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Chapter 1

Introduction

1.1 Motivation for the Present Study

The very recent availability of high quality bulk single crystal ZnO has the potential
to make a significant impact on the development of short wavelength (blue/UV) LEDs
and lasers. One of the major limitations to producing the needed epitaxial-ready sub-
strates however, is subsurface damage introduced by final finishing. Development of
fundamental understanding of the surface mechanical properties of this unique mate-
rial may enable progress towards the creation of final finishing techniques capable of
minimizing the subsurface damage. However, a basic understanding of the mechan-
ical response of ZnO to loading does not exist. and little has been reported on its
near surface mechanical properties. In the present work, the near surface mechanical

response of single crystal ZnO has been investigated by nanoindentation.

1.2 Objectives

The objectives of this work are: 1) characterization of the surface mechanical prop-
erties of hardness and elastic modulus for the four principal planes of ZnO. ie..

(0001), (0001). (1010) and (1120), 2) evaluation of the possible differences between



the Zn-terminated and O-terminated polar faces, 3) examination of the occurrence of

“pop-in” and the onset of plasticity for the principal planes studied.

1.3 Approach

At first, the differences in the surface mechanical properties between the polar faces
were investigated. The study of the mechanical properties was then extended to the
prismatic planes, i.e., (1010) and (1120) planes. To determine the critical resolved
shear stress, the critical conditions for the occurrence of pop-in on all four principal
planes indented was measured. Along with the estimates made for the critical resolved
shear stress, a prediction of the likely active slip systems at the onset of plasticity

was reported.
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Chapter 2

Literature Review

2.1 ZnO

ZnO is the material investigated in this study. It is a [I-VI wide band gap semicon-
ductor (E,=3.3 eV at room temperature [1]), with a hexagonal wurtzite structure
shown in Fig. 2-1. Polycrystalline ZnO has been used for a variety of applications,
i.e., ceramics, piezoelectric transducers, chemical sensors, varistors, phosphors, trans-
parent conducting films, thyristors, catalysis, optical coatings and photovoltaics [2].
It has also found application in flat panel displays, solar cells, surface acoustic wave
(SAW) devices and oxygen gas sensors [3]. Recent success in producing high quality
single crystal ZnO has opened the possibility to produce blue and UV light emitters
and high temperature, high-power transistors [4].

Whereas GaN-based devices capable of producing blue and UV light are already in
use, ZnO may serve as an excellent alternative due to its many advantages over GaN.
For example, ZnO has an higher exciton binding energy (60 meV) when compared
to GaN (28 meV), and a higher optical gain (300 cm™!') compared to GaN (100
em™1) [5]. A result of the large binding energy is that excitons are stable at high
temperature (at or above room temperature) which is important for nonlinear optical

effects [6]. Recently. room temperature optically pumped lasing of ZnO thin films has



Figure 2-1: ZnO wurtzite structure

been obtained [7][8]. This result showed that the laser emission threshold intensity
for ZnO compares favorably with GaN [7]. The lasing threshold at room temperature
for ZnO ranges from 40-240 kW /cm? whereas for GaN it is greater than 400 kW /cm?
[9]. As a results of its hardness (ZnO is one of the hardest materials in the II-VI
compound family) degradation of the material due to the generation of dislocations
during device operation is thought to be minimal [10]. With its large bond strength,
ZnO also ensures a large damage threshold for laser irradiation [11].

As mentioned ZnO has the potential to make a significant impact on the devel-
opment of short wavelength (blue/UV) LEDs and lasers, but at present one of the
major limitations to its success is the inability to produce epitaxy-ready substrates

due to introduction of subsurface damage by final finishing.



2.1.1 Characteristics

The principal characteristics of ZnO are tabulated in Tables 2.1, 2.2, 2.3 and 2.4.In
Table 2.3 the value of sy reported by Bateman [19] is apparently in error and should
be 2.357 Mbar~L.It has been reported by Jaffe [21] that ZnO undergoes a phase
transformation from wurtzite to rocksalt structure at a pressure between 9-9.5 GPa

as experimentally determined and 8.57 GPa as calculated.

2.1.2 Differences in the polar faces

The crystallographic polarity of the noncentrosymmetric material ZnO has been de-
termined by several techniques including the rapid x-ray absorption edge method
[22], low energy electron diffraction (LEED) [23], photoelectron diffraction (XPD)
[24], and coaxial impact-collision ion scattering spectroscopy [25]. The differences in
polar face behavior of ZnO as measured with the above techniques was predicted by
the early surface bonding model presented by Gatos [26], a model inspired by the
differences in etching of the polar faces of InSb and GaAs both possessing zinc-blende
structure. The polarity results have been correlated to the different etching behavior,
topography. abrasion resistance, photoluminescence response, activation energy, and
electrical conductivity of the two faces (Table 2.5).

During the etching of ZnO it has been observed that the O face etches more rapidly
in oxidizing etchants than the Zn face [22]. The same has been observed for HCI and
HNOj; etchants. where it was found that the O face etches one order of magnitude
faster than the Zn face [27]. This is in agreement with an earlier study on the wurtzite
structure [28]. Different behavior during the etching process has also been detected
in GaN another wurtzite, polar material [29] very similar to ZnO. The topography of
the two faces as measured by atomic force microscopy (AFM) has been analyzed at
different conditions, i.e.. uncleaned as-received polished. after a solvent cleaning step,
and after progressive Oy-atmosphere annealing ranging from 500 to 900°C [30]. These

images showed clearly a difference between the Zn and the O face. In particular the Zn
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2.1.4 Photoplastic Effect in ZnO and Other Materials

Using the compression test Petrenko and Whitworth [17] and Carlsson [38] studied
the flow of charge, which the found to be related to basal plane dislocations in ZnO.
Both in darkness and under illumination, light was seen to change the carrier con-
centration, as was reported by Gorid'ko et al. [39]. In the study of Petrenko et al.
[17] an increase in dislocation charge and flow stress (shear stress) along the basal
plane with illumination was observed. In the study conducted by Carlsson [38] the
first slip system activated (with glide dislocations) was identified as a basal plane:
{0001} <2110>, and the second slip system activated at 75°C was identified as a
prismatic plane: {1100}<2110>. The illumination had an effect on the basal plane
dislocations but not those on the prismatic plane. In fact it was observed that light
was able to stop dislocations on the basal plane, increasing the shear stress needed
to move them, but not so on the prismatic plane. In the same work Carlsson inves-
tigated the influence of temperature on the shear stress in which he reported that
the critical shear stress along the basal plane did not change with temperature but
the critical shear stress along the prismatic plane decreases with the increase of tem-
perature. This explained why by increasing temperature it was possible to have slip
on the prismatic plane before the basal plane. To understand the influence of light
an explanation of why the flow of charge is linked to basal dislocations is needed.
The dislocations which lie in a plane can be seen as a succession of broken bonds,
and as Shockley [40] reported, these dangling bonds can trap electrons, such that a
n-type semiconductor can trap electrons and gain a negative charge. In a compound
semiconductor such as ZnQO. this trapping of electrons can occur for the basal plane
since a the dislocation has its extra half plane ending with like atoms. However for
the prismatic plane this is not the case (35| in that a dislocation has its extra half
plane ending with alternating kinds of atoms which results in the broken bonds being
eliminated through an interlock [38]. This can explain the absence of an influence of

light on prismatic plane slip.
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The photoplastic effect in the plastic deformation of CdS during compression
has also been detected [41]. In addition, the effect of X radiation on the plastic
deformation of II-VI compounds including CdTe, CdS, ZnS and ZnSe has also been
investigated [42]. In addition to compression testing, the hardness test has also been

used to study the photoplastic effect in Ge [39][43)].

2.2 Nanoindentation

This work is focused on the investigation of the “surface™ mechanical properties which
may be significantly different from the bulk mechanical properties. To characterize
the near surface mechanical properties significant efforts, in the development of new
methods have been made in the last fifteen vears. Whereas at first the microindenta-
tion method was used improvements have lead to the development of nanoindentation
for the characterization of the near surface.

Conventional microindentation has long been employed to measure surface me-
chanical properties, however there are significant limitations with this technique when
attempting to characterize thin films or surface regions less than several micrometers.
Driven by an increasing need to characterize surface regions in the nanometer range
[44], e.g., ultraprecision components, thin films on the order of 100 nm thick or less,
etc.. significant efforts in the development of indentation instruments that measure
load versus depth have been made. Nanoindentation instruments not only provide
information on surface hardness, but also offer the ability to obtain information on
the elastic and time-dependent material properties of the surface. Their sensitivity
is very high and allows for total penetration depths as small as 5 nm at loads of
no more than 50 uN. Nanoindentation has also recently been used to determine the
resolved shear stress under the indenter. the near surface residual stress state, the
viscoelastic-plastic properties of glasses and polymers. and the fracture toughness

of thin coatings. although fundamental understanding of these measurements is still

10)




being developed.

2.2.1 History

The measurement of hardness can be divided into three main categories: 1) scratch
hardness; 2) rebound or dynamic hardness: and 3) static indentation hardness [45)].

Scratch hardness is the oldest form of hardness measurement. It depends on the
ability of one material to scratch another. Friedrich Mohs first put the method on
a semi-quantative basis in 1822 by establishing a scale of 10 minerals as standards,
from talc as the softest to diamond as the hardest [46].

Rebound or dynamic hardness involves the dynamic deformation or indentation
of the surface. For this measurement, a diamond-tipped hammer (known as a “tup”)
is dropped from a fixed height onto the test surface and the hardness is expressed in
terms of the energy of impact and the size of the remaining indentation.

(Quasi)static indentation methods are the most widely used in determining the
hardness of materials. Indentation hardness is essentially a measure of the plastic
deformation properties and. to a secondary extent. the elastic properties of a material.
This method is performed by pressing an indenter into the material and evaluating
the hardness as the ratio of the load applied to the indenter to the area of the imprint
left by the indenter. The material and shape of the mdenter as well as the area
considered in evaluating the hardness has undergone a progressive evolution by the
use of various indentation techniques. The most important indentation techniques in
chronological order (from the oldest to the most recent) are: Brinell. Meyer, Vickers,
Rockwell. Knoop (microindentation) and Berkovich (nanoindentation).

In the early twentieth century. Brinell introduced indentation with a steel ball.
From this test a single number, the hardness. was obtained as the ratio of the load
applied to the indenter to the surface area of the residual impression measured by
optical devices. After the first indentation technique was introduced by Brinell, a

variety of improvements were introduced to arrive to the Berkovich hardness testing
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technique. The material of the indenter went from steel to diamond, which due to
its greater stiffness was able to characterize a much broader range of materials. The
shape of the indenter went from spherical to a three-sided pyramid which is easier to
obtain (note that a spherical shape in diamond is very difficult to obtain) and due to
its well-defined geometry, able to leave a well-defined imprint. The area used to obtain
the hardness evolved as well going from the surface area measured by optical devices.
to the projected area of the residual impression obtained by the load-displacement

curve.

2.2.2 Analysis of Indentation Data
Evaluation of Hardness and Elastic Modulus from the Indentation Test

In the last two decades significant efforts have been made to develop a method of test-
ing the surface mechanical properties of materials on the submicron scale. As a result.
this has been made possible by the development of instruments that continuously mea-
sure force and displacement [45](47][48|. The mechanical properties can be obtained
from the loading [49] or unloading [48][50][51] portion of the force-displacement curve
irrespective of the small size of the indentation imprint. In the present work, the
Oliver and Pharr model [50] was used for the reduction of the force-displacement
data. The steps employed are described below.

The elastic modulus (E) is the most commonly measured mechanical property
along with the hardness (H). To do so, the unloading data are analyzed according
to a model relating the contact area at the peak load to the elastic modulus by
considering the deformation of an elastic half space by an elastic punch. Then the
needed contact area is estimated from the indenter shape function. Once the contact
area is known. it is possible to obtain a separate measurement for E and H.

The elastic contact problem. of fundamental importance in the analysis procedure,
was originally considered in the late 19th century by Boussinesq [52] and Hertz [53].

Boussinesq developed a method based on potential theory for commputing the stresses

12



and displacements in an elastic body loaded by a rigid, axisymmetric indenter. His
method was used to derive the solutions of several indenter geometries such as cylin-
drical and conical indenters [54]. Hertz analyzed the problem of the elastic contact
between two spherical surfaces with different radii and elastic constants. The work of
Hertz was used as a model to remove the assumption of a rigid indenter. Another ma-
jor contribution was made by Sneddon, who derived general relationships between the
load, displacement, and contact area for any punch that can be described as a solid
of revolution of a smooth function [55]. His results show that the load-displacement

relationship for a simple punch geometry can be written as:

P =ah™ (2.1)

where P is the load applied to the indenter, h is the elastic displacement of the
indenter, and @ and m are constants where m depends on the geometry of the indenter.

To consider the plastic effect on the above elastic problem involves dealing with
nonlinear constitutive equations and a number of material parameters describing the
material behavior. An early experiment of Tabor [56][57] concerning the shape of
the indentation imprint after the elastic recovery of the material sheds considerable
light on the effects of plasticity in indentation. Tabor's experiments showed that,
at least in metals. the imprint left by a spherical indenter is still spherical with a
slightly larger radius than the indenter, and the imprint left by a conical indenter is
still conical with a larger included tip angle. The significance of these experiments is
that since the elastic contact solution exists for several geometries, the ways in which
plasticity affects the indentation of elastic unloading data can be dealt with by taking
into consideration the shape of the perturbed surface in the elastic analysis. Tabor
used this result to relate the elastic modulus to the size of the impression left after

indentation. This intuition was further resolved in the early 1970’s, by the work of
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Bulychev, Alekhin. and Shorshorov into the following equation

dP 2
S=.(E=7_;Er\/ﬁ (2.

SV
(3]
S—

where S = dP/dh is the experimentally measured stiffness obtained from the un-
loading data, E, (or E*) is the reduced modulus, and A is the projected area of the
elastic contact. The reduced modulus is another result of Tabor’s experiments, and

was defined to account for the non-rigidity of the indenter. It is defined as

1 (1=, (1-v3
-E:_ E v o E. (23)

where E and v are the elastic modulus and Poisson’s ratio for the specimen and E;
and v; are the same parameters for the indenter. The early equation Eqn. (2.2)
which relates the elastic modulus to the measured stiffness and to the projected area
was developed for a cone indenter. It has been shown, however, to apply to not ouly
indenters generated by a solid of revolution but for pyramidal indenters as well [58].

To obtain E, from Egn. (2.2), A must also be determined. The projected area
can be measured optically. but for small dimensions this is a time consuming and
difficult task. To avoid measurement of the imprint. Oliver et al. [59] suggested a
simple method to evaluate the projected area based on the load-displacement data
and a knowledge of the indenter area function (or shape function). i.c.. the cross-
sectional area of the indenter as a function of the distance from its tip. This method
is based on the assumption that at the peak load the material deforins conformally
to the shape of the indenter. as can be seen in Fig. 2-2 where the behavior of the
indenter-surface during indentation is shown. From Fig. 2-2 three depths can be
distinguished: Ay, the maximum depth which the indenter reaches at maximum
load evaluated from the undeformed surface: /iy the final depth left once the load
is completely released; and h, the contact depth evaluated at the peak load and the

maximum depth but considering the deformation undergone by the surface (curvature
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AT SURFACE UNDER LOAD AFTER UNLOADING

Figure 2-2: Schematic representation of the indenting process showing h., hmax. and
hy

of the surface resulting from the elastic response). The maximum and final depths can
be easily determined from a typical load-displacement curve obtained by indentation
as shown in Fig. 2-3, and then the maximum depth can be used to determine the
projected area [59]. An improvement of this method was made by considering the
contact depth to evaluate the projected area (from now on referred to as the contact
area) which is inbetween the maximum and final depth (Fig. 2-3). An empirical
method was proposed to evaluate the contact depth by Doerner and Nix (48| based
on extrapolating the initial linear portion of the unloading curve to zero load. This
empirical method was successively modified [50] by considering the initial stage of
unloading to be not linear, but to follow a power law of Sneddon type. Eqn. (2.1).
This results in a translation of the contact depth towards the maximum depth and
the magnitude is a function of =, the geometry of the indenter (for example = = 1
for a flat punch and 0.72 for a conical indenter). Once the contact depth is known
the contact area could be determined by the indenter arca function. Then, the elastic

modulus and the hardness can be evaluated separatelv. the elastic modulus with Eqn.
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Figure 2-3: Typical load-displacement curve showing: P, the maximum load: hgpax
the maximum depth; hy the final depth: k. the contact depth which is a function of
the indenter geometric constant =: and S the measured stiffness.

(2.2), and the hardness from the definition:

R‘lliix

f==3

(2.4)

The uncertainties resulting from the use of the method described above have been

reported [60].

2.2.3 Instrument

Different types of nanoindentation instruments have been described in detail by

Bhushan [45]. In particular. an instrument capable of measuring depth and load
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simultaneously. similar to the one used in this work, and explained in detail in Chap-
ter 3 was described by Doerner [48] and Woirgard [61].

To calibrate the indentation instrument several techniques have been developed.
The most widely used is the one described in Appendix A developed by Oliver and
Pharr [50]. Among the other techniques are those developed by Loubet [47], Doerner
(48], and Sun [62].

2.2.4 Mechanical Properties Characterized by Nanoindenta-
tion
Elastic Modulus and Hardness

As previous discussed for the measurement of elastic modulus and hardness. continu-
ous load versus indenter displacement-measuring instruments, combined with meth-
ods to determine the contact area between the indenter and the sample surface are
employed.

The differences in values for elastic modulus and hardness obtained using the
projected contact areas calculated from the Oliver and Pharr method [50] and those
from direct measurement of the contact area with an atomic force microscope, have
been reported [63](64](65].

There have been a variety of studies reported on the measurement of the elastic
modulus and hardness of single crystal materials. For example. Au [66]67], SiC [68],
Fe-3%Si [69][70](71], ZnS sphalerite [72]. GaP [73] and GaN [15][74] single crystal
surfaces have been studied. In addition the characterization of GaN has been reported
for both bulk material [75]. and thin films [76](77]. GaN is a compound semiconductor
very similar to ZnO considered in this work. having the same wurtzite structure and
similar “optoelectronic” characteristics. Whereas it should be note that ZnO has
never been studied by nanoindentation. results of conventional hardness (Vickers) for

bulk ZnO have been reported to be 2 GPa [15][78].
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Nanoindentation has been successfully used to characterize the mechanical prop-
erties of the material surface as a function of surface roughness, of different polishing
methods used to finish the surfaces, of different polar faces, and of material anisotropy.
The influence of surface roughness on the measurement of hardness has been reported
by Bobji [79], where the contact area was evaluated by AFM.

Recently the difference in surface mechanical properties resulting from electrolyti-
cally and mechanically polished (001) tungsten have been characterized using nanoin-
dentation [80]. From this study it was found that for the mechanically polished surface
plastic deformation occurred from the onset of loading, contrary to the electrolytically
polished surface in which the deformation was found to be purely elastic until the
force reached a critical value. Beyond this critical force, a sudden increase in depth
was observed. A similar finding has been reported for Fe-3wt7%Si [70].

Indentation has also been used to measure the differences in hardness of the two
polar faces of several materials over a broad range of temperatures [73|(81](82](83]. In
a study of indium antimonide (InSh), where a Vickers indenter was used on the {111}
faces, it was found that the In face was harder than the Sb face at all temperatures.
However, the hardness difference was small at high temperatures, and within the
experimental error at low temperature. The differences in hardness varied between
7% and 17% in the temperature range studied (20-400°C). It is believed that this
behavior is related to the different mobilities of the In(g) and Sh(g) dislocations [81].
Here. the “g” represents glide dislocations so as to distinguish them from *“s” shuffle
dislocations. In Fig. 2-4 shuffle and ghde dislocations for ZnO are shown. In a
study of GaP a difference in microhardness between the P {111} surface and the Ga
{111} surface was observed where the Ga surface was fouud to be harder [73]. As in
InSb. this difference was attributed to different dislocation mobility. Moreover it has
been stated that the observed difference in chemical polishing behavior of two faces
of a polar material may be a result of the observed surface microharduess differences

(73]. The nature of the differences in hardness of the two polar faces of GaAs has
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Figure 2-4: Simplified diagram of ZnO structure showing the “glide” and “shuffle”
planes, and the possible types of dislocations.

been explained in detail in terms of slip geometry. sense and type of slip expected.
dislocation interactions and the known differences in velocities of As(g) and Ga(g)
dislocations [82]. Hardness polarity has been shown in 4H-SiC single crystals as
well [83]. Significant differences between the silicon-terminated (0001) and carbon-
terminated (0001) faces of this polar crystal were found. Experimentally it is known
that dislocations in semiconductors are dissociated [84](85] and that the velocity of the
two partials in compound semiconductors can be very different [86]. Presumably this
has to do with the different core structure of the two partials. In a work of Ning et al.
[83] it has been stated that in a compound semiconductor, XY - where X is a group
I1. group IIL. or group IV atom. and Y is a group VI. group V. or group IV atom - the
X and Y atoms occupy the lattice sites of two different. interpenetrating fee or hep
(with an ideal ¢/a ratio) sublattices which are translated by a vector (a/4.a/4.a/4)
or (a/3.2a/3.c/8) with respect to each other. In this way. these materials have a
zincblende or a wurtzite structure. respectively. As a result. all the atoms at the

core of one of the partials are X, while the core of the other partial consists of all
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Y atoms. Consequently, it is expected that the leading partial is always the faster
partial and the trailing partial is the slower one. Following this model ZnO, a II-VI
compound with a wurtzite structure, will result in the generation of Zn(g) leading
partial dislocations. The effect of anisotropy on indentation has also been presented
in a study on Au by Kiely et al. [87], and on KCI, NaCl, LiF and MgO [88](89)].
Nanoindentation has also been successfully used to characterize the elastic modu-
lus and hardness of monolayer films as a function of film thickness, growth condition,
chemical composition and residual stress state, and of multilayer films as a function
of the modulated period. The mechanical properties of sol-gel zirconia deposited on
polished disks of 316 stainless steel were measured as a function of film thickness
from 0 nm (as polished) to 900 nm, for different values of load [90]. Similar work has
been done on sol-gel-deposited titania (TiO;) on glass and copper with thicknesses
from 50 nm to over 200 nm [91], on aluminum deposited on glass with thicknesses
between 240-1700 nm [65], and on sol-gel-derived hard coatings on polyester [92].
In this last study, the influence of UV irradiation and low temperature heating on
the thickness and the hardness of the film was reported. The hardness of the films
was evaluated not only as a function of film thickness but also as a function of the
deposition temperature of the film, since deposition temperature was shown to be
related to the thickness of the TiN and TiCN coatings [93]. A correlation between
the resulting harduness of silicon oxinitride (5S10,N, ) films and processing temperature
has also been reported [94]. The effects on measured elastic modulus and hardness
of the substrate bias voltage and nitrogen partial pressure i the deposition of ti-
tanium nitride (TiN,) thin films [95], and vacuum annealing time in the deposition
of Mo-Si-N/SiC [96] have also been studied. The influence of the carbon-to-nitrogen
composition ratio, x, in TiC, N, _, thin films deposited on cemented carbide substrates
on the mechanical properties including hardness and elastic modulus has also been
reported [97]. In this study. TiC,N;_, thin films were grown with x=0 (TiN) to x=1

(TiC) by varving the flow ratio between the reaction gases CHy and Nj. In another



study by the same research group, the mechanical properties of TiC,N;_. thin films
deposited on cemented carbide substrates were measured as a function of the intrinsic
stress of the film as measured by X-ray diffraction [98]. Investigation into the effects
of multilayer structures of compositionally modulated Ti/TiN films on their hardness
where the modulation periods examined were 10, 15, 20, and 40 nm has also been

reported [99].

Film Thickness

In the measurement of the mechanical properties of thin films the relation between
the ratio of the maximum indentation depth to the film thickness has been analyzed
[65]. Studies on the evaluation of the critical ratio, which is that of the maximum
indentation depth to the film thickness in film/substrate svstems such that the in-
dentation hardness is representative of the mechanical properties of the film alone
have been reported. Several years ago Biickle suggested the one-tenth rule (critical
ratio = 0.1) [100]. However this empirical suggestion may not be applicable when
film thicknesses are very small since the elastic displacement varies as 1/r. where r
is the distance from the initial contact between the indenter and the specimen, and
the influence of the substrate on the composite compliance would be apparent even
at very small indentation depths. To address this problem. analytical solutions to
determine the critical ratio have heen proposed by Kim [101] and more recently by
Yoffe [102]. In the work of Cai and Bangert [103] the finite-element method was used
to simulate microhardness testing procedures of coating-substrate composites (with
hard and soft substrates) and to determine the critical ratio of penetration depth to
film thickness. These are based on the extension of the plastic deformation zone under
the indenter, on the load at each incremental step and on the mean pressure curve,
in order to obtain the actual value of microhardness of the coating so as to avoid the
influence of the substrate. Experimental studies of the effect of the substrate on the
measured mechanical properties of thin film systems have also been reported. In the
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work of Li et al. [104] the variation of measured hardness of the bulk material of the
film to that of the bulk material of the substrate as a function of the depth of inden-
tation in different thin-film coating/substrate systems was studied. These included
DLC coatings on silicon (hard substrate) and DLC coatings on polycarbonate (soft
substrate). This study enabled identification of the indentation depth at which the
measured hardness was that of the bulk material of the film, and hence identification
of the critical ratio. Olofinjana et al. [91] proposed another method for determining
the critical ratio when the bulk hardness of the film material is not known. In this
method, sol-gel-deposited titania films were deposited on two different substrates, one
hard (glass) and one soft (copper). The hardness of the two film/substrate systems
was then measured as a function of the indentation depth which enabled identification

of the critical ratio.

Thin Film Adhesion

Nanoindentation and nanoscratching have recently been employed to quantitatively
assess film adhesion in thin film/substrate systems. The true work of adhesion is
the thermodynamic work required to create two new surfaces at the expense of the
interface, and is merely a summation of surface energies. However in most practical
cases of de-adhesion. there is additional inelastic damage. such as plasticity and mi-
crocracking which ocecurs in regions of the substrate and film near the interface that
is directly associated with the interfacial delamination. In either case. the property of
interest is the energy associated with the interfacial fracture. Analytical models have
been developed utilizing linear elastic fracture mechanics concepts, in which delami-
nations are modeled as bi-material cracks and film adhesion is characterized by the
strain energy released per unit increase in delamination area [105][106/[107|. These
concepts have been successfully applied to many practical test methods. Some of the
simplest to conduct are those utilizing a nanomechanical probe such as indentation,

scratch. and line scratch techniques (a comparison of these three techniques has been
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reported (108]). in which a sub-micron diamond indenter is used to initiate and prop-
agate interfacial cracks. Analysis of the load-displacement curves and fractographic
measurement by optical microscopy yield the parameters for use in the theoretical
models. A key feature of these techniques is that each involves a different ratio of
shear to normal stresses, or mode mixity, at the adhered film/substrate boundary.
The adhesion value corresponds to the toughness of the interface at some particular
mixity value.

The test methods mentioned above have some limitations. and in fact they are
often impractical for ductile or strongly adhering films because of the difficulty of
initiating delamination. The mechanics for calculating the quantitative driving force
of indentation-induced delamination of thin-film multilayers has been reported [109].
Ductile and strongly adhering films tend to simply deform plastically before the devel-
opment of sufficient elastic strain energy for delamination. To address this limitation,
researchers have used superlayers deposited over the film of interest [109]. The super-
layer, typically a refractory compound that does not significantly alter the underlying
film. is vapor deposited at a low temperature which results in a high residual stress
that provides the additional driving force for delamination. The effects of compres-
sive residual stresses on the fracture of thin sputtered-deposited tantalum nitride
films have been studied by indentation fracture and continuous nanoscratch testing
[110]. In another study. nanoscratch testing has been combined with a multilayer
sapphire and aluminum nitride single-substrate system to determine the effects of in-
terface composition and structure. measured by high resolution transmission electron
microscopy. on the susceptibility to fracture of hard. thin tantalum nitride films [111].
The same was also measured by nanoindentation [112|. A comparison between three
different adhesion tests. viz.. flexure. micro-indentation. and scratch has also been

reported [113].
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Residual Stress State

The influence of applied stress on the measurement of hardness and elastic modulus
using nanoindentation has been investigated by Tsui et al. [114] and Jarausch et
al. [115]. These studies paved the way for new techniques for estimating near sur-
face residual stress using nanoindentation. In a recent study, the increase of residual
stress resultant from UV laser-induced cracks in fused silica has been measured using
nanoindentation [116]. This relative residual stress measurement (relative to the ex-
isting residual stress of the bulk) was made with the aid of a simple theoretical model
based on the change of penetration depth and the change in elastic modulus and
hardness. In a study of the indentation of intergranular phases of silicate glasses in
polycrystalline alumina. the change in the load-displacement curve from the strained
silicate-glass films. which had a known value of residual stress. was used to make an
estimate for the absolute residual stress [117]. In another study the residual stress
in a thin stressed layer at a glass surface was determined by a method based on the
measurement of the half-penny radial crack lengths produced at the corners of Vick-
ers indentations [118]. This method enables the evaluation of residual stress by the
determination of the fracture toughness and geometric evaluation of the crack ob-
tained after indentation with the Vickers tip. Fracture toughness has been measured
as a function of the peak load applied during indentation and to the radial erack
length [119]. Recently a new method for estimating residual stresses by instrumented
sharp indentation. assuming the residual stresses and the residual plastic strains to
be equi-bi-axial and uniform over a depth which is at least several times larger than

the indentation contact diameter. has been proposed [120].

Viscoelastic-plastic Properties

Recently nanoindentation has been emploved to evaluate viscoelastic-plastic proper-
ties of glasses and polymers. It is known that a viscoelastic material exhibits complex

time-dependent behavior. One method to deal with analvtical viscoelastic problems
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is to remove the time variable in the governing equations and in the boundary condi-
tions by employing the Laplace transformation with respect to time. The viscoelastic
problem becomes, in effect, an elastic problem. The desired viscoelastic solution can
then be obtained by performing the inverse Laplace transform on the elastic solution.
However, the Laplace transform method can only be used when the interface between
stress and deformation boundaries does not change with time. Another approach in
solving viscoelastic problems is to use the method of functional equations put forth
by Radok [121]. The functional equations can be obtained by replacing the elastic
constants in the elastic solution by equivalent viscoelastic operators appearing in the
viscoelastic constitutive equations. This method admits the existence of a moving
boundary, e.g.. a contact surface. This latter approach has been adopted in combina-
tion with nanoindentation testing for the characterization of viscoelastic properties.
Using this method, Cheng [122] has developed an analytical method for flat and spher-
ical tip indentation which can be applied to compressible as well as incompressible
coatings. For viscoelastic analysis, nanoindentation has been used in relaxation and
creep tests. In a relaxation test, the indenter is rapidly driven against a half space
of viscoelastic material to a certain depth and is then held at that depth for a suffi-
ciently long time. In a creep test, the indenter is abruptly loaded to a certain value
that is maintained thereafter. The use of this method and its improvement by tak-
ing the hydrostatic pressure dependence of the elastic modulus and substrate effects
into consideration has been studied [123]. The approach described above relies on a
one-dimensional model. Further study on a more realistic three-dimensional model
of the response of viscoelastic materials to indentation by spherical indenters, which
incorporates the stress and strain distributions beneath the indenter, has also been
reported [124]. In a study of viscoelastic-plastic properties of PET, load-displacement
data has been used to evaluate the elastic modulus, the hardness and the creep behav-
ior [125]. The elastic modulus has been evaluated using two methods: 1) assuming

the elastic behavior during initial unloading to be that of a cylindrical punch: 2) us-
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ing a power-law relation. The hardness was calculated by depth-sensing and imaging
methods and the creep behavior was evaluated by the variation of the hardness as a
function of time. Furthermore, the influence of the maximum penetration depth and

loading and holding times on the hardness values were also addressed.

Fracture Toughness

Fracture toughness of thin films has been calculated based on the analysis of the
energy release rate from the load-displacement curve during nanoindentation. For
indentation techniques, radial cracks are produced during the unloading cycle when
brittle materials are indented by a sharp indenter. The length of radial cracks is known
to correlate with the fracture toughness and is used to calculate fracture toughness
based on various equations which have been reported [126][127]. The fracture process
has been shown to progress in three stages [126]: 1) first ring-like through-thickness
cracks from around the indenter result from high stresses in the contact area; 2)
delamination and buckling occur around the contact area at the film/substrate in-
terface by high lateral pressure; and 3) second ring-like through-thickness cracks and
spalling are generated by high bending stresses at the edges of the buckled film.
The same model has been used to study the fracture toughness of multilayer hard
coatings deposited on cemented carbide [128]. In this study, the changes in slope
of plots of load-penetration depth squared were shown to reveal the changes of the
coating /substrate system. Two other methods based on correlating crack lengths em-
anating from the corners of the indentation when the indenter and load are removed,
and correlating fracture toughness have been reported [129]. A new mechanical test,
the cross-sectional nanoindentation test, has recently been developed for measuring
fracture toughness [129]. In this test indentations are made normal to the wafer cross-
section within the substrate and close to the interface of interest. From the results
of this test a model based on elastic plate theory was developed to numerically cal-

culate the interfacial critical energy release rate [130]. Inputs to the model are the
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thin film elastic properties, thin film thickness, interfacial crack area and maximum
thin film deflection during the test. The interfacial delamination area (crack area)
was measured by optical and scanning electron microscopy. The maximum thin film
deflection during the test can be obtained from the load versus displacement curves
and the Berkovich diamond-tip geometry assuming that the indenter shaft does not
tilt during the test. The anti-wearability of brittle materials has been shown to be
principally determined by its fracture toughness, when cracks occur on the worn sur-
face [128], where anti-wearability is determined by the fracture toughness, the elastic

modulus and the hardness.

2.2.5 Pop-in

Pop-in is a sudden increase of penetration depth at constant load P, and is shown
on a load-displacement curve in Fig. 2-5. It has been attributed to a variety of
mechanisms including sudden nucleation of dislocations, oxide layer breakthrough,
the occurrence of a phase transformation. or twinning. Pop-in can occur due to
any process which results in sudden release of strain energy [131]. Studies on a
variety of materials have attributed pop-in to a sudden nucleation of dislocations.
These are listed in Table 2.6 and include Au [67](132], Al [133]. single crystal Fe-
3%Si [69][70][71], GaAs [69][134][135], MgO [135][136][137], InP [134], Al,Oy, single
crystal SiC [68], (001)TiN [138]. AlGaN thin films [139]. GaN thin films deposited on
sapphire [76][77] and bulk GaN [76].

The arguments that have been made for attributing the vield point of a material
to the nucleation of dislocations are essentially two. i.e., 1) observation of elastic
behavior before the onset of plasticity and 2) the agrecment between the maximum
shear stress under the indenter calculated by P.,,, and the theoretical shear strength,
which is the ideal shear stress if slip is assumed to occur by the translation of one
plane of atoms over another in a perfect lattice. An additional argument made in

several studies is the absence of cracks as observed by atomic force microscopy (AFM)
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Figure 2-5: Pop-in

imaging [133][136]. Shown in Fig. 2-6 is a typical load-displacement curve obtained
during loading and unloading before F..,; has been reached. The elastic behavior
of the material at a load lower than P, is used to explain the fact that pop-in
can be viewed as the onset of plasticity. or in other words the first movement of
dislocations. A question arises as to whether the dislocations are created and then
moved (where by the shear stress should be equal to the theoretical shear stress)
or whether they were already present in the material and were then moved (where
by the shear stress should be equal to the Peierls-Nabarro stress). To address this
issue Gane [67], during indentation of Au. observed that the maximum shear stress
under the indenter. which was considered to be approximately equal to 1/6 of the
pressure under the indenter. was in agreement with the reported theoretical shear

strength of Au. This suggested that the dislocations were generated and then moved.

29



100 - .
80 | ,
260 Ioading/,/ ah
-% | o B = /
O ._:_‘ L
" unloading
| o TN »
20 walile "
' cp SO LS
o ke | | S
0 2 4 6 8 10 12

Displacement (nm)

Figure 2-6: Typical elastic behavior observed before onset of plasticity o

To evaluate the pressure under the indenter and then the maximum she:
the Hertzian theory of elastic contact between two non-rigid spheres was us
solution has been summarized by Johnson [53|. where the maximumn pressu

the spherical indenter (py) is

GE, v 1/3 ;
Py = (m) PI.,‘-

where E, is the reduced elastic modulus. given in Eqn. (2.3). which account
non-rigidness of the sphere, R is the radius of the spherical tip. P is the loac

to the indenter, in this case F..;. Then the maximum shear stress under the
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is given as

2 1/3
PcrttEr) (26)

Tmax = 031}?0 =(.18 (T

Equation (2.6) has been used in a variety of studies [69][70][71][132][133]. A particular
solution of the Hertzian problem has been presented by Timoshenko [140] where
he assumed that both bodies in contact had the same elastic properties and took

Poisson’s ratio as v = 0.3. Then, Eqn. (2.6) becomes

(2.7)

PoaB)'/°
i)

Timax = 0,12 (

where E is the elastic modulus of the sample as well as the indenter. Although this
solution is a very rough approximation, not considering the differences between the
diamond tip and the different kind of samples, it has been used in several studies
(68][77][138][139]. Once the maximum shear stress under the indenter has been cal-
culated it can be compared to the theoretical value. The theoretical shear strength
[141] can be approximated by

G
i theo — 2_‘1_ (28)

i
where G is the shear modulus of the sample. This equation has been extensively
used [69][70][132][133]. The value 7., should not be confused with the shear stress
needed to move an existing dislocation which is the Peierls-Nabarro stress 7, [142)]

and is given by
_
2G ¢—12ma/(1-v)b|

1—-v

Tp R

(2.9)

where v is Poisson’s ratio, a is the distance between slip planes and b is the distance
between atoms in a slip plane along the slip direction [46](143]. Other expressions
for the critical shear stress 7.4 for the creation of a dislocation loop have also been
presented. Page et al. [68] have used

’ ® ;f i
Tomil 55 -—Q-!iln (R—) 2 G In (-?—-) (2.10)

4nr Tn 4r T'n

31



where 7 is the radius of the loop, ry the dislocation core radius, and R" the upper

limit of the stress field integration. Bahr et al. [71] report

2—-vGh 4 1 4r
o s = —_—=s0)
T erit 1= 85 | Ap — 3 -+ - In (TO ..) (211)

To

where b is the Burgers vector, and Oden et al. [138] have employed the simplified

expression
Gb G
=2 S 10 (212)

Te

where 7. is the critical radius.

Much work has been conducted to determine whether the yield point behavior
is associated with dislocation nucleation or oxide breakthrough (70]. For example,
in the work conduced by Gerberich in 1996 [69]. two different occurrences of pop-
in have been observed. The first occurrence at a load between 70 and 300 uN was
associated with the onset of dislocation nucleation and the second at a load of about
2 mN was associated with the breakthrough of the surface oxide layer. In an earlier
study by the same research group [144] similar behavior was seen where it was argued
that the second pop-in observed was not due to dislocation nucleation but rather
oxide breakthrough. The authors pointed out that the measured force to initiate the
vielding process was more than an order of magnitude greater for Fe-3wt%Si than
for Ni although these two materials had similar elastic moduli and thicknesses of the
oxide overlayers. If the pop-in was caused by mcleation dislocation a similar force to
initiate vielding should have been observed. In a study by Asif [131] on Si pop-in was
attributed to breakthrough of material which had undergone a phase transformation
during indentation.

The onset of plasticity in Si. where sometimes in the loading curve and more often
in the unloading curve [145] pop-in was observed, has been attributed to a phase
transformation. A large amount of depth recovery during unloading, referred to as

“pop-out” . resulting in a characteristic reverse force on the indenter has been observed
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[68][146]. TEM (transmission electron microscopy) studies of indentations in silicon
revealed less evidence of obvious dislocation activity but did show residual highly
imperfect, and often amorphous, structures within the indentations, consistent with a
densification transformation occurring at the very high hydrostatic stresses produced
under the indenter. The reverse force is caused by the relaxation of densified material
during unloading. Thus it has been argued that the low-load hardness response of
silicon is controlled by a pressure-sensitive phase transformation [68].

Although microcracking has been observed during indentation in Al,O3 [68][147],
InP and GaAs [134], it has not been considered the cause of pop-in. In a study
on Al,O; [68], TEM images showed the presence of a few dislocation loops and mi-
crocracks, but the fact that the shear stress value was near the theoretical strength
indicated that dislocation nucleation was most likely the cause of pop-in. In the
study on InP and GaAs, the microcracks were found at the apex of the impression as
observed by XTEM (cross-sectional transmission electron microscopy). however only
for high-load indentation. That the discontinuity in the load-displacement curve was
not caused by microcracks was suggested by the fact that at low-load there were no
observed microcracks but the data collected were similar to the higher load region
where microcracks were observed.

The onset of plasticity in sapphire at a critical load of 200 mN which is much higher
than that observed by Page et al. (maximum load < 8mN) [68] was attributed to
the twinning process [148].

The experimental variability of P.; can be very high as shown in Table 2.6
[67)(68](69](76][77](133](134][138]. In the case of GaN not only is there a large vari-
ability but question as to whether the material exhibits pop-in [76]|77] or not [75].
To attempt to explain this large variability numerous studies on the conditions that
effect pop-in has been performed. Among these are the topography of the surface
of the sample. environmental conditions. indentation time, velocity of engagement

and indenter geometry. The relationships of crystal orientation, dislocation density
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and oxide film thickness to the occurrence of pop-in have been reported [70][138].
In addition. the influence of variations in surface chemistry (71}, of roughness [132)
and for films, the thickness of the film [77][149], the epitaxial interlayer [149], biaxial
misfit stress [149], and film quality [77] have been studied in relation to pop-in. The
temperature [71) and relative humidity {131} during indentation have been recorded
and the influence on pop-in analyzed. The indentation time, measured from when
the indentation test starts to the occurrence of pop-in has been recorded where it
was found that at lower loads this time increases [71]. The velocity of engagement

[150][151] and the radius of the indenter [131][133] has also been found to effect pop-in.

2.2.6 Dislocation Generation

The dislocations generated by indentation have been studied extensively by several
researchers. The major research issues that have been explored are the generation
mechanisms, the plane and direction the dislocations travel once created, and the
anisotropy that the rosette dislocations show.

In a study by Hirsch et al. on GaAs [82], the dislocations due to Vickers in-
dentations were first observed by etching the surface and then a model developed
to predict the pattern of the dislocations. It should be noted parenthetically that
Vickers indentations are large by comparison to those produced by nanoindentation.
The model calculates the resolved shear stress for each point in a region under the
indenter for a given applied load and for all possible slip systems. Locations on a
given slip system where the resolved shear stress is a maximum are identified. The
resolved shear stresses were calculated from the three principal stresses obtained by
the solution of the problem of a uniform pressure acting along a parallel strip devel-
oped by Nadai [152]. Using this model, the GaAs plastic zone under the indentation
was modeled in three regions: 1) an inner region where slip systems cross each other
forming locks - this region is strongly work-hardening: 2) an outer region where slip

occurs in the material along diverging planes - here slip is limited only by the lattice
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friction stress; 3) a rosette slip region where the slip plane is parallel to the surface
- here the magnitude of work-hardening depends on the geometry and orientation of
the indenter. This plastic zone modeling approach has been used not only in materials
with cubic structures but in hexagonal structures as well. For example, in a study of
sapphire conducted by Nowak et al. [147] the Hirsch model was modified slightly by
multiplying the shear stress by the so-called constraint factor which accounts for the
tendency of the indented material to move toward the free surface. This model was
successfully used to explain hardness anisotropy and in the study of rosette disloca-
tions. Using plastic zone modeling the hardness anisotropy of InSb [153] and GaAs
(154] was attributed to different work-hardening characteristics of the slip system ac-
tivated in different indenter orientations, and as previously discussed, to the different
velocities of the dislocations In{g) and Sb(g). Several studies on rosette dislocations
using this model have also been presented. In a study by Doerschel [155] the forma-
tion and motion of the rosettes was attributed to microtwinning, and anisotropy in
terms of the length of the arms of the rosettes was considered to be caused by the
differences in the shear stress acting on the different slip planes. In another study the
model of Hirsch was used to show that the dimension of the rosettes was influenced
by the oxygen present in the silicon which helped the formation of locks [156]. In
addition the dislocation rosettes created in InSb by indentation have been studied as
a function of the amount of doping and the annealing temperature used [153]. The
plastic zone modeling method has been used not only for Vickers indenters but for
spherical [157] and Knoop [154] indenters as well.

The dislocations discussed above are due to applied indenter loads much greater
then P... This loading results in multiple dislocation activation which can be ex-
plained by plastic zone modeling. In the case of pop-in. ideally only one slip system
is activated. A model has also been presented to predict this slip system [69][87]. In
this method. if the possible slip systems are along different planes it is necessary that

indentation be performed on different surface planes. e.g.. (0001). (1010) and (1120).
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This is because different slip systems may have different values of critical resolved
shear stress, thus the slip system where the maximum resolved shear stress acts may
not be activated because the critical shear stress for that slip system may be higher
than for another. The first step of this method is to calculate the resolved shear
stress on all the possible slip systerus at the P, for each surface plane indented.
Once the resolved shear stresses are obtained the maximum for each slip system for
a particular surface plane is compared with the maximum for the same slip system
of another plane. This is repeated for all slip systems and for all planes. Finally
the activated slip system will be the one for which the maximum is independent of
the surface plane, i.e., its value is constant for each surface plane. This method has
been used in a study conducted by Gerberich [69] on Fe-3wt%Si and by Kiely [87] on
Au. Gerberich evaluated the state of stress under the indenter in cylindrical coordi-
nates using the Johnson solution of the Hertzian problem [53]. He then determined
the resolved shear stress 7, on any slip plane with normal n and slip direction s by

summing the contribution from all components of stress o;;. viz.,

Ty = CrrOpr + 2Cr90v9 + CopTgp + C2:0T (2.13)

where ¢,; are the Schmid factors

1
= — (n;8; + n;s;) (2.14)

l",'), 2

The same approach was followed by Kiely [87]. In the Gerberich work only one plane
was indented because only two possible slip svstems were identified and both had
about the same critical shear stress as a result of the cubic structure of Fe-3wt%Si
therefore the system with the maximum resolved shear stress was determined to be
the active one.

Simulation by numerical analysis of the initial stages of plastic deformation due

to an indentation (for a rectangular prism and cyvlinder indenter) using a quasi-
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continuum method has been developed [158]. With this method it was possible to
predict the load-displacement curve as well as the Peierls stress and the density of

geometrically necessary dislocations beneath the indenter.

2.2.7 Influence of Light

The influence of light on crack propagation and on dislocation generation during
indentation has been reported [72][73]. Koubaiti, who used TEM deformation ex-
periments in conjunction with indentation correlated the indentation results to the
ratio of the wavelength of the light used to the absorption edge. At a ratio of less
than one, dislocation mobility is increased and crack propagation suppressed, as ob-
served in a study conducted by Maeda at al. on GaP [73]. This is referred to as a
negative photo-plastic effect (PPE). In the study of Koubaiti on ZnS [72] for ratios
greater than one (positive PPE) dislocation mobility decreases and crack propagation
increases. These studies enabled the explanation of the softening effect in GaP [73]

and the hardening effect in ZnS [72] due to illumination.
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Chapter 3

Experiments

3.1 Preparation of ZnO Surfaces

Hexagonal (wurtzite) structure ZnO grown by the seeded chemical vapor transport
(SCVT) method was used in the study. A ZnO crystal possesses two distinct polar
faces normal to the <0001> axis, a Zn-terminated (0001) face (Zn face) and an
O-terminated (0001) face (O face). Both faces were studied in the present work.
The (0001) oriented ZnO wafers were sawn from a boule and then etched in 5 vol %
trifluoroacetic acid (F3CCOOH) and de-ionized H,O (15 MQ-cm) to remove about 25
pm from the saw-damaged surface. The oriented crystals were of nominal dimensions
8 x 10 x 0.7 mm. The wafers were processed on both sides by first lapping and then
chemomechanical polishing. This provided flat. minimally damaged surfaces which
could be then further processed. Lapping was performed using a commercial lapping
machine with a cast iron wheel and a 9 pm Al,O3/de-ionized H,O slurry resulting
in an additional 50 pm of material removal from each side. This was followed by
chemomechanical polishing using a commercial polishing machine and a slurry of a
1:8 ratio of sodium hypochlorite:colloidal silica (9.1 pH). Approximately 25 pm of
material from each side was removed under conditions of 1.7 x 107% MPa. Sets of

Zn face and O face wafers were prepared with the following polishing preparations:
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1) mechanical polishing with 1 ym diamond abrasive/de-ionized HyO slurry and 2)
chemomechanical polishing as described above. Mechanical polishing was performed
using a nylon pad and a pressure of 1.4 x 107% MPa. Etched surfaces were also
prepared after chemomechanical polishing by etching in trifluoroacetic acid/de-ionized
H,0.

3.2 Instrument

The nanoindentation system is composed of a commercially available nanoindenter
(Hysitron, Inc.) and an atomic force microscope (AFM) manufactured by Digital
Instruments. The Hysitron system includes a signal adaptor, a scanner, a controller,
a three plate capacitive load-displacement transducer and an indenter. The main
components of this instrument, the three plate transducer and the indenter. will be
described in detail later.

In Fig. 3-1 a block diagram of the nanoindenter is shown. The software interface
between the atomic force microscope and the Hysitron is made by the signal adaptor
while the hardware interface is made by the scanner. Attached to the scanuner is the
transducer. where the indenter is fixed. Below. brief comments on the individual
components of the nanoindenter are made. The indenter is the only component in
contact with the material. i.e.. it is an interface between the surface of the material
sampled and the transducer. The transducer is used to apply a desired load to the
indenter and measure its displacement in the z direction. The transducer controller
manages the input and output of the transducer (load and displacement as a function
of time) which are then sent to the transducer computer which displays the plotted
load-displacement data and the signal adaptor that converts the data into a com-
patible format for the AFM controller. The scanner moves the tip in the x and y
directions labeled in Fig. 3-1. The AFN controller receives the coordinates of the

indenter position in three dimensions. the z coordinate from the transducer controller
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Figure 3-2: AFM topography image of an indentation in ZnO at 3000 uN peak load.

indentation to be performed with maximum loads < 25 pN, and totals depths < 5

1111,

3.2.1 Transducer Operation

The essence of the nanoindenter is a three plate capacitive force/displacement trans-
ducer. This transducer designed by Hysitron has the advantage of providing high
sensitivity. large dynamic range, and a linear displacement output signal. The low
sprung mass (200 mg) of the transducer’s center plate minimizes the sensitivity of
external vibrations. and allows for light indentations < 25 uN to be made.

The transducer is shown in Fig. 3-3 and consists of one mobile electrode attached
to a thin plate acting as a flexible spring (referred to as the pickup electrode or center
plate), and two fixed outer electrodes (referred to as drive plates). The indenter is
attached to the center plate by a screw so that the load and displacement applied to
the center plate correspond to the load and displacement of the indenter. The two

outer electrodes are driven by AC signals 180° out of phase. Since the fixed plates are
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Figure 3-3: Three plate capacitive force/displacement transducer

parallel and the distance between them is much smaller than the area of the plates, it
is possible to model them with the theory of infinite parallel planes carrying an equal
but opposite uniform charge density. This enables one to consider the electric field
constant and the potential to vary linearly from the maximum (equal to the applied
signal) at the drive plate to zero at the position centered directly between the drive
plates. The distribution of the potential is shown in Fig. 3-4. An important design
consideration allows one to consider the potential of the center plate (Vip) equal to
the potential present at its position between the drive plates. This allows the central
plate displacement to be obtained by measuring its potential. The load applied to
the center plate is regulated by the potential applied to the driver plates once the
position of the center plate is known.

The user inputs to the control software are the load pattern and the number of
load-time data points to be taken. An example of a load pattern is shown in Fig. 3-5.

When the command to perform the indentation is given the software determines the
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Figure 3-4: Distribution of the electric potential between the drive plates. V is the
AC signal applied to the drive plates which are 180° out of phase and Vip is the
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Figure 3-5: Example of a load pattern
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position of the center plate and sets it to zero displacement. From the position of the
center plate the signal needed at the drive plate to apply the load described in the
first point of the discrete load pattern is calculated. The effect of changing the signal
at the driven plate will result in a displacement of the center plate after which a new
calculation of the signal is made to follow the load pattern. The load-displacement

data for each time step is recorded resulting in the load-displacement curve as shown

in Fig. 3-6.
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Figure 3-6: Load-displacement curve for a peak load of 1000 N in Fused Silica

3.2.2 Indenter

In this study a Berkovich indenter was used. The indenter material is diamond which

has a high elastic modulus (E=1141 GPa [50]). high hardness. low friction and low
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surface roughness, all the characteristics needed by an indenter. Another important
characteristic is a well-defined geometry so that the impression left on the material
is well defined. The Berkovich geometry (shown in Fig. 3-7) is a three-sided pyramid
with a 65.3° angle between the altitude of the lateral face (segment AH) and the
vertical axis (segment AQ) and a 76.9° angle between any side and the vertical axis.

An advantage of the three-sided pyramid is a sharply pointed tip compared with the

Figure 3-7: Geometry of the Berkovich indenter

four-sided pyramid geometry of Vickers and Knoop. as a result of the fact that three
non-parallel planes intersect at a single point. This fact makes the Berkovich easy
to manufacture. Another advantage of this geometry is that the area function which
is the cross-sectional area of the indenter as a function of the distance from its tip,
is similar to the Vickers area function. An AFM image of the indenter used in this

study is shown in Fig. 3-8.
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Figure 3-8: AFM image of the Berkovich indenter used
3.3 Detailed Procedure for the Nanoindentation
Experiments

This section describes in detail the steps performed during a set of experiments, from
the set-up of the machine and software, to the indentation of the material and storage
of the results.

Before fixing the indenter on the transducer, the tip of the indenter is wiped with
a tissue wetted with a cleaning solution of 70% methanol and 30% ethyl alcohol and
then dried by blowing it with ultra purified nitrogen. Then the transducer with the
indenter mounted on it is fixed to the scanner, which is secured to the AFM. Once
the scanner is attached to the AFM the controller of the transducer is connected
and turned on. The force gain, displayed on the transducer controller shows the
load applied to the transducer, and initially should correspond approximately to the
weight of the indenter (251.6 mg). This provides a good check to confirm that all the

connections are working properly. Once the value of the force gain has been checked,
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it is reset to zero. Then the tip is focused with the AFM optical camera for viewing
when approaching the sample surface.

In the next step, the sample is placed on the vacuum chuck with the room in
darkness. Indications from the minor studies discussed in Chapter 4 are that the
ZnO surface can be altered by light. For the same reason all the samples are stored
in a desiccator in a completely dark room. Before turning the room lights on after
the sample is mounted the enclosure protecting the AFM is closed.

The tip is manually brought to a distance of about 70 um from the surface with
the AFM motor, which controls the z direction during the engagement procedure.
This is made possible by the AFM optical camera which allows one to see the mirror
image of the tip reflected from the sample surface at a distance of approximately
70 pm. During the manual approach two images of the tips (the actual one and
its reflection appear) on the AFM monitor when the tip is close to the surface of
the sample. Then the approach is stopped and before using the automatic engaging
procedure, the system is allowed settle, warming up for about one hour.

The system is allowed to warm up so that the thermal drift due to the different
temperatures of the tip, sample, transducer. scanner, and the machine frame (all
objects under the enclosure) is minimized. The effect of the thermal drift can be seen
by the continuous variation of the force gain which decreases with time. When the
value of the force gain is constant (after about one hour) the machine is ready to
indent and therefore the value of the force gain is again set to zero.

At the beginning of each set of indentation experiments, before engaging the
surface of the sample, an “air indentation” is made. The load pattern consists of
loading and unloading, without any holding. at a peak load of 20 puN and with a
load rate of 10 uN/sec. The load-displacement data for such an indentation should
result in an increasing displacement with constant load equal to zero. If the load-
displacement data shows an increasing or decreasing load during the air indentation

the electrostatic force constant (EFC) must be adjusted to result in a coustant zero
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load. A typical value of the EFC is 0.02976 uN/V?.

To engage the surface, two inputs are entered, 1) the velocity of engagement of
the tip, entered into the AFM software and 2) the set point inputted in nA equivalent
to mg force, entered into the Hysitron software. The set point is the load measured
by the transducer at which the vertical motor should stop. These two values must
be chosen carefully to avoid false engagement, and more importantly, to not damage
the sample surface by introducing plastic deformation. It was noticed that with a
high velocity of engagement, e.g., 7 pm/sec, the set point must also be high, e.g.,
200 uN (20 nA) to avoid false engagement. These conditions however caused plastic
deformation to occur on the surface of the material, as was evidenced by a residual
imprint which could be seen. Useful conditions were found to be a velocity of 1 um/sec
and the load of engagement of 20 uN. Once these two parameters are entered, and
the scan size confirmed to be zero so that the tip would not scan the surface with a
load of 20 uN, the engagement could be made. As soon as the tip comes in contact
with the surface and the z motor stops, the current set point is changed to 0.8 - 1
nA, corresponding to about 8 - 10 uN load applied to the tip. and the scan size is
changed to 5 um.

After engaging the surface, it is scanned to measure the topography. This takes
about ten minutes. While the surface is being scanned, the load pattern (load-time
sequence), the number of data points and the drift correction are set on the Hysitron
computer. At the beginning of the indentation experiments the load pattern shown
in Fig. 3-9 was used. This sequence was the same as that used in the experiments
of Oliver and Pharr [50]. The indenter is loaded and unloaded three times with
the unloadings terminating at 10% of the peak load. This is to assure that the
unloading data used to calculate the elastic modulus is mostly elastic. After the
third unloading, the load is held at 10% of the peak load. while the variation of
displacement is monitored so as to evaluate the presence of thermal drift during the

indentation. Following the hold period. the indenter is loaded for a fourth and final
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Figure 3-9: Load pattern used by Oliver and Pharr

time, and then held at the peak load to allow any final time-dependent plastic effects
to diminish. The indenter is then completely unloaded. This load pattern was soon
dismissed in favor of a simpler one shown in Fig. 3-10. As a result of the shorter time,
the simpler load pattern minimized problems with drift. and reproduced the results
obtained with the load pattern of Oliver and Pharr. The load pattern which was
used consisted of a loading portion, a holding time equal to half the time of loading
and an unloading portion. The loading rate was chosen to be 100 uN /sec, which was
found to be ideal for the range of indentations performed (200 to 3000 uN). For the
shallow depths the indentation was performed in 5 sec and at the largest depth the
indentation took 75 sec. The number of data points selected was 3000 and the drift
correction was set to a maximum drift rate of 0.1 nm/sec and a maximum time of 20

sec for all the indentations. When the drift correction is selected and the command to
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Figure 3-10: Load pattern used for a peak load of 1000 uN

make an indentation given. the transducer maintains the load at zero before indenting
for a period of 5 sec after which the drift rate of the displacement is evaluated. If
the drift rate is greater than 0.1 nm/sec the load is maintained for another 5 sec,
otherwise the indentation is performed. For the case when the load is held at zero
for 20 sec (4 cycles) and the drift rate is still greater than the prescribed one, the
instrument will perform the indentation and correct the data using the last value of
drift rate obtained. The set of experiments reported in this study do not involve any
where the drift rate was higher than the prescribed value. When the drift rate is
below that prescribed. the instrument corrects the data using the measured value,
which is assumed to be constant throughout the test.

When the surface is completely scanned over the 5 pm x 5 pm region, the topog-

raphy is evaluated and the scanner located to a flat region. Then the scan size and
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the internal and proportional gains of the scanner are set to zero just before the in-
dentation is performed. This is to stop the scanner and assure that no compliance
is added to the indenter. Then the indentation is performed. Once the indentation
is completed the scan size, internal and proportional gains are changed back to their
original values, so that an in situ image of the indentation can be taken.

After the indentation is completed, the load-displacement curve is plotted on the
Hysitron monitor, and the value of the reduced elastic modulus (E,), hardness (H).
contact depth (h.) and measured stiffness (S), evaluated as described in Chapter 2

are given. These values are then stored in a database.



Chapter 4

Discussion of Results

4.1 Load - Displacement Analysis

A typical load-displacement curve for a peak load of 200 N on ZnQO is shown in Fig.
4-1. In this plot. as well as in all the indentations performed on ZnO, a sudden increase
in penetration depth at a given load F,..; (pop-in) was observed. Pop-in divides the
loading portion into two regions, a purely elastic region before the onset of plasticity
and an elasto-plastic region after it. The increase in penetration at constant peak

load is due to material creep during the hold of the peak load (Fig. 3-10).

4.1.1 Elastic Loading

To verify the elasticity before pop-in several indentations were made at loads less then
150 uN. An example of the load-displacement curve is given in Fig. 4-2. As can be
seen the loading and unloading portions of the load-displacement curve overlap, and
after indentation no permanent deformation of the surface was observed. This result
enabled consideration of the indentation process before the onset of plasticity as an
elastic contact problem for which the Hertzian solution could then describe the load-

displacement curve [53]. The Hertzian solution for a non-rigid. spherical indenter in
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Figure 4-1: Typical load-displacement curve for ZnO

contact with an elastic half-space is
4 - 4 ~\ , 3 _
P= EE,,\/ Rh¥ = (EEr\/R) h? (4.1)

where E. is the reduced modulus as defined by Eqn. (2.3). and R is the radius of the
spherical indenter. At shallow indentations the Berkovich indenter can be considered
a sphere with a radius equal to the radius tip.

The radius of the Berkovich indenter was estimated by fitting the area function
of the indenter, calculated in Appendix A. with the area function of an ideal sphere,
evaluated geometrically as shown in Fig. 4-3. The area function was fit for h, between
4.7 nm, the minimum considered in the calibration process. and 18 nm (note the onset

of plasticity occurred at a depth of about 16 nm). As can be seen in Fig. 4-3 the arca
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Figure 4-2: Indentation in ZnO at 100 uN peak load

function for an ideal sphere is
A = —mh? + 2xRh, (4.2)

where the resultant radius of the sphere. I{. was found to be about 270 nm. The plot
of the area function for the Berkovich indenter and for the ideal sphere of radius 270
nm 1s shown in Fig. 4-4.

In Fig. 4-5 the Hertzian solution given by Eqn. (4.1) has been compared to the
measured load-displacement data. Here. R = 270 nm. and E, = 125.5 GPa (calculated
from reported values [18]). The two curves are seen to follow the same path with au
off set of about 0.5 nm which could be explained by an offset in the force transducer.

This result confirms the purely elastic behavior of ZnO before pop-in.
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the two polar faces could be measured by nanoindentation. This study was motivated
by the fact that several differences between the polar faces of ZnO were observed as
can be seen in Table 2.5, and by the fact that differences in hardness between the
polar faces of GaP (73], GaAs [82], and InSb [81] have been reported.

In this study. both the Zn-terminated (0001) and O-terminated (0001) faces of
ZnO prepared by chemomechanical polishing were investigated. The range of inden-
tations performed on both faces was from 200 - 3000 uN, corresponding to a contact
depth of 15 - 130 nm. The smallest indentation was chosen with a peak load higher
than the P.;, so that plastic deformation would occur and hardness could be mea-

sured.

4.2.1 Measured Hardness

Results of hardness as a function of contact depth are shown in Fig. 4-7, where the
error bars are based on one standard deviation of about fifteen experiments per point.
The two faces did not present discernible differences in hardness, but a slight decrease
for both faces at greater depths can be inferred. The difference in the mean value of
hardness between the indentations at approximately 18 nm and 125 nm was 18.6%
for the Zn face and 16.3% for the O face. The hardness was found to be 5.3 + 0.3
GPa at about 125 nm, and 6.2 + 0.4 GPa for depths between approximately 18 and
60 nm. These values of hardness were comparable to the only reference value found
on ZnO of 2 GPa [15]. obtained by Vickers indentation and therefore for much larger
and deeper indentations. The hardness results are summarized in Table 4.1.

A plausible explanation of why no difference between the two faces was observed
is that at the depth scale investigated the dislocations generated during the onset of
plasticity do not interact with each other. This may be due to only a few dislocations
being generated or may be because the dislocations move on ouly one slip system
and therefore are parallel to each other. For GaP [73]. GaAs [82]. and InSb [81] the

difference in hardness between the two faces was attributed to differences in velocities
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4.3 Pop-in and the Onset of Plasticity

4.3.1 Dislocation Nucleation

As was discussed in Chapter 2, one of the causes of the sudden increase in displacement
at a critical load is dislocation nucleation. For this to be the case for ZnO. two
observations should be made, 1) elastic behavior before the onset of plasticity and
2) agreement between the measured maximum shear stress under the indenter and
the theoretical shear strength (ideal shear stress, if slip is assumed to occur by the
translation of one plane of atoms over another in a perfect lattice).

The observation that the load-displacement data indicates purely elastic behavior
before pop-in has been made and is shown in Fig. 4-2. Next, a simple comparison of
the maximum shear stress under the indenter at the onset of pop-in and the theoretical
shear stress required to cause interatomic slip must be made. An estimate of the
maximum shear stress, assuming the iaterial is isotropic and considering elastic
contact between a spherical tip and a flat surface can be made using Eqn. (2.6) from

Hertzian contact theory

R.” Eg 1/3
T = 0.31p0: = 0.18 (#) (4.3)

where the reduced elastic modulus (E,) was considered equal to 125.5 GPa (18] for
both faces. and the radius of the spherical tip (/) is 270 nm. as estimated carlier.
Using the values in Table 4.3 for P.., one obtains 7,,,, = 5.7 GPa for the Zn face
and 7,4 = 5.9 GPa for the O face. A simple estimate of the theoretical shear stress
can be made using Eqn. (2.8)

e

(4.4)

Ttheo =

where the shear modulus (G) was considered equal to 45.3 GPa [18|. Therefore 7.,
= 7.2 GPa and indicates agreement with the magnitude of the estimated masximum

shear stress under the indenter. It should he noted however that these calculations
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are a coarse approximation that indicate that it is reasonable to assume that dislo-
cation nucleation is the cause of the onset of plasticity in this case. Later, a better
approximation based on the prediction of the active slip systems, and a calculation

of the critical resolved shear stress on these systems will be presented.

4.3.2 Repeatability

In Table 2.6 the critical load and depth of the occurrence of pop-in and the range of
the critical load for several materials were presented. As can be seen the measured
range of the critic load was from a minimum of 8% for SiC [68] to a maximum of 77%
for Au [67]. The cause of this variability was attributed to numerous factors including
the topography of the sample surface, environmental conditions, indentation time and
velocity of engagement.

Care was taken to minimize the measured variability caused by the above-mentioned
factors. Each indentation was repeated approximately fifteen times, using the identi-
cal procedure. To minimize the effects of variations in surface topography the region
to be indented was first scanned to confirm the presence of a flat area. If debris or
unusual surface roughness was observed the indenter was withdrawn and moved to
another region until a flat area was found. The environmental conditions were not
controlled. but the temperature and the relative humidity under the enclosure of the
instrument were measured. The temperature was constant at 82°F after the warm up
of the instrument for about one hour. and the relative humidity varied from day to
day from 6% to 29%. The loading rate was maintained constant at 100 N /sec for all
indentations so that for the same elapsed time (measured from when the indentation
test started) the same load was applied. In addition. the time from when the surface
was engaged to the start of the indentation was controlled and kept constant as well.
The velocity of engagement was kept as low as possible, 1 pm/sec, and was the same
for all indentations.

All the indentations of the polar faces were made using the above precautions.
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Figure 4-10: Elliptical pressure distribution due to the contact between a spherical
indenter and an elastic half-space evaluated by Hertz

This could account for the observed difference in the occurrence of pop-in listed in

Table 4.4.

4.4 Investigation of the (1010) and (1120) Pris-
matic Planes of ZnO

In addition to the study performed on the (0001) and (0001) polar faces the prismatic
planes (1010) and (1120) which are 90° apart were also studied. Shown in Fig. 4-11
is the hexagonal geometry of ZnO and the three principal planes which have been
studied. Note that planes 60° apart are members of the same family of planes due to
the six-fold symmetry [13]. Study on the (1010) and (1120) planes was necessary to
enable an estimate of the theoretical shear strength (and to estimate the active slip
systems). This also allowed for the measurement of the hardness and elastic modulus

for these planes.
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N(1120

Figure 4-11: Hexagonal geometry showing the planes which have been studied
B 5 124

Both the (1010) and (1120) faces of ZnO prepared by chemomechanical polishing
were investigated. The range of indentations performed on both faces was 500 - 3000
uN, corresponding to a contact depth of 65 - 190 nm. The lower bound of the load

range was increased because at 200 uN some indentations did not exhibit the pop-in.

4.4.1 Measured Hardness

Results of hardness as a function of contact depth for the two prismatic planes are
shown in 4-12. The results for the O-terminated face (recall that there were no
observed differences between the O and Zn faces) are shown for comparison. The

error bars again represent one standard deviation of about fifteen experiments per
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Figure 4-12: Hardness versus contact depth for indentations on the two prismatic
planes (1010) and (1120). As a comparison. indentations on the O-terminated face
(0001) are also shown.

point.

The two prismatic faces did not exhibit discernible differences of hardness, but a
significant difference between the hardness measured on the prismatic faces and the
polar faces was noticed. The hardness for the prismatic faces was found to be 2.7
+ 0.3 GPa, when averaged over all the indentations performed on both faces. The
hardness results for both prismatic faces are summarized in Table 4.6. This value of
hardness is seen to be significantly smaller than the 5.3 £ 0.3 GPa at approximately
125 nm. and 6.2 = 0.4 GPa for depths of 18 - 60 nm found for the Zn and O faces.

Typical load-displacement curves obtained for indentation on the (1010), (1120)

and (0001) faces are shown in Fig. 4-13. The lower hardness which results for the
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H (GPa)
Depth | 65-190 nm
(1010) | 2.7 + 0.2
(1120) | 2.6 £ 0.3

Table 4.6: Hardness results of the two prismatic faces of ZnQO
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Figure 4-13: Comparison between the O face and the prismatic (1010), (1120) faces
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(1010) and (1120) planes can be seen.

4.4.2 Measured Elastic Modulus

Fig. 4-14 shows a comparison of the elastic modulus obtained for both polar faces and
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Figure 4-14: Comparison between the elastic modulus obtain for the Zn and O face
and the prismatic faces

the prismatic faces. The data for the (1010) and (1120) faces are considered together
because thev did not present any significant difference in elastic modulus. The error
bars are again based on one standard deviation of about fifteen experiments per point.
For the prismatic faces at a contact depth between 65 and 100 nm. £=114.4 + 11.2
GPa. This value is in agreement with the reported elastic modulus for bulk ZnO. and
is the same order of magnitude for that of the polar faces. At a depth of approximately

190 nm the elastic modulus is seen to decrease to £=102.4 £+ 9.3 GPa. The decrease
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to be elliptical (Fig 4.5). The load applied in Cartesian coordinates is then

A 2 2
p(ay) =po, |1 - [(%) + (%) ] (4.12)

for —a < ' < a and —a < y < a, where py is the maximum pressure under

the indenter. Thus the components of stress under the indenter can be found by

integrating Eqn. (4.9) over the area of contact, a circle of radius a. viz.,

swa=l st et sdiis 413
olj(x!y‘“)_ p(‘rﬂy)oij(xry!‘-) y £ ( L )

where the z’ and y' indicate the coordinates of the load, and z, y and =z indicate the
coordinates of an arbitrary point within the elastic half-space. In the present work
the integral in Eqn. (4.13) has been evaluated numerically.

Once the state of stress is known the resolved shear stress, 7., on any slip plane
with normal n and slip direction s can be determined by summing the contribution

from all components of stress, o,;, i.e.,
Ty = Czz0zz + CyyOyy + C22022 + 2C1y Oy + 2052022 + 2¢420; (4.14)
where ¢, are the Schinid factors

=5 (s, = nss;) (4.15)
Consider the following example for determining the Schmid factors for indentation on
the (1120) face and for the slip system of (1210)[1010] as shown in Fig 4-17. For this
case s is 30° clockwise from the > axis and perpendicular to x. and n is 307 clockwise
from the y axis and perpendicular to xz. Then.

/3

ny = 0;ny=c0s30" = - ; n. = —sind0" = -

-

(4.16)
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Figure 4-17: Slip plane normal n, and slip direction s for an indentation on the (1120)
face and a (1210)[1010] slip system
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The resolved shear stresses were obtained using the mean values of py in Table 4.9

as input. In Fig. 4-18, the maximum resolved shear stresses for each face indented
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Figure 4-18: Maximum resolved shear stress on the five possible slip systems for
indentation on all the faces indented: Zn. O. (1010), and (1120)

versus the five most likely slip systems have been shown. How this figure should be
analyzed will be explained by considering the (1010)[1210] slip system as an example.
For indentations on the Zn face the maximum pressure under the indenter was 16.9
GPa (mean value) which resulted in a maximum resolved shear stress of about 1 GPa
on the slip system considered. This value could be, at a maximum. equal to the
critical resolved shear stress if this slip svstem was activated during indentation on
the Zn face. What can be observed however is that for indentations on the (1120) face
the maximum resolved shear stress was calculated to be approximately 8 GPa. This

implies that during indentation ou the Zu. O and (1010) faces, where the maximumn

——
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resolved shear stress was found to be less the 8 GPa, the (1010)[1210] slip system
was not active (since we assume that a given slip system should have only one critical
resolved shear stress). In addition the critical resolved shear stress for the (1010)[1210]
slip system must be equal to or greater than 8 GPa.

Analyzing the entire Fig. 4-18, it can be seen that for the (0001)[1010] and
(1010)[0001] slip systems, for the indentations on all the faces, a constant maximum
of about 4 GPa is reached. The indentations on the (1120) face showed that on the
(1010)[1210], (0001)[1120], and (1210)[1010] slip systems, a lower bound for the criti-
cal resolved shear stress is about 8 GPa. It was then concluded that for indentation on
the Zn, O and (1010) faces the active slip system could be either the basal (0001)[1010]
or the prismatic (1010)[0001] slip system if not both, with a critical resolved shear

stress of approximately 4 GPa.

4.6 Minor Studies

Several minor studies were performed using nanoindentation on Zn0O. These studies
included: 1) mechanically polished ZnO, 2) etched ZnO and 3) ZnO exposed to UV
light. The purpose of these minor studies was to identify fertile areas for future work.

and to allow for some basic comparisons to the main study undertaken.

4.6.1 Indentation of Mechanically Polished ZnO

A set of ZnO wafers were prepared by mechanical polishing to enable a comparison
with the chemomechanically polished surfaces of the main study. The surfaces were
polished with a 1 gm diamond abrasive/de-ionized H,O slurry. Indentations were per-
formed only on the Zn face. Figure 4-19 shows a comparison of the load-displacement
curves obtained for chemomechanically polished and mechanically polished Zn face
surfaces. The main differences between the two surfaces are the pop-in and the pen-

etration of the indenter.
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Figure 4-19: Load-displacement curve for a peak load of 500 uN showing the pres-
ence of pop-in for a chemomechanically polished surface and the absence of it for a
mechanically polished surface.

The fact that pop-in is present for the indentation on the chemomechanically pol-
ished surface but not for the mechanically polished surface is in agreement with a
recent study conducted by Miyahara on electrolytically and mechanically polished
(001) tungsten single crystals [80]. In this study it was found that for the mechan-
ically polished specimen during indentation plastic deformation occurred from the
beginning, contrary to the electrolytically polished specimen where deformation was
purely elastic until the force reached a critical value, beyond which a sudden increase
in depth was observed. In the present study a similar result was found, where the me-
chanically polished surface exhibited some permanent deformation on unloading while

the chemomechanically polished surface behaved purely elastically. This is shown in
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Fig. 4-20. Inexplicable is the fact that the two surfaces follow the same loading curve.
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Figure 4-20: Load-displacement curve for a peak load of 100 uN, showing the purely
elastic behavior of the chemomechanically polished surface and the elasto-plastic be-
havior of the mechanically polished surface.

This was not the case for the study conducted by Miyahara. This point needs further
study.

As can be seen in Fig. 4-19 the indenter penetrated less into the mechanically
polished surface indicating a higher hardness, The hardness for the mechanically

polished surface was approximately 7.8 GPa.

4.6.2 Indentation of Etched ZnO

The Zn face was etched using the procedure previously described in Chapter 3, and

nanoindentation was performed to obtain a comparison with the chemomechanically
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Figure 4-21: Load-displacement curve for an indentation performed under UV light.
Note the noise at 60 Hz introduced by the light.
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Chapter 5

Conclusions

The principal planes of single crystal ZnO prepared by chemomechanical polishing
have been investigated by nanoindentation. These included the (0001), (0001), (1010)
and (1120) planes.

Findings indicate no measurable difference in hardness between the Zn and O face.
The measured hardness was found to be 5.3 = 0.3 GPa at approximately 125 nm,
and 6.2 = 0.4 GPa for depths of approximately 18 - 60 nm. A plausible explanation
of why no difference between the two faces was observed is that at the depth scale
investigated the dislocations generated during the onset of plasticity do not interact
with each other. This may be due to only a few dislocations being generated or may
be because the dislocations move on only one slip system and therefore are parallel
to each other. However. a difference in hardness was found between indentation on
the basal faces and indentation on prismatic faces. The measured hardness of the
prismatic faces was found to be 2.7 #+ 0.3 GPa. thus the hardness of the prismatic
faces is lower than the basal faces.

The elastic modulus for the deepest indentations (h,=125 nm) performed on both
the polar faces did not present discernible differences. 116.0 £ 4.9 GPa for the Zn face
and 121.7 £ 5.0 GPa for the O face. and measured values were in agreement with

the reported bulk elastic modulus of 123.0 GPa. The eclastic modulus for shallow



indentations (h,=18 nm) exhibited a difference between the two faces where for the
Zn face E=133.7 £ 10.3 GPa and for the O face E=153.9 £ 11.8 GPa. A plausible
explanation regarding the observed difference in elastic modulus between the polar
faces at shallow indentation depths could be differences in stoichiometry, bonding
or simply the difference in atomic arrangement of the two surfaces as a result of
reconstruction and relaxation. No definitive explanation however can be given with
the available understanding of the surface compositions.

Chemomechanically polished surfaces exhibited purely elastic behavior until the
onset of plasticity at pop-in. Pop-in was attributed to dislocation nucleation and
was characterized by the maximum pressure under the indenter (pg). No measurable
difference in py was found between the two polar faces. The onset of pop-in was found
to be highly repeatable.

A calculation of the critical resolved shear stress was made based on a prediction
of the possibly active slip systems. To determine the critical resolved shear stress
the pop-in data for indentations on the polar (0001), (0001) and prismatic (1010),
(1120) planes were used. Results indicate that the (0001)[1010] and/or (1010)[0001]
systems were responsible for slip at pop-in with a critical resolved shear stress of
about 4 GPa. In addition. the indentations on the (1120) face showed that on the
(1010)[1210]. (0001)[1120] and (1210)[1010] slip svstems. the critical resolved shear
stress was estimated to have a lower bound of 8 GPa.

Minor studies investigating mechanicallv polished and etched Zn surfaces. and
the influence of UV light on the surface mechanical properties of ZnO have also been
performed. Surfaces which had been mechanically polished did not exhibit pop-in and
had a higher hardness than those which had been chemomechanically polished. No
discernible differences in elastic modulus was found between the mechanically polished
and chemomechanically polished surfaces, Due to several experimental difficulties the

studies on the influence of UV light were inconclusive.
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Appendix A

Calibration

A calibration is needed to evaluate the machine compliance and the area function
of the indenter. The machine compliance (Cy) is needed to evaluate the machine
displacement. The displacement of the indenter, one of the outputs of the indenta-
tion test. is the sum of the penetration of the tip into the sample surface and the
displacement of the machine itself. This machine displacement can be a combina-
tion of several displacements due, for example, to the sample holder. the tip holder.
the frame of the machine, etc.. The machine-sample system can be modeled as two
springs in series, with stiffness S for the sample and Ay=1/Cy for the machine, as

shown in Fig. A-1, where

F K, S
- —— AW MA—

Load Machine Sample

S S

Figure A-1: Simple model of the machine and sample stiffness
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Ko = }\_’f + § (Al]

or in terms of the compliance

Ctog — Cf + Cs (AQ)

The area function discussed in Chapter 2 is also obtained by calibration.

The calibration used in this study was described by Oliver and Pharr [50]. The
material of the sample used during the calibration was fused silica for which its elastic
modulus is well known to be 72 GPa and Poisson’s ratio »=0.170 [50]. Using Eqn.
(2.3) the reduced modulus is then 69.6 GPa, where E;=1141 GPa and v,;=0.07 for
the diamond indenter [50]. This value was checked at the end of the calibration. The
method of Oliver and Pharr is an iterative one that does not require the knowledge
of the elastic modulus of the sample.

The calibration was divided into two regions, one for high load 1000 - 10000 uN
(corresponding to contact depths of 47 - 180 nm), and one for low load 50 - 1000 uN
(4.8 - 47Tnm). Two area functions were determined and the machine compliance for
the high load region. where it is more significant. evaluated.

The calibration steps for the high load region were as follows:

1. Nanoindentations were performed at 1000 pN intervals, beginning with 1000
pN and ending at 10000 N where at each load the indentation was repeated

three times.

2. For each indentation the Hysitron software plots the load-displacement curve
considering the Cy that was input (in the calibration procedure 'y is set to
zero). From the load-displacement curve. the region representing 20 - 95% of

the unloading curve was fit to the power law relation Equ. (2.1)

P=oah™ (A.3)
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where
h = Rmax — Ry (A4)

This fit was made automatically by the Hysitron software which yields the
following: a (uN/nm™), hmax (nm), Ay (nm), m, Pp. the maximum load in

pN and k. the contact depth in nin evaluated as:
Frax
= hmax o .
h 5 (A.5)

where S is the contact stiffness evaluated as the slope of a linear line tangent to
the unloading curve at the peak load, and £ which depends on the geometry of
the indenter and was considered to be 0.75 [50]. All these values were recorded

for each indentation.
3. The total compliance C;,; was determined by derivation of the power law:

dh 1 1

Ciot = — = = A6
“CTAP T amh™! T am D= Bpf™ (£.6)

4. The contact area was calculated with the standard area function:
A = 24.5h2 + Cyh. + Coh2/? + C3h}/* + Cyhl/® + C5h2/16 (A.7)

where the constant 24.5 is obtained geometrically considering an ideal Berkovich
indenter, and C;, (. Cy, Cy, (5 result from step 9 (as an approximation for

the first calculation of A: C,=Cy=C3=C4=C5=0).

5. From Eqn. (2.2) in Chapter 2

P 2 _
S=— —ﬁE,\/ﬁ (A.8)
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and Eqns. (A.1), (A.2)

1
'§=Ctot"”cf (Ag)
it was possible obtain:
A
Cle = (2Er V/Z + Cf (A. 10)

This equation can be seen to be a linear equation of the form:
y=mz+gq (A.11)

where y=C;y and z=1/ VA were known from the steps 3 and 4. Plotting the
value of y and z for each indentation and fitting a linear equation for all these
points the value of m and g and respectively E, and Cy were obtained. This is

shown in Fig. A-2.

Knowing Cy and C; a new value for S could be obtained, not by the slope of

the unloading curve, but using the previous equation:

1

- T -
Cmr 5 Cf

(A.12)

Then a new value for h,. was obtained with Equ. (A.5).
As well, a new value for the contact area was evaluated by using Equ. (2.2):

T |
A=—

(A.13)

9

The value of i, and A were then plotted as shown in Fig. A-3. and fitted by an

equation of the kind described in step 4:
A = 24.5h% + C1he + Cohl/? + C3hY + C4hY® + Coh/° (A.14)

so that the coefficients C'y. (5. (. C'y. C's were determined.
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Figure A-2: Cyp vs. 1/ V/A. From this plot Cy is obtained as the intersection of the
linear fit with the y axis and E, is obtained from the slope of the linear fit.

10. Then. the calculations are repeated from step 4 until C'y converged.

For the calibration of the instrument this cycle was repeated six times before the

value of C'y converged to 0.2 nm/uN, E, converged to 65.1 GPa and the five constants

for the high load region. h, = 47 -

&
'
Cs
Ci
Cs

180 nm are

2.492 x 10

—2.0184 % 107

2.1705 x 10°

—4.7414 x 10°

2.6037 x 10°
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Figure A-3: Contact area vs. contact depth

and for the low load region. h, = 4.8 - 47 nm are

C; = 35173 x 10°

Cy, = —14112 x 10°
C; = 1.2712 x 10°
C; = —3.0037 x 10"

C; = 1.8792 x 10°

To confirm that the instrument was operating properly, an indentation into elec-
tropolished {100} aluminum was performed. and the results (E = 67.1 GPa) com-

pared to those obtained of Oliver and Pharr [50] (E = 68.0 GPa). An example of a
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load-displacement curve is shown in Fig. A-4.
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Figure A-4: Typical load-displacement of electropolished {100} aluminum
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