measurement
(CSM), substrate effects, finite element analydi;i@anoindentation, pile-up/sink-in

phenomenon, film microstructure effects, thin fildeposition, and the X-ray



diffraction technique. In the nanoindentation paty overview of instrumented
indentation theory was given. Two different indeiota methods: static and dynamic
measurements were covered in this section. Theiaeldetween the Continuous
Stiffness Method (dynamic) and the substrate effexs explained in detail. Substrate
effects were the most important part of this redeaand were thus covered in
significant detail. Finite element analysis playadarge role in substrate effects
indication in this study. Useful simulation resuliom other researchers were
illustrated. Pile-up/sink-in and film microstrucéyrwhich were two other important
nanoindentation effects, were also covered in tfiapter. Thin film deposition
techniques and deposition mechanisms were discussseti on how to obtain the
amorphous structure. X-ray diffraction theory wasgefty introduced for the film
structure determination.

Chapter 3 covers the experimental setup of thisaref, which consist of
three parts: 1. Thin film deposition and charaetgion; 2. Nanoindentation
measurements; 3. Finite element analysis setup.

Chapter 4 deals with the final results and disaumssi The experimental data
from nanoindentation were calibrated for all theogohous thin films. Young’s
modulus E) - Indent depthK) curves were obtained from the continuous stiines
measurement (CSM) so as to investigate the stapmmgt of substrate effects. The
so-called “flat region” (with minimum substrate efts) was observed in the early
stage of nearly everyg-h curve for all materials studied. The depth of ti@gion 6)

was found to vary with the material in a non-linelashion. Based on the



experimental data and simulation results, we wbte & modify the Doerner & Nix
empirical function for thin film indentation on alsstrate, particularly their parameter
alpha ). A mathematical model of the elastic strain egedistribution was
established to support the new theory. The origatgtha was replaced with two new
parameters that were equal to the film and sulestPaisson’s ratio. The modified
relation was found to be adept at closely matclahgxperimental data collected,
which spanned both soft films on hard substratelshand films on soft substrates.

Chapter 5 provides conclusions and future work.



CHAPTER 2
LITERATURE REVIEW

2.1. Instrumented Indentation Testing

Instrumented indentation testing (lIT), also knows nanoindentation, is
achieved using a high-resolution system that camedan indenter tip made of
diamond into and withdraw it from a sample matefl#l,16,29]. During the process,
the loads and displacements of the tip are recdoggabsitional sensors, from which
mechanical properties can be derived. In the gastdecades, this technique has been
developed sufficiently to satisfy the increasingeae of nano-scale materials and
devices characterizations. Nanoindentation has tmajor advantages: (1) The
mechanical properties of nanowires and NEMS arallysuery difficult to determine
by conventional tensile tests. Through nanoindenrtiatthe Young’s modulus and
hardness can be calculated from the load-displaceroerve. Other important
properties like yield strength, fracture strengtsidual stress can be estimated using
nanoindentation related methods [24,36,62,73-&)]Afother key advantage is that
nanoindentation does not have strict requirementspecimen’s shape, scale, and
surface conditions (especially for bulk materiakss.the indenter tip has a radius less
than 50 nm, the technique is extremely useful tan@re ultra-thin films and

coatings.



Figure 2.1a and 2.1b show the schematic and aneinshgan indentation
system [29]. There are three basic componentsNdreindenter: an indenter tip, an
actuator for applying forces, and a sensor for ngiog the indent depth. The
indentation process consists of two stages: loaaintgunloading. During loading, the
indenter tip is driven into the material, wheretbetastic and plastic deformations
occur. When the tip is unloaded from the samplédy time elastic recovery occurs,
which effectively separates the elastic properiethe materials from the plastic. A

typical load-displacement curve is illustratedigufe 2.2 [50].
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Figure 2.1a Schematic of the basic componentdNarindenter [29]



Figure 2.1b Image of a Nanoindenter XP system
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The earliest load-displacement sensing indentiggeements can be retraced
to 1940s. Tabor performed indentations on severatal® using a spherical
indenter[1]. An interesting result was that thedmass impression on samples after
unloading was indenter shape related. In other syadound shape impression was
caused by a spherical tip. Same results were aatdy Stillwell from a conical tip
[2]. More importantly, they found the existenceetdistic recovery during unloading.
They showed the evidence that the shape of theadmg curve and the elastic
recovering displacement were related the elastidutus.

Their research also led to the understanding thatreduced (measured)
Young's modulus E;) from indentation accounted for the elastic disptaent
occurring in both the indenter and the specimemr difect can be represented by the

following equation:

1 :
E = : 1)
WhereE ando are the Young’s modulus and Poisson’s ratio ofsphecimenk; ando;
are Young's modulus and Poisson’s ratio, respegtigéthe indenter. For a typical
diamond tipE; =1141 GPa, and=0.07 [1,2].

In the 1970s, researchers started to show intereéke roles of the unloading
curve slope 9 and the projected indentation contact a8ar{ the Young’s modulus
and hardness determination. The representative workhis decade was from

Bulychev and co-workers [4]. They found a relatiups between the reduced

modulus and the two parameters mentioned above:



S= (jﬁj ﬁ_Tef )

WhereSis the stiffness of the upper portion of the udiog curve P is the load, and
h is the displacement.

The term “nanoindentation” was first used 1980s. In this decade,
researchers began to realize the importance afumsinted indentation in thin film
characterizations. Pethica, Hutchings, and Olivesppsed a simple method for
modulus calculation [8]. They suggested that thetaxt areaA) in Eg. 2 can be
estimated as a function of the final indent depth (

Loubel and co-workers proposed an idea of deritimg Young’s modulus
from IIT in 1984 [9]. They suggested tHatcould be derived from the initial slope of
the unloading curve, i.e. the indentation loadha&sfunction of the indentation depth.

For a spherical indenter, the slope can be repreders:

S= (3;’) 21, 3)
wherery is the radius of the punch. The idea was senaiblbe loading portion of the
test has a complex combination of plastic-elastifoanmation. The initial unloading
then would be only composed of elastic response,thus contain only the elastic
information from the specimen to calculate the Ygsnmodulus. This idea was
supported empirically by several tested metals ¢éxaibit that the initial part of the
unloading curve was linear, and the rest of theadihg curve was non-linear, see

figure 2.3 and 2.4 for the load-displacement cufve111> silicon and aluminum and

aluminum [10].

10
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This theory was improved and expanded by DoerndrNix in 1986 [10].
They proposed a relatively comprehensive methodirfterpreting the data from
indentation. They assumed that the Young’'s modwhss related to the initial slope of
the unloading curve and the indentation depth. Tdiey calculated the hardness of
the film by subtracting the elastic displacemeranfrthe total displacement of

indentation. The hardness equation is shown as:

P
H = —max 4
A (4)

wherePnaxis the peak indentation load aAds the projected contact area.

Moreover, they suggested that there was a “substéfééct” on the measured
composite modulus for a film/substrate specimeninduindentation [10]. They
believed that during unloading, the elastic respamas not only from the information
of the film but also from the substrate. They swg@ an empirical function of the
indent depth to describe the film and substratdrimrtions to the measured young’s
modulus. Also, King supported Doerner & Nix by merhing simulation of thin films
[13]. Gao built up a mathematical model for thenthim indentation [15]. Their work
has affected the nanoindentation theory for moea th5 years. As the Doerner &
Nix/King function and Gao’s model are vital to tlegidy, they will be explained in
detail in the later section.

In the 90s, Oliver, Pharr and co-workers were tleadérs in the
nanoindentation field. They proposed the famousvedli& Pharr method for
determining bulk materials hardness and elasticutusdrom micro/nano indentation

in 1992 [16]. As mentioned above, their work inastigating the [IT method began in

12



early 1970’s. After years of accumulating indertatdata on different materials, they
guestioned Loubel, Doenar, and Nix’'s assumptioruatiee linear region at the initial
unloading curve. They found that for most materidlse unloading curve was
completely nonlinear (see figure 2.5 for a nonlmealoading curve). Their solution
was to fit the unloading curve of the load-displaeat data with a power-law relation
(eq. 5) [16]:

P=B(h-h,)" ()
whereB and m are empirically determined parametershaiglthe final displacement
after complete unloading of the indenter tip.

. From the equation abov@can be derived as :

dP _
S=| — =Bmh_ —h )™ 6
[dhjmhmax n.( e f) ( )

The equations of reduced Young's modul&s) (@and hardness calculatiol)( are

given as:
_Jm's
Er _Eﬁ (7)
H=P/A (8)

whereA is the projected contact area of contact undet,laadp is a constant that
depends on the geometry of the indenter tip. Thgepted area is calculated by
evaluating an empirically determined indenter dagaction A=f(h;) at the contact
depth. This area function is also known as thestigpe function. It is related to the

geometry of the indenter. For a perfect BerkoviphA can be represented as:

13



A= 2456h? 9)
It needs to mention that in practical use, theggpmetry will not be perfectly sharp.
Thus a calibration of the contact area needs iotbeduced using:
A=2456h? +C,h! +C,h}* + C,nh}"® + [ (10)
whereC; are the fitting constants.

Oliver and Pharr were the first to suggest s function oh; instead oh;. The
contact depthh) is usually smaller than the displaceméntfbr a sink-in situation
(he>h, when pile-up). Figure 2.6 shows the schematicao$ection through an
indentation and the relationships between varicaimmpeters. In Oliver & Pharr’s
method, the contact depth is estimated as[16]:

h = h—gg (11)
wheree is a constant that depends on the indenter gepnitrvadays, most of the

Nanoindenter systems use the Oliver & Pharr mettoodalculate the materials

mechanical properties.
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Figure 2.5 A load-displacement curve showing a imealr unloading portion
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Figure 2.6 Schematic of a nanoindentation impresgi6]

Indenters with various shapes are used for difteqgrposes. Pyramidal
indenters also well known as Berkovich tips arebptdy the most frequently used
shape. The three-sided pyramid can ground to asreafl point, which will keep its
geometry to the minimum scales. Besides the Beckotip, spherical, cube-corner,
conical, and Vikers pyramid indenters are also iedpl Table 2.1 shows their

geometries and parameters [50].

Table 2.1 Geometries of different indenter tips][50

Parameter  Berkovich Cube-corner Cone Spherical Vickers
Shape g . ; ' O
C-f angle 65.35° 35.264°
Projected
Contact area 24.56004°  2.59814" wa mat  24.50444d°

15



2.2 Continuous Stiffness Measurement

Other than the traditional static nanoindentatioethnad, the continuous
stiffness measurement (CSM), also known as dynatiffoess measurement, allows
one to determine the Young’s modulus and hardnkssgawith the displacement
[29,37]. This alternative of nanoindentation is abefor very thin film
characterizations due to the sensitivity of theemtddepth. Basically, CSM is no
different from the static methods. A typical CSMttean be seen as a set of the static
indentations at the same location but with incregsindent depths. This is
accomplished by superimposing a small force osidhaon the primary loading
signal and analyzing the resulting displacemenparse using a frequency-specific
amplifier, see figure 2.7 [37]. Thus, it allows tiomous measurement of stiffness as
the tip is driven into the specimen. A typical C3dading circle is shown in figure

2.8 [37].
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Figure 2.7 Schematic of continuous stiffness mesamsant [37]
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Figure 2.8 Load-displacement curve from a CSM[&8}
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CSM has numerous advantages over a single staeniation. First, it can be
used to evaluate the fatigue in nano-scale thinsfiand materials. Also the small time
frame of each indentation in CSM makes it ideal moeasuring the mechanical
properties of polymeric materials. Measurementsmutdtilayer (more than a single
film) structures and graded materials can also eeefited from the continuous
method. Furthermore, recent works show that creepsnrements of the nanoscale
materials can be performed by monitoring the changsress-displacement relation
in CSM tests [37].

Applying CSM tests on bulk and thin film materidsd to different results.
Figure 2.9 and 2.10 show the Young’s modulus-disgtaent curves of bulk silica and
SiO; thin film on a Si substrate, respectively. As caea imagine, the curve for a bulk
material will be a straight line which shows thdkbelastic modulus. However, for a
thin film system, the measured modulus representsygosite value containing both
the film (E;) and the substrateEd) information. For Si@ on Si, Ecomp Starts as a
relatively small value that is closedBa The curve sustains relatively flat for a short
period and then increases with the displacemenarsis. The CSM curve gives us
a clear vision that the substrate effects increaséhe indenter goes deeper into the
film. The CSM E-h curves vary with film and substraroperties. For instance, when
a soft film in on a hard substrate, the curve hasiag trend, while as a hard film on a
soft substrate, the curve will decrease (see figuid for a SiN4 film on the Si
substrate). The unique relation between the substfiect and E-h curve makes CSM

an extreme valuable tool for thin film mechanidahiacterizations.
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Figure 2.11 CSM modulus-displacement curve fors&l&hin film on Si substrate

2.3 Thin film substrate effects

In recent years, as instrumented indentation mdx@t micro-scale to the
nano-scale regime, new issues have arose in istergmanoindentation data. Among
them, the substrate effects in thin films, filmepup/sink-in effects, and the film
microstructures are the three key issues [50].

As mentioned in the last section, while using nadentation, the
measurement of thin film properties is much mor#iatilt than bulk materials
because the indentation unloading data consistethf film and substrate responses.
The mechanism of this phenomenon was believed soltrdrom the different
mechanical properties (Young’s modulus, hardnesesgsBn’s ratio, etc) of the film

and the substrate [10,13,15,71]. As one can imaguhen a hard film is on a soft
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substrate, the modulus will be reduced from the fim value towards the substrate
value with increasing indent depth. The opposiadrwill occur when a soft film is
deposited on a hard substrate.

The substrate effects will largely influence thewacy of the film mechanical
properties. An often used guideline recommendeBimkle is that if the indent depth
is less than 10% of the film thickness, the substcan be neglected [3]. Based on
this, researchers like Doerner, Nix and King sutggedhere was always a “flat
region” in the early stage of the CSM nanoindentatest, where the substrate effect
could be minimum, and the values indicated the fitomeYoung’s modulus. A typical
flat region in the Young’s modulus-displacementveuis shown in figure 2.10 and
2.11. The idea about indenting 10% of the thickrveas obtained from the micro or
even larger scale indentation tests [3]. Basedegent studies, though the guideline
can still fit most of the cases, it is not alwagset especially when the film is much
softer or harder than the substrate [72]. Alsohasfilm thickness shrinks down to
nanometer scales, the surface condition effect rhesovital for the first few tens
nanometer indentation. Thus, simply using 10% might lead to an inaccurate
property value. A more comprehensive, detailed syglematic method needs to be
found to evaluate substrate effects.

Doerner and Nix were the first to describe the wabs effect using an
empirical function. In their work, Doerner and Nperformed nanoindentation on
tungsten sputtered on Si. They plotted the compéiaas a function of the reciprocal

displacement as shown in figure 2.12 [10], andiguerelation was found. Based on
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their data, Doerner and Nix suggested a solutionttie nanoindentation effective

modulus-displacement curve, as shown below [10]:

1 1 +( 1 - 1,)e—a<t/m
E E E E

whereE is the measured Young’s modul&&=E;/(1-v%), E'sEs/(1-v%), t is the film

(12)

thickness,h; is the indenter tip contact depth, ands an empirically determined
constant for all the materials, which Doenar and Blggested a value of 0.25.
Although, it doesn’t have a physical background thinction works relatively well
with most of the thin film materials. The DoernemMix weight factorexp(ut/he) is a
sigmoid-shaped curve. As shown in figure 2.13 a#uraction of h; this factor
increases from 0 and reaches 1 in infinity. Thiddaproperly describes the influence
of the substrate along with the indent depth. Agdre 2.14 shows how the Doerner

& Nix function fits the experimental data from CSiMnoindentation.
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King supported Doerner & Nix’s work by using finidement analysis [13].
In his work, he replaceti. in Doerner & Nix function by the square root okth
projected contact aremso as to take the indenter geometry into consiideralhree
major indenter geometries were considered in hidystsphere, square, and triangle.
The theoretical procedure used by King’s simulati@s for analyzing elastic normal
contact problems for layered media. The simulatesults were in certain agreement
with Doerner & Nix. However, there was a major cinttion in King’s paper that
was against the old work. It was found by simulatibat the parameter alpha) (n

Doerner & Nix function was not a constant as clal@.25”, but changed with the
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contact area (depth), see figure 2.15. Doerner & aid King’s model often gives
satisfying results for those films that have a fiagion in their earlyE-h curves.

However, it is not without problems. The alpha pater changes with the
displacement, which might leads to inaccurate datso only one variable in the

function makes it inflexible in fitting experimehi@ata.
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Figure 2.15 Alpha as a function of normalized pusiae from King’'s work [13]
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Efforts have been made to improve the Doerner & fdixction. Based on
King’s simulation results [21,26,34,39]. Saha amuverkers modified the old
function to calculate the thin film Young’s modulyi89]. King assumed a flat
triangular punch in his analysis, but Doerner & 'Nidata was from a pyramid-shape
Berkovich tip. Saha connected two efforts by intradg the effective film thickness

“t-h” to replace t in the old function as shown in figi2.16. The modified function is:

E, E E a3
The modified function fits well as the indent depshless than 50% of the film
thickness. However, the predicted reduce modulusatlyr deviates from the
experimental value. This is because changing thi&dsech tip to an “effective” flat

punch will greatly overestimate the contribution tbé substrate stiffness at large

indent depth.
I’/ﬂat punch I / Berkovich indenter
' e—2—p

substrate substrate

Figure 2.16 Indentations from a flat punch anddffiective flat tip for a Berkovich

[39]
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Another important study in this field was from Gawd his co-workers [15].
Quite different from the theoretical procedure tKatg employed in his work, Gao
focused on the total energy transformation fromititeenter to a thin film/substrate
system during nanoindentation. Their idea was Sniqit intuitive: considering the
elastic contact problem, the film/substrate systambe seen as a homogeneous body
made of the substrate material with a phase tramsifiion layer at the surface. Based
on the energy conservation theory, they derivedathematical solution from a rigid
cylindrical stick punching into a semi-infinite stec body with a different surface
layer. The function was shown as below:

E=E, +(E, -E)® (14)

where® is the weighting factor that depends on the ratifdm thickness and contact

area radius. The Gao’s factor is shown as:

2
o =2arctang) +——~—| (- 20)xin 2 - X (15)
T 2m(l-v) X 1+x

Wherex=t/a. t is the film thicknessa is the radius of the contact area, and the
Poisson’s ratio. Also, as mentioned abaves a function of the contact degth

Like Doerner & Nix factor, Eg. 15 is a sigmoid-skeajpinction that increases
from O and reaches 1 whenor h; is close to infinity. These two factors were
compared and contrasted in figure 2.13. It is éadind the major difference is at the
early stage of indentation. The Doerner & Nix fadb@as a small flat region, while

Gao’s factor almost increases from the beginnirgs Teads to different justifications
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for the substrate effect during nanoindentation.o’samodel suggests that the
substrate effect becomes prominent as soon astlemter touches the film, while
Doerner & Nix function assumes there will be a drdaplacement in the early stage
that reflects the true film modulus. This is thasen why Gao’s model always fits
well with the specimens that have the measured tuedihanging from the start, i.e
diamond film on Si substrate. Gao’s mathematicalvddon was almost flawless, but
the model is a little arbitrary. For instance, melgss the trend of the measured
modulus, as long as the indent depth/film thicknesxjual to 0.85, the measureds
equal to E+Eg)/2.

In recent years, there were many empirical and yéinal solutions for
modeling the nanoindentation substrate effects1B,2]1,31,32,41,81]. However,
most of them were not tested with a wide range atiemals with different modulus. A
notable exception was made by Menick and co-workgts They investigated the
substrate effects by experimentally testing withesal groups of thin film materials.
Based on the data, they compared and contrastedan@ajor expressions for thin film
indentation including Doerner & Nix and Gao’s funcis (figure 2.17a and 2.17b).
However, one concern was that those materialsaalldifferent microstructures. The
film microstructures are known to greatly influertbe nanoindentation data, and thus

might lead to inaccurate data
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2.4 Finite element analysis of thin film nanoindetation
Finite element analysis is another promising teghaifor investigating thin

film nanoindentation [44,46,52,70,72,77,82-89]. @re one hand, it can help
understand the indentation process and elastiqkastic deformation growth in the
specimen. On the other hand, it can be used toowepthe analytical method for
extracting mechanical properties from the load{ddispment data. There are many
types of FEA software that help simplify thin filmdentation simulation, which
include: ANSYS, ABAQUS, COSMOS, and COVENTOR, elte first step of
simulating the indentation contact problem is téirdea mesh and the element type
that can fit the real thin film/substrate and in@erwell. It is also important to know
the mechanical properties of the indenter, indegeametry, film thickness, surface
contact problem, and tribological properties of filra before any simulation process.

Due to different elements, meshes, dimensions amthct settings, there were
numerous successful models built for thin film nadentation. Among them, a
simple but efficient 2D model has been acceptedumed by Bolshakov, Knapp, Gan
and many other researchers [46,72,82,84,89]. & todel, the specimen and the
indenter are described by a two-dimensional axisginimmesh. As shown in figure
2.18 from Knapp’s work [72], the element size i$ egenly distributed. Note that the
element size of the film underneath the indenterthe smallest. Since large
deformation is expected in this local area, a sisiak of 10-20 nm will be sensitive
enough for the accurate calculation. The less estearea usually has a relatively

large element size to save total computation tiff@. special interests like the
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substrate effect investigation, local substrate dright below the indenter) will also
be refined to have a very small element size. Theeetwo boundary lines for this
model. The bottom line is fixed on both lateral asgitical directions, while the left
line was only prohibited for lateral movement. Ttheget contact pair consists of the
film surface and one edge of the indenter. A dedasletup will be covered in the next
chapter. This model is simple but still can prowidasonable results. Besides, due to
the small mesh size, it provides a relative shamttrme, which makes it a useful tool
for a large amount simulation work. FEA of thinnfil indentation has many
advantages that the experiments can not providmnitgive us a physical idea about
how the film and substrate deform and the elastid plastic strain growth in the
specimen. It can also calculate some propertiestwdnie difficult to be obtained from
experimental methods, such as residual stress i@hdl strength. FEA also help to
understand the nanoindentation process on very tmandfilms. It was found in
certain film materials, such as hard DLC or diamonda soft substrate, the modulus
could never reach the suggested values of film husd{@ssuming the film modulus
is comparable with the bulk value), as shown inurgy 2.19. Above all, the
encouraging results confirm that FEA is a promisamgl really helpful tool for the

study of thin film nanoindentation.
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2.5 Pile-up and Sink-in effects

Indentation contact area is a key parameter forfilm modulus and hardness
determination. In the Oliver & Pharr method (fimsiggested in 1992), the contact
area was suggested to be a function of the codt&gath ), which is related to the
indenter geometry. Also in their method, “sink-iwas assumed for all kinds of
material (figure 2.6). This assumption seems reaslenas the indenter is pushed into
the film, the local area around the tip should adgodown to a certain degree.
However, when a sharp tip like the Berkovich or Emused, the indentation process
is both elastic and plastic. In certain materige film material around the tip is
uplifting plastically instead of normal sink-in, ént can not be explained by the
elastic contact theory alone. This plastic phenameis called Pile-up. Images of
pile-up and sink-in are shown in figure 2.20a [29].

Pile-up doesn’t happen in all materials, howevdremwit does, it will greatly
affect determination of film mechanical propertids. shown figure 2.20b [67], the
contact depth for pile-up materials is larger th#wese with sink-in. Thus, if
employing the Oliver & Pharr method for sink-in,etltontact area of piling up
materials will be underestimated, which cause astamation of the Young’s modulus
and hardness. Investigations of the pile up meshamave been performed by many
researchers [51,60,67,68,85,90-93]. Bolshakov drairRexamined pile-up/sink-in in
finite element analysis [67]. Based on their resulie hardness can be overestimated
up to 60% when pile-up degree is large, while Yosimgodulus is going to be 30%

large. They also examined materials that intendetiave pile-up by FEA. It was
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found that sink-in usually occurred in materialsthwiow vyield stress/Young’s

modulus ratio and little work-hardening abilitye,i.hard ceramics. On the contrary,
pile-up prevails in soft metals. It was also fouhdt the film/substrate modulus ratio
played a role for the occurrence of sink-in ané+ip. Normally, pile-up can be found
as a very soft film is deposited on a hard sulestrahile sink-in happens when a very

hard film on a soft substrate.

T

Elastic (sink-in) Elastic-plastic (pile-up)

Figure 2.20a Sink-in and Pile-up profiles duringoiadentation [29]
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Figure 2.20b Comparison of the contact depthsifdt-in and pile-up [67]
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The Nix group also put effort in investigating thmle-up mechanism
[34,39,68]. In McElhaney and Nix’s paper, they praed that the hardness
impression on the film after indentation might gitlee information of how to
calculate the pile-up and sink-in contact areasst®svn in figure 2.21 from Scanning
Electron Microscopy (SEM) [29], the impression frenpile-up has a convex shape,
and sink-in usually has a concave impression. Arcdehematic is illustrated in figure
2.22 [68]. Due to the unique relation between thmeression and the cross-section
area of the indenter, the contact area can be a&stimf the pile-up degree is known.
In recent years, as the Atomic Force MicroscopeMMRas been introduced for thin
film surface characterizations, the pile up degrae be easily determined through an

AFM scan across the indentation impression as shivigure 2.23 and 2.24.
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Figure 2.21 (a) SEM image of a pileup indentatimpiiession on Al/Glass; (b) SEM

image of a sink-in indentation impression on NiP[29j
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Figure 2.24 Schematic representation of (a) thgepted contact area due to pile-up.

(b) Cross-section of the contact area again shopiiegup [34]

However, it is still difficult to build up a relatn between the pile-up/sink-in
degrees with film/substrate mechanical properfiée Nix group developed a method
to eliminate. Joslin and Oliver first suggestedise load over stiffness squafR/¥)
parameter to eliminate the pile-up and sink-in @&g94]. As shown in Eq. 16 and
figure 2.25,P/S is independent of the contact area, and thus iscaoupted by
pile-up/sink-in. Later on, the Nix group used ttparameter to investigate the
indentation size effects on hardness [34]. Theysehbose films and substrates with
similar Young’s modulus (i.e. Al on glass) to elimate the substrate effects. However,
for the film and substrate with different valuds, in Eq. 16 is affected by the

substrate effects.

P_1nH (16)
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film on Si substrate [34]

Compared to the plastic pile-up, sink-in degreenre difficult to determine
accurately because it involves elastic contactlprabSome serious sink-in situation
(larger than that the Oliver & Pharr method experigyht occur when indenting on
very hard materials like diamond. Serious sink-ith wsually cause overestimation of
the contact and resulting to a smaller modulusherd value. Finite element analysis

is often used to examine this situation, as shawigure 2.19 [72].
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2.6 Thin film microstructure effects (size effects
As thin films dimensions begin to approach thath# film microstructural

features, the materials mechanical properties begiexhibit a dependence on the
specimen size [32,45,60,61,69,95,96]. In other woad film thickness reduces to the
micro scale, those data obtained from bulk mat@aé no longer suitable for thin
film mechanical properties. Usually, plastic beloayvifracture strength and fatigue
resistance will have the size effects when filntkhess reduces to micron scale or
smaller, while the elastic properties, which dependhe material bonding structure,
will not exhibit the size effects until the nandscaFigure 2.26 [50] shows the
schematic of length-scale effects on the mechampicgerties. Moreover, as the film
sizes reduce, the micro/nano-structures like goaicluster size will change, which
has an effect on both the elastic plastic behavior.

The thin film microstructures largely complicate ethanalysis of
nanoindentation data as they are often textureddanabt represent a continuum. For
instance, the anisotropic elastic properties dubddifferent crystal orientations, the
strain gradient due to the crystalline structure the grain sizes and boundaries will
cause the nanoindentation load-displacement to Hited from the theoretical
prediction [60,95]. To better understand the sasteffects and the basic thin film
elastic strain growth mechanism, one should eliteitiae microstructures factors to a
minimum degree. The amorphous materials are gedlifor this study, since they

have no grain structures and are typically elakyicsotropic.
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2.7 Thin film deposition mechanism

There are numerous ways to deposit or grow a tinm én a substrate. It
includes: sputtering, e-beam evaporation, plasrhareed chemical vapor deposition
(PECVD), low pressure chemical vapor deposition GMB), microwave plasma
chemical vapor deposition (MPCVD), Oxide growthydaby layer (LBL), lon beam,
mass selected ion beam (MSIB), cathodic arc, pusser deposition (PLD). Figure
2.26 shows the schematics of selected depositistersyg for thin films [97]. Among
those methods, sputtering and CVD methods are frexgiently used for industrial
process and laboratory studies, respectively. 8pugf is a physical process (except

reactive sputtering), where ion bombardment is kbg mechanism for thin film
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growth. Either DC or RF power could be used to gateeargon plasma sputtering the
graphite electrode. Magnetic fields are often agplin the sputtering chamber to
increase the deposition rate. The magnetic fieldgkemthe electrons spiral and
increase their mean free path. In other wordsictegases the ionization degree of the
plasma. A bias voltage is often applied to the ®sabes to increase the ion
bombardment. Sputtering has several advantageh, asioversatility of sputtering
methods and deposition conditions can be easilyraibed by the plasma power and
gas pressure. For sputtering amorphous films, b tiamber pressure (achieved by
large gas flow) is needed to reduce the ion meaapath so that the bombard energy
is not great enough to create crystal structureelétively low sputtering power can
also help create amorphous structure.

Compared to sputtering, CVD methods involve notydhk physical process
of bombardment but also the chemical reactionsnohirsside the films. Among them,
PECVD is a decent process that is often used inceemiuctor manufacturing to
deposit films onto wafers containing metal layersother temperature-sensitive
structures. A simple schematic of RF PECVD is shawfigure 2.27.Using LPCVD
can increase the uniformity of the thin films, ad@CVD is often employed to grow
very hard materials. During a CVD process, as thece gases are induced into the
main chamber, the plasma is created between eliestioy the RF or DC power. One
important feature, the “plasma sheath” [98] is fedmear the electrode surface due to
the different mobility between ions and electro@sice electrons have much higher

thermal velocities than ions, they are lost faatehe electrodes and leave the plasma
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slightly positive charged. Thus an electric fieddgenerated pointed from plasma to
the solid surface and accelerates the ions in ldea to the wall. This confines the
ions near the surface and creates a sheath wihositive charge. The sheath has an
order of Debye length in thickness and usually askdr due to the low electron
density in that region. In low pressure, the ioeaths formed are collisionless and
have low conductivity thus serving as diodes betwpkasma and electrodes. The
electrodes then obtain DC self-bias voltages etgutieir peak RF voltage. Thus, the
inverse capacitances of these two diodes deterthe®C bias direction. The shorter
electrode has a smaller capacitance, which brintgrger (negative) bias voltage.
Thus the DC bias is point from the larger electreolehe shorter one. The field
accelerates the positive ions to the shorter @ldetrThis is the reason that substrate

is mounted to the shorter electrode.
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2.8 X-ray diffraction technique

X-ray diffraction is a very useful experimental hecque for structural analysis
of crystals. It can also be used to determine vegdtie material is amorphous or not.
X-ray is one kind of electromagnetic wave, whose/elength (0.01~10nm) is very
close to the period of crystal lattices and thecsppof atoms in crystals. When x-rays
pass through a crystal, they will be diffractedtbg crystal planes. By scanning the
X-ray through the specimen, peaks represent th&tarplanes will show up in the
X-ray spectrum, so that the crystal structure imation can be obtained. Applying
XRD on thin film system is different from testiniget bulk materials. As the x-ray will
penetrate a few microns into the material, the Xgpectrum usually contains the
crystal structures information for both the filmdathe substrate. To obtain the film
X-ray spectrum, another scan is be performed ok substrate materials. Subtracting

the latter from the composite X-ray spectrum leiaddata of the film crystal structure.
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Amorphous film structure determination is relatiwelasy to achieve through XRD.
The amorphous X-ray spectrum should not containpaaks of the crystal planes. As
long as the composite and bulk substrate data ayveglach other, the film is
amorphous. Refer to Cullity’s book “Elements of & Diffraction” for detailed

information [99].
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CHAPTER 3
EXPERIMENTAL SETUP
3.1 Thin film selection and deposition

The materials selected for this research coverettla range of the Young’s
modulus values. From soft to hard, the amorpholmssfivere made of polymer,
near-frictionless carbon (NFC), chromium oxide (QrGilicon dioxide (Si®), iron
oxide (FeQ), titanium oxide (TiQ), amorphous Si (a-Si), aluminum oxide (A)O
aluminum nitride (AIN), iron boron (FeB), nicketanium (NiTi), METGLAS, silicon
nitride (SkN4), silicon carbide (SiC), and tetrahedral hydrogedacarbon (ta-C:H).
As it was difficult to get a very hard amorphousardond-like film, ultra
nano-crystalline diamond was employed in this stlglylk silicon was used as the
substrate materials, all of which were p-type <l@irection wafers. The substrate
thickness was 500um +15um.

Thin films were deposited using various techniquéke film thickness,
deposition methods and target materials/sourcesgase listed in table 3.1. Metals
oxides like CrQ, FeQ, TiOx and AIQ, were deposited using the sputtering system.
Important sputtering parameters are listed in t8k® Note that the sputtering power
and gas flows vary with materials. The best pararsdior amorphous films growth
were experimentally determined by depositing filmish different combinations of

parameters (i.e. fix the power value then changegtts flow ratio, and fix gas ratio to

48



change the power). Based on the characterizatienltse the parameters that
generated the “most” amorphous (no peaks in XRDllsoluster size, and smooth
surface, etc) film were selected. The image oftepng system is shown in figure
3.1.

The NFC and ta-C:H films were grown using the REERE method at Argonne
National Lab [45]. The near-frictionless carbomf#l possess unique mechanical and
tribological properties that have exhibited the ésivever recorded friction coefficient,
0.001, and ultra-low wear rates of 1¥810"° mm® N™* m™, even under dry sliding
conditions and at very high contact pressures 57:%79,80,100-106]. Tetrahedral
hydrogenated carbon (ta-C:H) is one kind diamokd-tiarbon materials that possess
relatively high Young’s modulus and hardness. Feg@iPa and 3.2b show a schematic
of a PECVD system and an image of the CVD chamtaspectively. In PECVD
mode, the flow rate of the precursor gases wadddrtio a maximum of 60 sccm. All
substrates were pre-sputtered with Argon plasmangudRF powers between
900-1100W for cleaning purpose. The pre-sputtetinge ranged from 5 to 15
minutes depending on the process requirement. &ke pressure prior to deposition
was 3x10 torr, while the deposition pressure was 20-24 mfbine self bias voltage
applied was -375V~-425V. This bias was higher tttenvoltage (-100V) mentioned
in literature review that gives the highest Youngi®dulus and density. Actually,
different experimental conditions like gas flowast sources gas ratio, RF field-plate

(FP) power and the chamber volume will cause tlas woltage changing.
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The source gases for NFC and ta-C:H deposition westhane (Ck) and
hydrogen (H). The different ratio between these two gasegybridifferent properties
(structure) of the films. For NFC films, the rati@as 75% hydrogen (42 sccm flow
rate) and 25% methane (14 sccm flow rate). A mughdr methane ratio was used
for ta-C:H deposition to increase the film strenfit7]. The total flow rate should
not be over 60 sccm during the whole depositiortgss. The process was running at
Room Temperature. The estimated deposition rateanasid 1.85nm/min, so it took
about 9 hours to grow a 1um NFC or ta-C:H film. THEC films with different
thicknesses were deposited for the experiments.

Dielectric films like SiQ and SiN,were deposited using LPCVD method. A low
pressure CVD can help grow smooth and uniform ahmup films For SNy, the
source gases were dichloro-Silane (f&iH 140sccm) and Ammonia (NH30sccm).
The deposition temperature was 850 °C and the ymesgsas around 420 mtorr. It
took 90 min to deposit 300nm silicon nitride onlbsides of the wafer. SiQvere
also deposited using this method with the soursegaf silane and oxygen. Detailed
information can be found in Jaeger’s book “Intraitut to microelectronic
fabrication” [108]. The UNCD film was deposited digh MPCVD [75], and the

polymer film was grown using a typical layer-by-émynethod [109].
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Table 3.1 Deposition information for all the speems

Deposition  Target materials &

Thin Films Method Source Gases Film Thickness (nm)
Polymer LBL Polymer 225
NFC PECVD CH+H; 150, 380, 1125
CrOy Sputtering Cr+@ 125, 2000
SIO, LPCVD SiH+0O; 395
FeQ Sputtering Fe+® 125
TiOy Sputtering Ti+Q 120
a-Si Sputtering Si 450
AlOx Sputtering Al+Q 120
AIN Sputtering Al+N 1100
FeB Sputtering Fe+B 1010
Metglas Sputtering METGLAS 278
SizsNg LPCVD Si+SiHCIl+NH3 300
SiC Sputtering SiC 500
a-C:H PECVD GH>+H> 868
UNCD MPCVD CHytH, 560
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Table 3.2 Selected sputtering parameters for anooiplrQ

Sputtering Power
Target
Substrate
Base Pressure
Pre-sputtering Time
Pre-sputtering power
Sputtering Time
Sputtering Power
Gas 1 flow (Ar)
Gas 1 flow (Q)
Deposition Temperature
Substrate Holder Rotate
Ignition Pressure

Deposition Pressure

DC
Chromium
Silicon
6x10°torr
120 sec
150 watts
600 sec
150 w
27 sccm
13 sccm
Room Temperature

50%
70 mtorr

7.8~8.0 mtorr
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™ Courtesy of Materials Engineering
at Auburn Universit

Figure 3.1 Image of a Denton sputtering system
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SiH, Ar CH, H,

G2
These values are controlled by safety box Exhaust

®... vatve

Figure 3.2a Schematic of the RF PECVD system ab#mg National Lab

Courtesy of Argonne National Lab

PE-CVD System

Figure 3.2b Image of the PECVD chamber at Argonagddal Lab

Courtesy of Argonne National Lab
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3.2 Thin film Characterizations
The deposited films were tested with XRD for camimg the amorphous
structure. SEM and AFM characterizations were eggioto observe the surface

conditions of the films.

Figure 3.3 Image of a Jeol 5000 atomic force mwops
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Courtesy of Materials Engineering
at Auburn Universit

Figure 3.4 Image of a Jeol 7000F filed emissiomstgy electron microscope

3.3 Nanoindentation Setup

The indentation tests were performed with an MT®diadenter XP system
at ambient pressure and temperature (Figure 2Tg. Nanoindenter tip was a
Berkovich type diamond pyramid. For the CSM (dyngnmethod, the allowable
thermal drift rate was limited as 0.05 nm/s. Thas&an's ratio of the film was
assumed as equal to that of the same bulk matdre. Poisson’s ratio of the
substrate was set as 0.28 for <100> silicon [1ITHe continuous stiffness
measurement was depth-controlled and the harmasptadement target was set to 2
nm. For each thin film, 20 or more CSM tests wene with same final indent depth.

Film Young’s modulus was determined from the lo&phcement curve and the
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CSM modulus-displacement curve. The contact demdhapnd the projected contact

area A) were calculated independently using Eg. (10) (@4l in Chapter 2.

3.4 Finite Element Analysis Setup
The FEM was performed using ANSYS 11.0. The moda$ Wwuilt-up using

2-D elements. To simplify the simulation, two asgtions have been made

beforehand: the film surface roughness and resigtraélss were ignored during

simulations. Following are the detailed procedurésetting up the parameters in

ANSYS:

1. The Preferences setup was Structural.

2. Element type for film, substrate, and tip was PLAISE (8 node). The target and
contact surface elements would be setup later.

3. The real constant for PLANE183 was using defauitthd he real constant for the
target-contact pair would be setup later.

4. The materials properties were set as linear anstiel#sotropic for both the
film/substrate and the tip. The tip was designedrty have elastic deformation.
The film Young’s modulus was defined using the expental data obtained from
nanoindentation. The Si substrate modulus was eléfias 170 GPa and the
Poisson’s ratio was set 16=0.28 for <100> wafers. The indenter tip’s modulus
and Poisson’s ratio were set to E=1141 GR8,07.

5. Modeling was used to define the shape of the fufstrate and tip. The thickness

of film was designed to match the true value ofhetign film. The width was
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defined as 1@um for all the cases. The substrate had the santé with the film,
and the thickness was designed asu20 The film and substrate were designed to
be perfectly attached to each other. Usually, tine &nd substrate thickness ratio
would be close to 1/20, which was good enough f@aly&ing the elastic strain
grown in the specimen. To simplify the simulatitime tip was designed as a half
shape of a Berkovich tip. The right triangle hasaagle of 65.3°, which is half of
the Berkovich total angle (from one edge to theosjte face). The length of the
tip was designed aspin to match the film thickness.

. The mesh needs to be first defined on the filmssabe, and tip, before defining
the target-contact surface. The element size ofililnein the local contact area is
about 10 nm, where a high stress/strain conceotra expected. The size
increases along with the width. But along the theds, the element size doesn'’t
change as the film is very thin. The substrate tgmcheshes are defined with the
same manner. The total element number is aroun@0BD000. The estimated
calculating time is around 5-10 min.

. The target-contact pair is designed for two sudgtiees) touching each other. In
the pair, element type TARGE169 is designed foritiaeenter tip edge, and the
CONTA172 is designed for the film surface. The m@@istant for the pair used in
this study is the system defaults. Changing thé ceastant may improve the
model in future study.

. The simulation is quasi-static, and the tip movemesn controlled by

displacement. . The displacement value for each filatches the experimentally
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obtained critical indent depth.

A schematic of the central portion of the meshgle$or this FEA study is shown

in figure 3.5.

Fixed Bounda

Indenter Tip

Substrate

Figure 3.5 Schematic of the finite element analg§ide nanoindentation.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Film thickness measurement & XRD results

Accurate measurement of the thin film thickness wssemely important to
this work. As many specimens had thickness less 208 nm, normal profilometers
that were used for micro-scale devices no longer thie requirement. Thus, SEM
characterization was employed to determine théktl@iss. The specimen was cut into
pieces after deposition on a silicon wafer. Onetl@dm was selected for SEM
observation, which should have a flat and clearsszs®ction. Sometimes, several
chips of the specimen from different locations loa Wwafer needed to be characterized
to gain an average value of the film thickness.ImMUISEM tests, the chips were
vertically attached to the sample holder so that ¢hoss-section can be focused
directly. Figure 4.1a shows a SEM image for th€1d-film cross-section. A uniform
885 nm thick layer was observed on the bulk silicelowever, clear boundary
between the film and the substrate could not alwagsfound in normal SEM
observation. In this case, the SEM composition moeeded to be employed. As
shown in figure 4.1b, different materials would baxarious gray-scale colors in the
image, which made it easy to define the film layéote that the “compo” sign at the
lower left corner of the picture distinguishesribrh the regular SEM images. XRD

results were shown in figure 4.2. Most of the sgeconsist of two major peaks,
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which belong to the silicon substrate (002) and4jQ@lanes. There are no obvious

peaks that belong to the target films shown insipectra. The films are amorphous.

X:0.885um | :
Auburn SEl 200Ky X27,000 Tum WD 25.5mm

Figure 4.1a Cross-sectional SEM image of ta-C:i fin Si substrate
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Auburn 200Ky X30,000 100nm WD 15.0mm

Figure 4.1b Composition SEM image of the crossigeaf NFC/Si
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Figure 4.2 XRD spectra for tested materials

4.2 Indentation Impression (Sink-in & Pile-up) Chaacterizations

The indentation impressions were characterized witlscanning electron
microscope (SEM) and an atomic force microscopeMAR-igure 4.3 shows a SEM
image of an impression on NFC/Si after unloadingsupplies general information
about the nanoindentation process on the film. Fstance, the film surface
conditions can be roughly estimated as well assthe and shape of the impression
area. It helps to determine whether sink-in (etastintact) or pile-up (elastic-plastic
contact) happened based on McElhaney and Nix'sryhiedroduced in Chapter 2.
However, SEM can not tell the vertical degree & fhile-up or sink-in impression.

This was why atomic force microscopy was employed.
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As a powerful tool, AFM can provide 2-dimensional,dimensional and
profile images of an indentation impression. Irstktudy, both sink-in and pile-up
phenomena were observed on different tested tms fiFigure 4.4 and 4.5 show the
sink-in impressions on NFC/Si (soft film on hardstrate) and ta-C:H (hard film on
soft substrate). The triangle shape profile of sSinkesembles the indenter geometry.
Unlike the sink-in elastic contact, the plasticallgformed pile-up greatly affects the
indenter contact area and the accurate determmatfidiim Young’s modulus and
hardness. Thus, extra caution is needed when deualith pile-up thin films. As
mention above, pile-up usually happens in soft meta hard substrate. Shown in
figure 4.6a, the a-Si film exhibits minor pile-up silicon substrate as the indentation
depth was within the film thickness (The ratio bétpile-up level and indentation
depth is less than 1/50). Similar pile-up degree feand in SiQ and other soft metal
oxide films. An overestimation of the Young’s modisilat this level of pile-up is less
than 2.5% based on Bolshakov and Pharr’s simulageunlts when #hmax <0.7 ( the
ratio of final depth after unloading to the depthmaaximum load) [67]. However, if
the indentation depth is greater than the filmkhess, the indenter will penetrate into
the substrate. It is known that the pile-up frora 8i substrate will greatly affect the
total pile-up degree on the film [111]. As showrfigure 4. 6b, a 500nm indentation
on a-Si film (450 nm thick) has a much greater-pipe(The ratio of the pile-up level
and indentation depth is greater than 1/6!) that ftom the 300 nm indentation in
figure 4.6a. The effect from the substrate indémigpart causes overestimation of the

Young's modulus up to 30%. Thus, in this researtle data acquisition from
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nanoindentation was strictly limited to the filmakness region so as to minimize the

pile-up effect from the Si substrate.

Auburn SEI 150KV 6,500 1pm WD 15.1mm

Figure 4.3 SEM image of an indentation impressioN&C/Si.
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0 8.76 um

Figure 4.4 AFM images of a sink-in impression 00 30n indentation on NFC/Si

4, 52um =

s B 2 e e e e L e e

" : : :
7402nm H“a&/‘!

e T B e e P e e e e

0.00nm : \lfl £ i
CLO0um 1.26um 2.51um 277um 5.02um

Figure 4.5 AFM images of a sink-in impression 00%0n indentation on ta-C:H/Si
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Figure 4.6a AFM images of a pile-up impression @ 8m indentation on a-Si film
(450 nm) on silicon substrate. (The indenter reexdin the film and didn’t go into

the substrate)
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Figure 4.6b AFM images of a pile-up impression @ 5im indentation on a-Si film
(450 nm) on silicon substrate (The indenter petedrthe film and went into the Si

substrate)

4.3 Film Young's modulus and Critical indent depthdetermination

Raw CSM nanoindentation data of the thin films wieput into Analyst (data
processing software for the MTS-Nano Nanoindent& s¢stem) for calibration.
Figure 4.7a and 4.7b show a typical calibrated G8dtlulus-displacement curve for
the SiQ and SiN film on silicon a substrate, respectively. “Flagions” were
observed in the early stage B curves for both films softer the substrate anddilm
harder than the substrate. The value in this regtoongly indicated the true film

modulus with little affection from the substrata. this study, an empirical guideline
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was suggested to roughly estimate the region lefddta end of the flat region or the
critical indentation depthh{;) was defined when the measured modulus value
changed more than 1% from the identified averagdulus E) calculated from the
flat region. For instance in figure 4.#&,was first roughly estimated as 30 nm. The
film Young’s modulus was then calculated as anayewalue from this estimated flat
region (77 GPa for Si§). Finally, h, was defined as the measured value increased (or
decreased for a harder film on soft substrate) i@ 77 GPa (70 nm for Spp
There was one exception from the nanocrystalliaendnd (UNCD) film. Due to the
large modulus value, itE-h curve has a very short flat region, and the magiulu
almost started to decrease from the beginning.hfhés, and their ratio to the film
thickness and substrate modulus are listed in tallelt is necessary to mention that
all the films had <100> Si wafers as the substrébe average Young’s modulus of
the Si substrates was determined as 170 + 5 GRadtdeast 20 indentations on each

wafer. The Poisson’s ratio was suggested as 0r281f@0> direction [110].
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Table 4.1 B, E, Ef, B/Es, and R/t for all tested specimens

Thin Films E(GPa) t (nm) hr (NmM) B/Es he/t
Polymer 12 225 20 0.07 0.088
NFC 52 1125 102 0.31 0.090
CrO 60 130 12 0.35 0.092
SiO, 77 395 36 0.45 0.091
FeQ, 90 105 11 0.53 0.107
TiOx 103 120 13 0.61 0.108
a-Si 108 450 48 0.64 0.107
AlOy 115 120 15 0.68 0.125
AIN 133 1000 158 0.78 0.158
FeB 143 1000 188 0.85 0.188
Metglas 180 278 200 1.06 0.719
SiNk 208 300 67 1.22 0.223
SiC 212 500 93 1.25 0.186
ta-C:H 230 868 87 1.35 0.100
UNCD 573 560 20 3.35 0.036

The relation between the ratio of the critical inddepth to the film thickness
(het/t) and the ratio of film/substrate moduluBi/Es) is described in figure 4.8.
Different from the traditional way of using dispéament as a variable, figure 4.8 has

E{/Es as thex coordinate, because the critical indent depthinfisenced by EEs, not
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vice versa. According to the figure, many testedemals still follow Bickle’s 10%
indent depth rule to avoid substrate effects. Weukh give more credibility and
confidence in thin film nanoindentation technigt®wever, it is important to notice
that as the films elastic modulus approached thahe substrate thh, percentage
started to increase in a unique nonlinear fashidoreover, as the film was much
harder or softer than the substrate, this percerdagps lower than the 10% line. The
solid curves in the plot are drawn to suggest adtiend are not generated from curve
fitting or an analytical solution. The existencetlé “flat region” and its relation to
the film/substrate materials led us to further stigate the Doerner & Nix equation. .
Also, as the flat region dE-h in early indentation indicates the true film maayl
accurate determination of the trend gf/t vs. B/Es might help us understand the

mechanism
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Figure 4.8/t vs. E/Es for all tested specimens
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From now on, softer films on Si substrate<g€s) and harder films on Si
substrate E>Es) will be dealt with respectively. Before definirtge theoretical
solution for thehq/t curves, there is one more important aspect redjuioe be
analyzed: the film thickness effectlg. In other words, for each film material, does
hc/t change with film thickness? Nanoindentation tegse performed on NFC film
with different thickness, as shown in table 4.2 &gdre 4.9. It is found that the all
the NFC films had similar positions in the plot, iehn indicated the films thickness

should have no effect on the ratio as long a&iigis the same.

Table 4.2h/t andE/Es data NFC films with different thickness

Thin Films E(GPa) E{/Es her (NM) t (nm) H/t
NFC 52 0.31 102 1125 0.090
NFC 48 0.28 34 380 0.088
NFC 50 0.29 14 150 0.093
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Figure 4.9 Positions of the NFC films with diffeteéhickness irh/t vs. E/Es(E<Ey)

4.4 Doerner & Nix function investigation
As mentioned in chapter 2, there are two major tions for thin film

nanoindentation: Doerner & Nix, and Gao. The Doe&eNix function suggested
that within a small indentation depth, the substeftects can be neglected. While in
Gao’s model, the measured modulus increases asabtige indenter touches the film.
Since our experimental data matches Doerner & Nig'scription, investigation will
be mainly focused on their model. As shown Eq. erner & Nix equation was
developed to describe the indentatiBrh curve using an empirically determined
constanta as 0.25. Using the same criterion of 1% changéhefmodulus value

(E=(1+1%)E) to determind,, one can change Eq, (12) to the function below:
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e _ e (17)
t In(l-E,/E) ~In(100

Re-plotting Figure 4.8 with the theoretical cunastained from Eq (17) in
Figure 4.10a and 4.10b (fd&<Es and E<E; respectively), one can find the
experimental and Doerner & Nix curves have the Isintrend. However, for films
softer than the substrate, the experimental pevete obviously above the theoretical
line. In other words, for each film/substrate systehe flat region was longer then
that of the Doerner & Nix function expected. Whgnapproachedks, this deviation
became greater. From the figure, we directly gotidea thato at least was not a
universal constant for all the materials. And morportantly, theh,; was not solely
determined by the modulus difference between filnd substrate, but also was
affected bya. For films harder than the substrate, Figure 4.i@licates that the
Doerner & Nix function does not always underestentite flat region length. The
diamond film had serious substrates and sink-iacgdf even from the beginning of

the indentation, for which the Doerner & Nix furgtican not extrapolate.
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To better understand how alph@ @ffects the Doerner & Nix function, the
experimental CSM curve of SjQvas compared with theoretical curves hawngf
0.1, 0.25, and 0.5 in figure 4.11. It was obviohatta smallen indicated a faster
(more abrupt) changing of the measured modulus trarfilm value to the substrate
value. In other words, smalleryields shorter flat regiorh{) and greater substrate
effects. On the contrary, a relatively largelows down the changing trend of the
measured modulus and has a greater h

Based on Eq. 17 and the experimentally determmedalpha &) at he, for
each material can be calculated and plotted vdfghs as shown in figure 4.12a and
4.12b. It is foundx (at he) increases as{EEs and decreases when film is hard than

the substrate.
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Now, an important question arises: dsa constant for each film/substrate
combination? In applying the experimental data ¢o @2) we were able to plot the
parameter: in the Doerner & Nix function versus indentaticgpth. It was interesting
to find thata was not only different for each film material, buds not constant with
displacement either. A typicath curve from a single CSM indentation test on the
NFC film is shown in figure 4.13. A similar trendas found in all other materials
tested for both soft on hard (SIS, figure 4.14) and hard on soft (ta-C:H/Si, figu
4.15) situations. It is interesting to note that thh curve peaks are at the critical
indentation depthh¢;) when contrasting with the filnkE-h curve. As the substrate
effect is negligible in the flat regiom,appeared to have no physical meaning here, or

more precisely is close to infinity.
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4.5 Alpha (@) parameter determination
Based on the results in last section, it is redslentn suggest alpha) as a
power function oth shown in figure 4.16. Numerous empirical solutiarfisx were

proposed in the previous preliminary work. Althousipower function like Eq. (18)
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fits better with the experimental data than the mdee & Nix function, it lacks a

physical explanation to support the assumption. édeer, a changing alpha
parameter will only bring more complexity to the grital Doerner & Nix function.

It is against the original idea of building up anpie and universal solution to
extrapolate the thin film indentation mechanism.fifm the true physical meaning
behind alpha, finite element analysis is needed.

a =(h/t) (18)
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Figure 4.16 A suggested power functiorhdbr alpha.
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Before introducing the FEA results, let us rearea). (12) to get a better

picture of the role of alpha plays in the DoerneN& function:

1
E|

_ A-a(t/h), 1 -a(t/h)
[1-e ]+—=-e

1.
= (19)

S

From Eq. (19), the Doerner & Nix function can bggested as contributions
from the film and substrate compliance weighted thg exponential fraction
coefficient. As the sum of the fractions equald tand there is only one parameter (
controlling the factor, the Doerner & Nix functiolescribes a consistent change of the
elastic strain intensity distribution in film andbstrate along with the displacement.
The assumption is reasonable in a mathematicabrighieal) concern. However, in
reality, the elastic strain growth in the specimesisbe affected by the film/substrate
mechanical properties. Thus some degree of theorliseity of the elastic strain
distribution can be expected.

A schematic of the estimated elastic strain growtthe specimen is shown in
figure 4.17. Let us imagine the strain change egpecimen at different indentation
depth. At the beginning of the indentation, eladgformation starts to develop in the
specimen and most of the strain energy is confingde film. The strain intensity in
the film is much larger than that in the substratkich is why there could be a flat
region that reflects the true film modulus. As tipepenetrates deeper into the film,
the elastic strain intensity begins to grow in btith film and the substrate but in a
different manner. Taking NFC/Si as an example,NR€ atoms are easier to move
from their original positions than silicon atomsedto the smaller shear modulus.

Thus, the strain development in the NFC film shauddl be uniform in any direction
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but follow a preferred manner of growing laterallyaus for each small indent depth

change Ah), the elastic strain growth in the filmig) is larger than that in the

substrateAes).
«— indente
/, Film Coon Film
Estimated elastic strain
region
Substrat Substrat
(a) (b)
Film . Film
Substrat \../ Substrat
(c) (d)
: * Film \ / Him
i Substrat Substrte
(e) ()

Figure 4.17 Schematic of certain degree of thetielagain growth in the specimen
with increasing indent depth: (a) 20 nm; (b) 5016a);130nm; (d) 500nm; (e) 1000nm;
(H) 2000nm
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Finite element analysis (FEA) was employed in tblisdy to observe the
elastic strain growth manner in the film and sultstiduring nanoindentation. Figure
4.18a to 4.18e show the FEA results of indentaiod, 30, 50, 100, and 250nm into
the NFC/Si specimen. The simulation results strpngupport the suggested
schematic of the elastic strain growth in figurg74.At 8 nm indentation, most of the
elastic strain is confined in the film. From 8nmverds 100 nm, though the substrate
starts to deform elastically, the major part of tastic strain still prefers to grow
latterly in the film. After 200nm indentation forAC, the elastic strain intensity in the
film is getting saturated and the film can no langeistain much more strain
accumulation, and should pass most of the defoomathergy into the substrate.
From this point, the strain growth in the substtzeomes faster than that in the film.
Thus, the measure modulus starts to increase gutokVard the substrate value.
Moreover, it is found that the radius of the elastrain contact area at the interface of
film and substrate is another important parameteciaracterizing substrate effects.
Based on the simulation results, we found thabhéndarly stage of the indentation, the
strain contact area grew faster and reached arceiz®. When substrate effects start
to prevail, the contact area grew much slower, Wwhitrongly indicated the elastic
strain saturation in the film. The elastic contaa information could help us better
understand the strain development in the earlyestaigindentation and will be
carefully investigated in later study.

Moreover, a gap was found between the samle sfahe elastic strain (i.e.

0.1% strain) at the interface of film and substratkis illustrates the inconsistent
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elastic strain flow from film to substrate. Simildiscontinuity was observed when
indenting on hard film/soft substrate combination shown in figure 4.19 for
ta-C:H/Si. The gap degree is influenced by theed#iit mechanic properties of the
film and substrate (Young’s modulus and Poissaat®). It is also interesting to see
that even for the same materials combination §ikgon film on diamond substrate,
and diamond film on Si substrate), the manner efdtnain discontinuity is different,

see figure 4.20a and 4.20b.

AUG 11 2008
13:36:25

Figure 4.18a FEA image of the elastic strain distiion in NFC/Si specimen at 8nm

indentation depth.
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Figure 4.18b FEA image of the elastic strain disttion in NFC/Si specimen at 30nm

indentation depth.
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Figure 4.18c FEA image of the elastic strain disttion in NFC/Si specimen at 50nm

indentation depth.
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Figure 4.18d FEA image of the elastic strain disttion in NFC/Si specimen at

100nm indentation depth.
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Figure 4.18e FEA image of the elastic strain distion in NFC/Si specimen at

250nm indentation depth.
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Figure 4.19 FEA image of the elastic strain disttiln in ta-C:H/Si at 100nm

indentation depth.
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Figure 4.20a FEA result of indenting 20 nm intondéand film on Si substrate
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Figure 4.20b FEA result of indenting 20 nm intdiBn on diamond substrate
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Based on the simulation results of the inconsistdattic strain growth in the
film and substrate, the single alpha parameteh@Roerner & Nix function might
not be sufficient enough to describe the wholeasitm. Thus, we suggested that there
might be two parameters that control the weightagjors of the film and substrate
separately. Eq. (19) is based on the complianaen(fof reciprocal of the Young’s
modulus) of the specimen. Let us rearrange theteguagain so thaEis directly
presented, and assume there are two parametargla, in the function:

EE

= E'f St E;[l— e—az(t/h)c] (20)

According to the equation abovexp(aa+t/he) is the weighting factor that determines
the contribution of the film part to the compositedulus, while[1- exp(wz«t/he)]
represents the substrate’s fraction. In applyirggakperimental data to Eq. (20), the
results were very satisfying. It was found thafjxing o, as a constant of 0.27~0.29,
o1 would also result in a constant value. Figure 4shbws the curve ofi; vs.
displacementh) for SiG, (when 0,=0.27) contrasted with the old alpha from the
Doerner & Nix function. A list of they; and o, values for each thin film system is
shown in table 4.3. Using the values from table th& new function (Eq. 20) was
found to be adept at closely matching most experialedata collected, which
spanned both soft films on hard substrates and filand on soft substrates. The
experimentaE-h data were compared with the repression curves fhenDoerner &

Nix function, Gao’s function, and Eq. (20) in Figut.22 through 4.34.
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It is very interesting to see that the const@ntwhich controls the substrate
weighting factor, is equal to the Poisson’s raticcd00> Si (0.28). As the Si wafers
are not always perfectly oriented to (100), itdagsonable to have a variation between
0.27~0.29 for the Si substrates used in this rebedwccording to the data in table 4.3,
the constanii;, on the other hand, is very close to the Poissatis of the film. Is it
true thatay and oz are actually the film and substrate Poisson’s Paf\m analytical

approach was introduced in the next section tagelese parameters.

0.8
& Alpha#2 from new function
when alpha#1=0.28
—©- Single Alpha from Doerner
& Nix Function
0.6 |
(9]
3]
>
IS
>
«
ey
2
<
0 [ [
0 150 300 450

Displacement (nm)

Figure 4.21 Comparison ef -h data for SiQ with the Doerner & Nix function
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Table 4.3 List of they; anday values for each thin film with the film Poissoniio

Thin films Alpha#2 ¢2) Alpha#1 ¢1) Film Poisson’s ratio
Polymer 0.28 0.45 0.45 [112]
NFC 0.27 0.33 0.33[113]
CrO 0.28 0.27 0.25 [114]
Sio, 0.27 0.2 0.17 (quartz) [115]
FeQ 0.28 0.35 N/A
TiOy 0.27 0.28 0.28 [116]
a-Si 0.28 0.25 0.25 [117]
AlOy 0.29 0.27 0.27 [116]
AIN 0.28 0.27 0.25 (crystal) [118]
FeB 0.27 0.25 0.25 [119]
Metglas 0.28 0.31 0.33 [120]
SiNy 0.28 0.3 0.28 (crystal) [116]
SiC 0.28 0.3 0.22 £ 0.27 [121]
ta-C:H 0.28 0.28 0.28 [122]
UNCD 0.28 0.1 0.07 [29]
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Figure 4.22E-h curve of SiQ film with the new, Doerner & Nix, and Gao models.
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Figure 4.23-h curve of a-Si film with the new, Doerner & Nix,@&Gao models.
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Figure 4.24E-h curve of FeB film with the new, Doerner & Nix, aho models.
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Figure 4.2%-h curve of TiQ film with the new, Doerner & Nix, and Gao models.
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Figure 4.26-h curve of AIN film with the new, Doerner & Nix, ardao models.
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Figure 4.27-h curve of NFC film with the new, Doerner & Nix, a@ho models.
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Figure 4.28-h curve of FeQfilm with the new, Doerner & Nix, and Gao models.
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Figure 4.2%-h curve of AIQ film with the new, Doerner & Nix, and Gao models.
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Figure 4.3CE-h curve of CrQ film with the new, Doerner & Nix, and Gao models.
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Figure 4.31E-h curve of SiC film with the new, Doerner & Nix, a@ho models.
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Figure 4.32E-h curve of SiNy film with the new, Doerner & Nix, and Gao models.
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Figure 4.33%-h curve of ta-C:H film with the new, Doerner & Niand Gao models.
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Figure 4.34E-h curve of Metglas film with the new, Doerner & Natxxd Gao models.

There are two films that didn't match well with theo-alpha function:
Polymer and nanocrystalline diamond (UNCD) as shawfigure 4.35a and 4.35b.
The deposition method for the polymer was layetdyer. Since it is not a
continuous deposition method, it is possible thatgolymer film is not as uniform as
other amorphous materials. As there is an interti@teeen each layer of the polymer,
penetration from one layer to the next needs draid (energy) due to the existence
of the residual stress [47]. This may be the reagloy theE-h curve in figure 4.36a
increases faster than expected. However, the naatifun is still doing an excellent
job for matching the experimental data in the eatrge of indentation.

The error in nanocrystalline diamond data is causge@nother mechanism.

Based on knapp’s simulation results [72], nanoitatemm on diamond film results in
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serious sink-in situation, whose degree is mucgelathan that the Oliver & Pharr
method suggests. A unique technique for measutiegUNCD modulus was by
Espinosa, Prorok and co-workers [62,73-76,78-80he Tso-called membrane
deflection technique (MDE) employs tests on fresditag structures of the diamond
film. Without having a substrate (effect), the Ygis modulus of UNCE was
accurately measured as 960 GPa. This value is a@86 larger than that obtained
from the regular nanoindentation test. Due to #r@ss sink-in degree, the measured
modulus was greatly underestimated even from tlyinbang of indentation. This is
the reason why UNCE E-h curve never reaches tlefiim value in figure 4.36b.
Besides, the diamond film has nanocrystalline stines, which might also affect the
nanoindentation data due to the existence of sgraih structures. Both of these

mechanisms limit the use of the new function in UN§pecimens.
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Figure 4.35d&-h curve of polymer film with the new two-alpha model
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Figure 4.35kE-h curve of UNCD film with the new two-alpha model

4.6 Physical explanation ofz; and a; in modified Doerner & Nix function

The physical meaning behingi and a needs to be found to leverage the
empirical function to theoretical level. In thisc§en, a mathematical approach was
employed to better understand the physical meabignd the Doerner & Nix
function and the parametar As mentioned in Chapter 2, Gao’s analytical fiorct
for thin film indentation was derived from consinhgy the energy transformation from
indenter to the specimen. Thus, Gao’s weightingofagives the ratio of the strain
energy stored in the film to the total energy doire the specimen. Doerner & Nix
weighting factor resembles the shape of Gao’s faethich suggests that it is also a
ratio of strain energy distribution. As mentioneldoae, Doerner & Nix function

describes a consistent change of the elastic siméénsity distribution in film and
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substrate. Assuming the total elastic strain ené@rgyne specimen is confined in an
“effective” volume with uniform energy density, Doer & Nix weighting factor can
be seen as a ratio of the segment in the film ¢otthal volume. According to the
shape of elastic strain region in finite elementlgsis, also to simplify the
mathematical model, the volume is assumed to hasgharical shape. As shown in
figure 4.36, the film segment of the spherical wodualways has a vertical lengthtpf
which is the film thickness. The radius of the efiiee energy volumeR) increases

with the displacementj as the indenter goes deeper into the specimen.

Indenter

r'4

SN/ !

Substrate

<

Effective volume of elastic
strain energy

Radius (R) increases with
indentation depth (h)

Figure 4.36 Effective elastic strain energy volumeeeloped during

nanoindentation
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The formula for the volume of a spherical segmenshown in Eq. (21)
according to figure 4.37:
U
Vea =§x (BR-Xx) (21)
As the volume for a sphere is equal (3)rR?, the sphere segment ratio can be

represented as:

T 2o
Vo _ 37 R @=§(§T_EG%3 22)
Vtotal ﬂ 7R3 4 R 4 R
3

For thin film indentationx=film thickness(t), andR is a function of indentation depth
(h). ¥=[1-V¢afViora] Should resemble the Doerner & Nix factexf“™], if correctR

function is suggested.

Figure 4.37 Important parameters for the sphesegment

Mathematical approach has been performed to obt&nmost suitable radius
function. It was found that a simple linear relatioetweerR andh fitted best with
the Doerner & Nix factor:

R:K*h+% (23)
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where K is a constant and the Y-intercept equald bk the film thickness.
Substituting the above equation into Eq. (22),ehergy fraction coefficient is plotted
in figure 4.38a with the Doerner & Nix factox<0.25) for indentation on a 500nm
thick film. The two factors are in good agreemedaw let's see how the alpha
parameter influenceR in Eqg. (22) and (23). Changingfrom 0.25 to 0.05 (figure
4.38b) results in a sharp increase of the DoerneXi% factor. As mentioned in
section 4.3, a smalleryields a greater substrate effect. To match wiih titend,R in
Eq. (23) must be increased to account for moremaelin the substrate for the rising
substrate effect. From figure 4.38a to 4.38bn Eq. (23) increased from 1.2 to 5.5.
In applying a 10nm indentation depth in a 500nm fiR andK for differento values
are listed in table 4.4. It was found find thatas a linear relation with/K, see figure

4.39. AlsoR decreases non-linearly with increasingigure 4.40).
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Figure 4.38a Comparison of the Doerner & Nix fater0.25) and the analytical

model from Eq. (22).
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Figure 4.38b Comparison of the Doerner & Nix fadtot0.05) and the analytical
model from Eq. (22).
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Table 4.40 parameter in Doerner & Nix function and correspngK and R values

in the analytical model from Eq. (22) when indegtit® nm into a 500nm film

Alpha (@) K 1/K R
0.05 5.52 0.18 305
0.1 3.01 0.33 280
0.15 2.01 0.5 270
0.2 1.50 0.67 265
0.25 1.21 0.83 262
0.3 1.07 0.95 260.5
0.35 .0.93 1.11 259
0.4 0.82 1.25 258
0.45 0.71 1.41 257.2
0.499 0.66 1.53 256.5
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Figure 4.39b Plot oR in EQ. (23) vsa for a 10 nm indentation on a 500nm film
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The section above has shown the Doerner & Nix fanctan be related to the
strain energy volume model. However, the increasiegd of the volume radius with
decreasingn does not match the real situation. The major deskhbis from the
assumption of continuous elastic strain growth ugro the specimen. Considering
that there are two parameters that specify the dild substrate elastic strain growth
respectively, the strain volume radius in the f{lR) should not match with that in the
substrate Rs). Figure 4.41 shows the different changing waysdfetween single

alpha () and two parameters situation to achieve the satugne ratio increase.

Figure 4.40 Comparison betweem Bnd 2-0. models

As the specimens all have Si as substratesslék a, and see how, affects the
radius change in the film. In applying Equation )(Z was calculated and plotted

with corresponding in figure 4.41. It is foundR increases witl, with an opposite
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trend from figure 4.39b for single alpha factor.
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Figure 4.41 Radius of the elastic strain boundaryalphal & Poisson’s Ratio

Now, if the film Poisson’s ratio is equal tq, it should manifest Rin a same
way as shown in figure 4.41. First, it is necessampvestigate how the Poisson’ ratio
affects the elastic strain energy in the specimarthe indenter is driven into the film,
local material is pushed away both vertically aatgdally (figure 4.42). The laterally
displaced film is mainly controlled by the shearctmisms. The film shear modulus

can be represented as:
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by - E (25)
Ve 20+0)

Assuming indentation is performed on two films wsiimilar Young’s modulus but
different Poisson’ ratio (i.ey;=0.1, andv,=0.3). According to Eq. (25), the one
with smaller Poisson’s ratio should have largerasheodulus and thus be more
difficult to deform laterally.

According to that, the elastic strain boundary (voé¢) should be lesser for a
material with smaller Poisson’s Ratio. The finiteraent analysis results proved
this assumption. Figure 4.43 shows 10 nm indemtat@mn 500 nm NFC film with
the same Young’s Modulus and same Si substrateslifiatent Poisson’s Ratio.
From 4.43(a) to 4.43(c), it is clear to see thenfelastic strain boundary at the
interface grows with the change of Poisson’s Railiging the equation below from
figure 4.37 to calculate the effective radius of thtal elastic energy volum®& jn
Eq. (22)]:

_ b+ x?
2X

R

(26)

The R-Poisson’s ratiqv) curve is also plotted in figure 4.41 for companissnd
contrast. Although the absolute values of these twoves are not the same
(because the elastic strain boundary was randonake@-up, which may not
resemble the true radius of the effective elastiergy volume), it was found that
alpha and Poisson’s ratio manifest® in a same manner. Based on this

mathematical approach and the matching experimelati, we suggest that the
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two constants in the modified Doerner & Nix functi@re film and substrate

Poisson’s ratios.

Indenter

Film

Substrate

Figure 4.42 Schematic of an indentation impressidhe film
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CHAPTER 5

CONCLUSIONS

In this study, 15 specimens were tested with caootis stiffness
nanoindentation to investigate the origin of thbsdtate effects and its relation to the
elastic strain properties in the film and substrdié of them were deposited as
amorphous films so that the film microstructurefe@b on nanoindentation could be
minimized. Another tested material was ultra-nagsiailine diamond film. It was
found that as long as the indentation depth wakinvihe film, pile-up degree was
negligible and only had minor effects on measurangs modulus. The films were
characterized with XRD, SEM, AFM and other systebefore indentation data
collection.

Two existing models for the thin film nanoindentatimechanism: Doerner &
Nix and Gao models, were studied and compared auithexperimental data. It was
found that the Doerner & Nix function always yieldenore satisfying results for
those films that had a flat region in the earlygstaf theE-h curve, while Gao’s
model always fit well with the material whose Yotsmgnodulus increased (or
decreased) from the beginning of the indentatiances most of our experimental
curves had flat regions, the study was mainly fedusn modifying Doerner & Nix

function.
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The flat region length or the critical indent defftk)) was determined for each
material. A unique non-linear trend was found bemvéhe critical indent depth/film
thickness ratio and film/substrate modulus ratiovds also found that the thickness
would not affect thén,/ t as long ag/Eswas similar. The Doenar and Nix equation
for substrate effects were investigated carefullthis study. It was found parameter
in the function was not a constant as originallggasted. It changed with the
indentation depth. To improve Doerner & Nix functjotwo parameters were
suggested in the equation instead of one. Basethe@mxperimental determination
and analytical modeling, the two parameters weggessted as the Poisson’s ratio of
the film and substrate. The modified function wasrid to better describe most of the

tested materials.
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