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Chapter 1

Introduction

“Information of dislocations and plasticity in ZnO 1is surprising sparse, especially
giwen that sizable ZnO single crystals are now available. Detailed studies on Zn0 would
be most welcome.”

- T. E. Mitchell and A. H. Heuer [1]

An understanding of a material’s response to mechanical loading (its mechanical behavior) is of
fundamental importance. This understanding not only determines the suitability of a material for
a given technological application but also providés insight into the material’s deformation processes
such as active slip systems, ease of cross—slip, or critical resolved shear stress.” A material’s mechanical
behavior in the near surface can vary significantly from its bulk behavior. The near surface regioh of
semiconductors is becoming increasingly important as device sizes get smaller and surface behavior
becomes more dominant.

ZnO is a wide bandgap semiconductor which has potential uses such as short wavelength (blue-
UV) LEDs and lasers and high power, high frequency electronic devices [2]. Although GaN-based
devices currently dominate the short Wa{relength LED market, single crystal bulanO}l is being
pursued as a substrate material for both homoepitaxial films and heteroepitaxial GaN-based films
[3-5]. Sihgle crystal ZnO has also been uséd in'Schottky diodes that were shown to be very resistant
to proton irradiation [6] making them suitable. for use in low-earth orbit‘. Polycrystalline ZnO
films have been demonstrated for uses such as surface écoustic wave [7] and thin film bulk acoustic
wave [8] filters, thin film transparent transistors [9], transparent contact electrodes for InGaN-based
LEDs [10] and amorphous silicon. solar cells [11}, UV photodiodes [12] and heterojunction LEDs [13].

Although the opto-electronic properties of bulk ZnO have been vigorously studied [14-18], the

mechanical behavior has not received much attention [1]. The objective of this work is to investigate



the near surface mechanical behavior of ZnO using nanoindentation. The near surface mechanical
behavior includes the elastic modulus, hardness, the onset of yielding (“pop-in”) and changes in

hardness as a function of the depth (indentation size effect).

Objectives
e Study the effects of surface preparation on the near surface mechanical behavior.

The effect of surface preparation on hardness is well known for many materials.
There have béen no previous studies on “the effects of surface preparation on the
near surfacé mechanical behavior of ZnO. In the present study surface preparations
for the (0001) surface including chemical etching, chemomechanical polishing, and
mechanical polishing with 1/4 pm and 1 pm diamond abrasives were investigated.
Based on previous ion channeling studies of similar surfaces [19], these surface prepa-

rations will provide a range of near surface damage.
e Study the variation of the near surface mechanical behavior with crystallographic orientation.

For many hexagonal metals, slip on the {0001} planes is easier than on other planes
[20]. Conditions favorable for slip on the {0001} planes can be achieved by selection
of the indentation plane. By iﬁdenting onvthe‘ {1010} or {1150} planes, slip should
principally occur on the {0001} planes because these planes are perpendicular to the
indentation surface. Chemomechanical polished (0001), (0001), {1010} and {1120}

surfaces were studied to measure differences in the near surface mechanical behavior.
e Study the effect of illumination on the near surface mechanical behavior.

Tllumination has been shown to change the flow stress of bulk ZnO [21] and hardness
in the near surface of ZnSe [22] as measured by nanoindentation. The near surface
hardness with sample illumination and in darkness was studied for etched (0001)ZnO

and chemomechanical polished {1010}ZnO.

e Demonstrate the use of scanning Kelvin probe microscopy to observe indentation dislocation

rosettes.

Indentation followed by chemical etching has long been used to study the plasticity

of single crystals. Etch pits of dislocations around the indentation form a pattern or .



“rosette” which provides information about the slip systems of the material. Other
techniques to observe indentation dislocation rosettes include plan view and cross-
sectional transmission electron microscopy and cathodoluminescence. In the present
study scanning Kelvin probe microscopy with sample illumination by a broadband
light source was used to observe indentation rosettes in chemomechanical polished

and etched {0001}ZnO.

The next chapter provides background informafion on the physical properties and previous stud-
ies of ZnO. In addition, the analysis of nanoindentation and the general technique of scanning
Kelvin probe microscopy are presented. Chapter 3 presents experimental details of sample prepara-
tion, nanoindentation, and scanning Kelvin probe micfoscopy. In Chapter 4 results and discussion

~are presented and Chapter 5 gives conclusions and recommendations for future work.



Chapter 2

Background

The response of surfaces to. mechanical loading has been studied for some time. The response to
loading involves an elastic portion and a plastic portion which are typically convolved with each other.
The elastic response can be quantified by the elastic modulus or elastic moduli in various directions.
The plastic response includes active slip systems, interaction of dislocations, twinning and hardness.
Some examples of meclianical loading of the surface are: processing conditions such as polishing or
turning on a lathe, the stress imposed on a substrate by ﬁlm. growth, and equipment speciﬁcally
designed to measure the response to mechanical loading. For example during nanoindentation the
load on the indenter and the depth of penetration are continuously measured to determine the
surface response to loading. The study of the surface response to loading is of significant interest,.
further for many semiconductors dislocations in the near surface can adversely effect the epitaxial
growth of films, the electrical properties and the photoluminescence response of the surface.

The response of single crystal ZnO to mechanical loading has not received much attention. In
this chapter background information on previous studies of the mechanical behavior of ZnO and
techniques to evaluate near surface mechanical behavior is presented. First some of the physical
properties of ZnO including its structure, hardness and elastic stiffness constants are given. The
results of one study which has measured the near surface damage vin single crystal ZnO introduced by -
various polishing brocesses are presented. Nanoindentation is increasingly being used to study the
near surface mechanical behavior of materials. The analysis technique that deterrﬁines the hardness
and elastic modulus from nanoindentation data is presented for an isotropic material and for a
transversely isotropic piezoelectric material such as Zn0O. In addition to hardness and elastic modulus
other behavior such as “pop-in” and indentation size effect have been observed in many materials

during nanoindentation. Pop-in is often related to the onset of plasticity and the indentation size



effect may be related to the gradient of strain in the material. These are explained in more detail
in this chapter. Illumination has been shown to effect mechanical behavior of many bulk II-VI
semiconductors however the effects of illumination have not been investigated at smaller length scales
in ZnO. A brief review of the effects of illumination on the response to mechanical loading is presented
for bulk II-VI semiconductors. Near surface damage such as dislocations and point defects introduced
by mechanical loading is known to alter the electrical characteristics of many semiconductors. One
way to measure changes in the electrical characteristics at the nanometer scale is the use of scanning
Kelvin probe microscopy (SKPM) which measures the potential difference between the probe and the
sample with a lateral resolution approaching 50 nm. SKPM can be combined with nanoindentation
to measure the damage introduced during nanoindentation. The technique of SKPM is presented

along with some examples from the literature of uses of the technique.

2.1 Properties and subsurface damage of ZnO

ZnO most commonly exists in the hexagonal wurtzite structure although it can also form in the
zincblende structure. The wurtzite structure has two distinct planes perpendicular to the (0001)
direction, an oxygen terminated (0001) plane and a zinc terminated (0001) plane. Figures 2.1, 2.2
and 2.3 show a ball and stick model of ZnO from various directions. In Figs. 2.1 and 2.2 the {0001}
planes are horizontal and in Fig. 2.3 the reader is looking down onto a {0001} plane. The lattice
spacing for ZnO is ¢ = 0.519 nm and a = 0.324 nm [23].

The mechanical properties of single crystal ZnO are not well known because of the only recent
availability of high-quality samples. Most of the previous work done on the assessment of the

mechanical properties of ZnO was done on material that had a significant concentration of lithium

Sl G B 1 LT B 2
Figure 2.1: Photograph of ball and stick Figure 2.2: Photograph of ball and stick
model of ZnO looking in the (1010) direc- model of ZnO looking in the (1120) direc-
tion. tion.



Figure 2.3: Photograph of ball and stick model of ZnO looking along the (0001) direction.

and/or sodium ions [24] and much of this work focused on bulk material not the near surface. There
have been a few nanoindentation experiments performed with a spherical indenter [25,26] on single
crystal ZnO.

Regel et al. [24] performed microhardness measurements on hydrothermally grown ZnO samples
of different crystallographic orientations. In this study it is not stated which type of indenter was
used for the experiment (presumably it was a Vickers indenter) nor is it stated at which load the
hardness was evaluated. The samples were polished but it is not stated what type of polishing was
performed. Table 2.1 shows the results for various crystallographic surfaces. The hardness of the
basal (0001) plane was found to be about twice that for the prismatic planes, {1010} and {1120}. A
microhardness of 400 kg/mm? Vickers corresponds to about 4.3 GPa [27]. Ahearn et al. [28] studied
the effects of bias voltage and pH on the hardness of (0001) and {1010} ZnO. The experiments were
performed with the sample in an electrolyte with the ability to apply a bias voltage to the sample.

Without any bias voltage the Vickers hardness of the (0001) surface ranged from 240 — 260 kg/mm?

Surface Microhardness (kg/mm?)
(0001) 400
{1011} 250
{1010} and {1120} 200

Table 2.1: Comparison of microhardness for different surfaces of ZnO. After Regel et al. [24].



for pH between 8.5 — 12.2 and for the {1OTO} surface the hardness ranged from 100 — 130 kg/mm?
for pH between 6.5 — 11.5. Although the hardnéss values were about half of the values obtained by
Regel et al. [24], the hardness of the basal plane was still about twice that of one of the prismatic
planes. The differences in hardness are most likely caused by differences in the slip systemé that
are activated during indentation. Some of the slip planes that have been identified in ZnO include
{0001} {26], {1011} [26], and {1012} [29]. During indentation of the prismatic surfaces the force of
the indenter is principally in the (0001} direction, so that slip will probably principally involve slip
on the {0001} planes. In ‘many hexagonal metals slip at room tempeﬁature occurs most easily on
the {0001} planes [20].

The elastic constants of ZnO were measured by Bateman [30] using an ultrasonic pulse technique,
Table 2.2. Using these elastic constants, the Voigt or Reuss aggregate averdge elastic modulus and
Poisson’s ratio can be computed. Thé aggregate elastic modulus is‘ 123 GPa (Reuss) to 124 GPa
(Voigt) and Poisson’s ratio is 0.356 (Voigt) to 0.357 (Reuss) [31]. ZnO is a piezoelectric material with
piezoelectric and dielectric constants given in Table 2.3. The piezoelectric and dielectric constants
were determined by the ultrasonic resonance-antiresonance method [32]. The “S” superscript on the
dielectric constants denotes that it is the dielectric constant value for a méchanically constrained
sample.

Kucheyev et al. [25] used nanoindentation with a spherical indenter with a radius of 4.2 um to
examine the material properties of (OOOT)ZnO. It is not stated how the sampleé were polished. They
measured a hardness between 4 - 5 GPé. for a depth of 50 — 400 nm which is consistent with Régel et
al. [24] and an elastic modulus of 100 — 111 GPa over the same depth range. The elastic xﬁédulus is
less than one would expect from either the aggregate averages or the stiffness in the (0001} direction
where Egg1) = 139 GPa. The authors give no explanation for this discrepancy however it may be
caused by the method used to analyze the data. The data was analyzed using the partial load-unload
method of Field and Swain [33]. This method fits only a single pair of data points and is therefore

more susceptible to error [34] than the Oliver and Pharr [35] method (explained in Section 2.2.1).

2.1.1 Assessment of subsurface damage in polished ZnO by ion channeling

Surface preparation techniques can introduce dislocations and other defects in the near surface which
may alter the mechanical behavior. For semiconductors, dislocations and defects can also alter the
electrical properties [36-38] and the photonic properties [16]. Lucca et al. [19] used ion channeling to

study the near surface damage in polished (0001)ZnO and (0001)ZnO. The samples were prepared by



Elastic Stiffness Value (GPa) Piezoelectric and

. Value

1 209.7 dielectric constant

c19 121.1 es1 -0.62 C/m?

ci3 105.1 es3 0.96 C/m?

C33 210.9 €15 -0.37 C/I’Il2

Caa 425 A 7.8 x 107" F/m

ces = & (c11 — c12) 443 S, 7.37 x 10711 F/m

Table 2.2: Elastic stiffness constants of ZnO Table 2.3: Piézoelectric and dielectric

at room temperature obtained by ultra- constants of ZnO at room tempera-
sonic pulse technique. After Bateman [30]. ture obtained by resonance-antiresonance

method. After Kobiakov [32].

either chemomechanical polishing, 1/4 ym diamond abrasive mechanical polishing or 1 ym diamond
abrasive mechanical polishing. Table 2.4 shows the damage depth and the equivalent amorphous
layer obtained for t‘h'e samples. The damage depth is the extent of damage into the sample whereas
the equivalent amorphous layer is related to the severity of damage. The equiv‘alent amorphous layer
is calculated from the number of displaced Zn (or O) atoms/cm?® and the density of Zn (or O) atoms
in Zn0. For the chemomechanical polished samples no damage was detected with this technique.
The (0001) and (OOOT) surfaces were found to have similar damage depths except for the case of the

1 pm mechanical polish samples where the (0001) surface had slightly more severe damage.

(0001)ZnO (000T)ZnO
Process Damage Depth (nm)
1 um mechanical polished 235 235
1/4 pm mechanical polished 115 115
chemomechanical polished - - -
Process Equivalent- Amorphous Layer (nm)
1 pm mechanical polished 45 .38
1/4 pm mechanical polished 13 - 13

chemomechanical polished - -

Table 2.4: Damage depth and equivalent amorphous layer for polished ZnO obtained by ion
channeling. After Lucca et al. [19].



2.2 Nanoindentation studies

Nanoindentation is an instrumented indentation technique that continuously records the depth of
indentation and the force on the indenter. As in conventional hardness testing the indenter is
made of a hard material such as diamond or sapphire. The shape of the indenter is typically
spherical or pyramidal. Nanoindentation most often uses a three sided pyramidal indenter called
a Berkovich indenter, Fig. 2.4, rather than a four sided pyramidal indenter used in conventional
hardness testing. The Berkovich indenter was designed to vield the same cross-sectional area as a
function of distance from the tip as a Vickers indenter, A(h) = 24.5h% where h is the distance from
the tip. The nanoindentation system used in this study is shown in Fig. 2.5 and is typical of many
nanoindentation systems. The system also includes a controller and data collection computer which
are not shown in the figure. The particular system shown uses a three-plate parallel capacitor for
both the application of force and the measurement of displacement. Other systems use a voice-coil
for the force transducer and a capacitance sensor for displacement measurement [35].
Nanoindentation enables the probing of small volumes of materials to determine not only the
elastic modulus and hardness of the near surface but more generally the response of the sample to
loading. In many single crystal materials the onset of plasticity starts with a sudden increase in
the indenter penetration at a given force called “pop-in”. Many materials exhibit an increase in
hardness at decreasing indentation depths in nanoindentation testing called “indentation size effect”

more fully explained below.

Figure 2.4: Schematic diagram of the Berkovich indenter (left) and an AFM image of a

Berkovich indenter (right).
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Figure 2.5: Photograph of nanoindentation system used in the study. Close-up shows the force
transducer with an indenter mounted to it.

2.2.1 Elastic modulus and hardness

The most commonly used method of obtaining the elastic modulus and hardness from nanoinden-
tation data is the method given by Oliver and Pharr [35]. Nanoindentation data is usually plotted
as the applied load vs. indenter penetration as shown schematically in Fig. 2.6. During loading
the material deforms elastically or elastically and plastically while during unloading the material
behaves mainly elastically. To obtain the elastic modulus and hardness of the material solutions for
the indentation of an elastic half-space are used to analyze the unloading curve. The slope of the
unloading curve at the maximum depth, hyax, is denoted by S and is related to the elastic modulus
of the sample. The contact depth is the depth to which the indenter and the sample are in contact

under load and is denoted by h,.. The relationship between the contact depth, the total depth, h,

Load, P

Jf hefore =0.72
il

h
fors'f—.T

Pmax Displacement, h

Figure 2.6: Idealized load vs. displacement plot showing the unloading slope at the maximum
depth, S and the contact depth, h..

10



and the displacement of the surface at the perimeter of the indentation, h; is shown in Fig. 2.7a. The
final depth of the indentation, also called the plastic depth, is given by hy, Fig. 2.7b. To calculate

the contact depth A, from experimental data, one needs to know hg since Anay is known and
hmax = hc + hs- (21)

To obtain the displacement of the surface at the perimeter of the indentation, hg, the results of
Sneddon [39] who analyzed the indentation of an elastic half-space with an axisymmetric indenter
are used. Sneddon’s results must be modified by replacing the el‘astllc displacement by the total
displacement minus the final or plastic depth, (A — h¢). It can be shown that the displacement of

the surface at the perimeter of the indentation can be given as [35]:
(2.2)

where € for various indenter geométries is given in Table 2.8.

Oliver and Pharr [35] suggest that € = 0.75is the best value to use for a Berkovich indenter. From
the calculated A, and the measured hpax, Ao can be calculated from Eq. 2.1. The stiffness of the
sample S which is the slope of the unloading curve evaluated at the maximum depth is determined

by fitting the unloading data to the power law relationship:
P=a(h—hg)™ (2.3)

where a, hy and m are fitting parameters. From the curve fit the slope at the maximum depth, S, can

be calculated by differentiation = am (hgax — h f)mvl. The reduced elastic modulus,

ap
VAR h=Rumax

b)
- Geometry of Indenter €
! Conical Indenter. 2-4 072
N » . . G
T ' Flat Punch . ' 1
Figure 2.7: Schematic diagram of various Paraboloid of Revolution 0.75

depth definitions. (a) shows the indenter
under load and (b) shows the surface after Figure 2.8: € values for various indenter
the indenter has been removed. geometries.
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E., is determined from the slope of the unloading curve, S and the contact area, A by the following:

vr 8
2 VA

The reduced elastic modulus takes into consideration the fact that the indenter is not perfectly rigid

E, = (2.4)

and so the measured elastic modulus is a combination of the elastic modulus of the material and of

the indenter. The elastic modulus of the material can be obtained by:

1 1—v2 1-0? »
5~ L + E. . (2.5)

where v; is the Poisson’s :ratio for the sample, E; is the elastic modulus of the sample and v; and
E; are the same values for the indenter. Typically diamond is used for the indenter material and it
has v; = 0.07 and E; = 1141 GPa {31] so that the contribution of the indenfer to measured elastic
modulus is small. The contact area is det-_ermined frorﬁ the contact depth, h., and the area function
of the indenter. The area function of the iﬁdenter is determined from indentation into reference
materials in a procedure outlined in Appendix A. The hardness of the sample is obtained from the

maximum load and the contact area by the following:

Pmax

e
A

(2.6)

The evaluation of elastic modulus and hardness using nanoindenfation has been applied to a
variety of bulk materials and thin films as-well. An example of a study on bulk materials is the work
of Oliver and Pharr [35]. They report on the indentation of single crystal aluminum, tungsten, quartz
and sapphire, soda-lime glass, and fuéed silica [35]. The materials were evaluated at maximum loads
from 0.2 mN to 120 mN which corresponded to a depth of 20 nm to 5 pm. The measured hardness
values ranged from about 0.2 GPa for aluminum to 25 GPa for sapphire. The measured elastic
modulus values ranged from about 70 GPa for aluminum, fused silica and soda-lime glass to 440
GPa for sapphire.‘ The measured modulus values agreed to within 4% of the literature values [31]
for all samples except quartz and sapphire which were 30% and 9% highér. Oliver and Pharr state
that this discrepancy is because of the anisotropic nature of these materials.

The analysis of Oliver and Pharr presented above assumes the material is isotropic. As previously
stated however ZnO is an anisotropic material that is also piezoelectric. Both the anisotropy and
piezoelectric effect will influence the measured modulus. For indentation in anisotropic materials
the analysis of the load-depth data is the same as for the isotropic case, however the interpretation
of the reduced elastic modulus is different. The reduced elastic modulus, F., in Eq. 2.4 is replaced

by the reduced indentation modulus M,. The indentation modulus of the sample, M, is determined

12



from the reduced indentation modulus and the indentation modulus of the indenter, M;, [40]:

1 1\t -

The indentation modulus of the sample is a function of the crystallographic plane that is indented,

the elastic stiffness values, the piezoelectric constants and dielectric constants. Strictly speaking
one should also take into consideration the anisotropy of the diamond indenter however there is
little error in using the aggregate properties. Diamond is a cubic material with elastic constants,
ci1 = 1076, c1p = 125, c4q = 575.8 GPa [31]. The anisotropy factor (2csa/(c11 — ci2)) gives a
measure of the degree‘ of anisotropy of a cubic single crystal where an isotropic crystal has an
anisotropy factor of 1.0. The anisotropy factor for common metals include copper, 3.2, nickel, 2.5,
and iron, 2.4. The anisotropy factor of diamond is 1.2 so little error is introduced by using the
aggregate values of the elastic modulus and Poisson’s ratio to compute the indentation modulus of
the indenter, M; = E;/(1 — v2). |

To quantify the effects of anisotropy and piezoelectricity on the indentation modulus of ZnO
two models of indentation are considered. The first model neglécts the piezoelectric effect and only
considers indentation on thé {0001} planes because these are thei planes of isotropy i.e., the elastic
stiffness in any direction in the {0001} planes is -constant. The analysis of indentation on the {0001}
planes is easier because of this symmetry. The second model includes the piezoelectric effect but is
also restricted to indentation on the {0001} planes. Although solutions exist for indentation of a
general anisotropic half-space {40-43], théy were not considered for this Work because for the three
surfaces of ZnO indented, {0001}, {1010} and {1120} the differences among the elastic moduli in

the directions normal to the planes are small, Table 2.5.

Indentation of a transversely isotropic elastic half-space

Analysis of indentation of a transversely isotropic half-space has been treated by many researchers
using different mathematical methods [44-47]. This section presents the setup of the problem for

an arbitrary axisymmetric indenter and results for indentation with a conical indenter. To obtain

Elastic Modulus Value (GPa)

E 0001 139
E(l 1§0> 126

Table 2.5: Elastic moduli in the three directions of indentation used in this study.
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the indentation modulus, a relationship between the load, P, and the depth of penetration, h, is
required.

An axisymmetric rigid indenter is aligned such that the plane of indentation is the symmetric
plane of a transversely isotropic material which is the {0001} plane for ZnO. Figure 2.9 shows the
geometry of the problem where cylindrical coordinates (r, 8, z) are used because of symmetry and
the indenter profile is given by f(r). From a force balance on a volume of material, the equilibrium

conditions for the stresses (o;;) can be given by [48]:

3Jrr ao'rz Tpp — Thg

ar i 0z ¥ T =0
aarz + anz T Trz 0 (2'8)
ar 0z T

The relationship between the stress and material displacement (u,,ug = 0,u;) for a transversely

isotropic medium can be given by [49]:

u, Uy du,

g = Orer +612T+613 9z

du, Uy du,

Tgg = ‘312? +Cu?+613 EP
Ou, Uy Ou, (2.9)

Ozz = (13 ar +T + e33 e

Ou,.  Ju,
b = c“(@z * Br)

where ¢;; are the elements of the elastic stiffness matrix. Equations 2.9 are substituted into Eq. 2.8

to obtain a set of two partial differential equations that can be solved using Hankel transforms [45]

Elastic
Half-space

Figure 2.9: Schematic diagram of indentation of a elastic half-space by an axisymmetric inden-

ter.
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or other methods {44,46,47]. The boundary conditions for this problem are:

uy(r,z=0) = f(r)+b 0<r<a (2.10)
0ulrz=0) = 0 r>a (2.11)
ow(r,z=0) = 0 r>a (2.12)

Uptty — O as /72 +72 = 00 (2.13)

Equation 2.10 gives the geometry of the deformed surface during indentation, f(r) is the profile of
the indenter and b is the penetra.tion depth of the indenter at r = a. The indenter and half-space
are in contact fr;)m 7 = 0 to 7 = a. The surface of the half-space outside the contact radius a does
not have either normal stress, Eq. 2.11, or shear stress, Eq. 2.12. Eq. 2.13 states that the material
displacements far from the indenter approach zero. o ‘

For a conical indenter the function f(r) in Eq. 2.10 is given by f(r) = €(1 — r/a). Flg 2.10
shows a conical indenter with semi-angle o and total aepth of penetration b.4- e. Hanson [46]
solved this indentation problem using potential fuﬂctions and gives results for all of the stresses and
displacements. To obtain the indentation modulus, only the normal stress on the surface for r < a

is of interest. From Hanson [46] and Elliott [45] the normal stress on the surface can be given by:

Oun(ryz=10) = °_ cosh™! (E) 0<r<a : (2.14)
r

where H depends on material properties and is given by the following,‘

'H . m+m)en
=
27 (cr1c33 — ¢33)

The terms c¢;; are the elastic constants and the terms «; 5 are obtained from the roots of the following
equation:

cr1eaan® 4 (c13 (13 + 2c44) — €11633) M+ C33¢a4 = 0

The terms ;5 are computed from 7%,2 = ny 9. The total force on the indenter can be obtained by

Figure 2.10: Schematic diagram of conical indenter under load.
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integrating the normal stress over the contact area. This gives,

e a
P = — -1z
271'/0 - acosh (r) dr | (2.15)
ae
P = e — .
7 - (2.16)

In terms of the depth of penetration Eq. 2.16 can be given by:

2tan(a) 4
P=—2p .
. 2 H (2 17)

To determine the indentation modulus of the sample (M;) from Eqn. 2.17 the results of Pharr
et al. [50] can be applied. They showed that results obtained for previous well-known indentation
problems can be applied to any general relationship between the load and depth of penetration to
obtain the indentation modulus of the sample. For example, consider the indentation of an isotropic
medium by a flat ended rigidb cylindrical punch. The inden_tation modulus in this case is known to
be: M, = E;/(1—v?) [50]. The indentation modulus is obtained from an expression for the load as
a function of indenter penetration. The equation for the load and the depth of penetration can be

given as [39]:
dpsa
(1—ws)

where y; is the shear modulus of the sample, a is the radius of the cylindrical indenter, and h is the

pP= h (2.18)

depth of penetration. If this equation is differentiated with respect to kA and the expression for the
‘contact area (A = ma?) is used the resulting equation is

i]f’_»_ 4/Ls\,//—1
dh (1 —vs) /7T

For an isotropic material the shear modulus is related to the elastic modulus by E = 2u(1 + v) so

(2.19)

Eq. 2.19 becomes
dP _2VA E,
dh 7 (1—102)

By comparing this equation to Eq. 2.4, the indentation modulus can be identified as E,/ (1 - 1/52)

(2.20)

Note that because the indenter is assumed to be rigid the reduced indentation modulus depends
only on the indentation modulus of the sample. For a‘general.relafionship between the load and
depth of penetration, the same steps are followed. F irst differentiate the expression with respect to
the depth then put the eqﬁation in the form of Eq. 2.20.. Identify th‘evpar‘t of the equation that is
the indentation modulus of the sample.

Returning to the indentation of a transversely isotropic half-space, the differentiation of Eq. 2.17

with respect to h gives:
dP  4tan(a)

&~ TwE (221)
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Using relationships between a, h, and @, Eq. 2.21 can be written as

£ - 2 a 2.22

dh ~ wH (2.22)
2vA 1

= —— (2.23)

T TH

From Eq. 2.23 the indentation modulus can be identified as 1/7H.

Indentation of a piezoelectric transversely isotropic elastic half-space

Because 7ZnO is a piezoelectric material, the indentation modulus will also contain a contri_bution-
from the piezoelectric effect. The model presented in this section, will predict how much the piezo-
electric effect will influence the indentation modulus. Matysiak [51] presented a model for the
indentation of piezoelectric materials with hexagonal symmetry which was based on the work of
Kudriavtsev et al. [49]. The model of Matysiak was ‘fufther developed by Giannakopoulos and
Suresh [52] to include transversely isotropic materials and wili. be summarized below.

The problem setup is similar to the transver‘selyvisotropic case presented vinithe previous section
however new terms and equations are needed to describe the piezoelectric eﬁéct. An axisymmetric
rigid indenter is aligned such that the plane of indentation is the Syrhmetric plane of a transversely
isotropic material. Cylindrical coordinate (1,8, z), are used again. The equilibrium conditions for

the stresses (0;;) are as before and are given by:

3Urr 80'7-2‘ Trp - Tog
+ +

= 0
or Oz r

00+ 00, Orz 0 (224)

or .0z r

and Maxwell’s equation for this geometry is given by:

oD 1 oD :

~ + =D, =90 2.25
or + r + Oz (2:25)

where D, and D, are the electrical displacements in the r and z directions, respectively. For a
linear dielectric material the electrical displacement D can be given by D; = €;; E; where ¢;; are the
dielectric constants and E; are the components of the electric field.. The components of the electric

field, E, are related to the electrical potential ¢, by:

9% g __ 9 | (2.26)

=% =%

The constitutive equations for an elastic piezoelectric medium can be given by:

17



lof = c _B_u_ +c Yr +c Ous +e o
At R 12—~ 15, 315
g = c " toi—+c 8—~ +e —¢
06 = Cio—(— 3 11 C13 32 315,
- _ te ou, 4 )
zz = C33—(~— o2 8338
o 9¢ (2.27)

rz €157~ 57
Buz Is}
Df »=, 615( >—€118_(f
_— Uy Ou, 7))
D, = e3 ( + T) + 633?9;‘ — 6338—z

where ¢;; are the elements of the elastic stiﬁ'ﬁess' matrix, e;; are the piezoelectric constants, €;; are
the dielectric constants, and the displaéement of a material particle is given by u, and u, in the r
and z directions. Notice in addition to two new equatiohs for the electrical displacements, there are
additional terms in the stress equations for the piezoeleétric effect. Equations 2.27 are substituted
into Eqgs. 2.24 and 2.25 to obtain a set of three partial differential equations that can be solved
using Hankel transforms._ The boundary conditions for this problem can be divided into mechanical
boundary conditions and eiectrical boundary conditions. The mechanical boundary conditions are

the same as in the previous section:

uy(r, 2 =0) = fr)y+b 0<r<a . (2.28)
0., z=0) = ‘ 0 r>a (2.29)
Ou(r,z=0) = 0 r>a (2.30)

U, Uy, — 0 as 224712 5 o0 (2.31)

For the electrical boundary conditions two cases are considered: a conducting indenter and an

insulating indenter [52]. For a conducting indenter the boundary conditions are:

P(r,z=0) = ¢ 0<r<a (2.32)
Dy(rz=0) = 0 rza (2.33)
$ = 0 asyz22+r2—o0 (2.34)

Equation 2.32 states that the electrical potential on the surface of the sample in contact with the
indenter is equal to the electrical potential of the indenter, ¢g. The electric displacement in the z

direction is zero outside the contact area as shown in Eq. 2.33 and the regularity condition i.e., the
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potential goes to zero far from the indenter, is given in Eq. 2.34. For an insulating indenter the

regularity condition is the same however the surface has no electric displacement in the z direction,

D,(r,z=0) = 0 r>0 , (2.35)
¢ — 0  asv22+r? - oo (2.36)

The constitutive equations (Egs. 2.27) along with the mechanical and electrical boundary con-
ditions comprise the system of equations to be solved. Appendix B presents in detail the method
of solving these equations, thé solution for a conical insulating indenter will be given here. The
geometry of the indenter is the same as before, Fig. 2.10. For an indéhter that is an insulator the

load on the indenter can be given by:

~ 4h2 tan(a) MgMs — Mg Ms;
-Pinsula.ting‘ = o MMy — My M

(2.37)

where the values M; are derived from the material propertieé and are given in Appendix B. Equation
2.37 has similar form as the case of indentation in a transversely isotropic material Eq. 2.17. To
obtain the indentation modulus Eq. 2.37 is differentiated with respect to A -
dPinsula.ting 8h tan(a) MgMs — Mg My
‘ dh 7 T Mo My — My Mg

2VA 2 (MgMs — MgM7).
v MyM; — M{Ms .

(2.38)

From Eq. 2.38 the indentation modulus can be identified as Wy e

Table 2.6 shows a comparison of the indentation modulus for different indentation models. If
the elastic half-space is assumed to be isotropic the indentation modulﬁs- is given by E/(1 — v?)
where the elastic modulus and Poisson’s ratio are the Reuss or Voigt aggregate values [31] For the

» anisotropic case without piezoelectric effect included the indentation modulus is given by 1/7H. For

2( Mg Ms—Me M)

FY oy ey gyt The range

the anisotropic case with piezoelectric effect the indentation modulus is
of values given in the table for this case corresponds to the elastic and piezoelectrib constants given
in Tables 2.2 and 2.3 and those given by Dieulesaint and Royer [23]. The modulus obtained for the

case of piezoelectric anisotropy is 7 — 10% larger than the isotropic case.

2.2.2 Onset of plasticity — pop-in

One behavior that is often observed in the nanoindentation of single crystal materials is “pop-
in” [53]. Pop-in is the sudden increase in depth at a given load as shown in Fig. 2.11. Leipner et

al. [53] attribute the observed pop-in in GaAs to the nucleation of dislocations. They performed
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Assumed Half-space Indentation Modulus

Properties M, (GPa)
Isotropic 141
Anisotropic not piezoelectric 147
Anisotropic piezoelectric 151 — 1585

Table 2.6: Indentation modulus, M, for indentation of {0001} surface of ZnO with a coni-
cal or spherical indenter. The range of values given for the case of an anisotropic
piezoelectric half-space is based on different values for the elastic and piezoelectric

properties.

transmission electron microscopy (TEM) on samples which had been indented with loads just above
that required for pop-in and observed dislocation loops in a “rosette” around the indentation. The
rosette was a cloverleaf pattern with four sets of qups emanating from the indentation along the (110)
directions. In another study of pop-in, Miyahara et al. [54] observed pop-in in electropolished (001)W
however pop-in was not observed when théy indented mechanically polished (001)W. They stated
the difference in pop-in behavior was because of the difference in the dislocation density between the
electropolished and miéchan‘ically polished‘ samples. The dislocation density of the electropolished
sample was about 4 x 10“_3 um~2 obtained by measurements of etch pifs. The dislocation density
of the mechanically polished sample could not be measured because the dislocation density was
so high that the etch pits overlapped each other. Because of the signiﬁcaﬁtly higher dislocation
density of the mechanically polished sample there may be dislocations in the volume beneath the
indenter so these dislocations can be movéd or act as sources for dislocations starting at very low
loads. The low density of dislocations for the electropolished sample suggests that under the indenter
there may be no dislocations before pop-in. Kucheyev et al. {25] observed multiple pop-in events
during nanoindentation of (0001)ZnO with a spherical indenter. For a single indentation with a
maximum load of 100 mN up to five pop-in events were observed. To explain the multiple.pop—ins
they proposed that the initial pop-in corresponds to the nucleation of dislocations which then move
in the directions of easy slip. At some point these disloéations become pinned and new dislocations

must be created which corresponds to the next pop-in event.

2.2.3 Indentation size effect

In nanoindentation studies hardness is often found to increase as the depth of penetration decreases

which is referred to in the literature as “indentation size effect (ISE)”. Some materials exhibit
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Figure 2.11: Sudden increase in depth at a given load, “pop-in”, observed in the indentation of
(001)GaAs. From Leipner et al. [53].

what is called “reverse indeﬁtation size effect” [55] where the material is found to soften with
decreasing depth of penetration but this is much less common. Figure 2.12 shows hardness results
for the indentation of a silver/gold/silver layeréd structure [56]. The layered structure consisted
of a (001)NaCl substrate with a 50 um Ag layer, 50 nm Au and 1.2 ;Lm Ag on fop. The hardness
increases from 400 MPa at the deepest depths to about 700 MPa at a plastic depth of about 100 nm.
ISE is most often explained by strain gradient plasticity [57,58] which assumes that strain gradients
are accommodated by “geometrically necessary” dislocations and uniform strain is accommodated

by “statistically stored” dislocations [59]. Ma and Clarke [56] presented a simplified version of strain
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Figure 2.12: Example of indentation size effect in the indentation of (001)Ag/Au layered struc-
ture. The Berkovich indenter was aligned such that one of the edges of the tri-
angular impression was in the [110] direction or [100] direction. From Ma and
Clarke [56].
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gradient plasticity as it applies to the nanoindentation of metals. The flow stress (1) of the material

is related to the dislocation density by the following [56]:

T =CGbh\/ps + pa (2.39)

where G is the shear modulus of the material, b is the magnitude of the Burger’s vector, C is a
constant which is typically taken to be %, ps is the density of statistically stored dislocations and pg
is the density of geometrically necessary dislocations. An estimate for the density of geometrically

necessary dislocations is given by [56]:

o A

~ L (2.40)

pPa

where v is an average strain and D is the diameter of the indentation impression. The hardness is

taken to be about 3 times the flow stress. Equation 2.40 can then be subsituted into Eq. 2.39 to .

v yw
- H = Gbyf — .
G”ps—l—bD (2.41)

Thus the hardness is inversely proportional to the square root of the diameter of the indentation.

yield:

Using approximated values for the density of statistically stored dislocations and the average strain,
Ma and Clarke [56] were able to obtain agreement with their indentation results. This model gives
a plausible explanation for the indentation size effect but is difficult to apply directly to indentation

data because the density of statistically stored dislocations and the avefage-étrain must be known.

2.3 Photoplastic effect

The increase (or decrease) of hardness or flow stress with illumination, referred to as the positive (or
negative) photoplastic effect (PPE), has been réported for a variety of semiconductors. In a review
article, Osip’yan et _al. [21] summarize results for the photoplastic effect in bulk II-VI semiconductors.
Typically the éhange in flow stress with illumination is measured during uniaxial éomf)ression tests
on samples with dimensions of a few millimeters. Figure 2.13 shows the orientation of the samples
for zincblende samples (left) and Wﬁrtzite samples (lelft and right). The zincblende samples aré
oriented for slip on the (111) planes while the wurtzite samples can be oriented for slip on either the
basal planes {0001} 6r the prismétic planes {IOTC}. The phofoplastic effect has been observed for
both zincblende II—VI compounds (ZnSe, ZnTe, CdTe) and wurtzite II-VI compounds (CdS, CdSe,
Zn0) [21]. The observed increase of the flow stress with illumination is 10% — 30% for most of the
I1-VI semiconductors. For most of the II-VI semiconductors the maximum change in the flow stress

occurs using light with energy slightly less than the band gap of the material. The photoplastic effect
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has also been found time dependent. Carlsson and Svensson [60] observed that the photoplastic effect
in ZnO persisted for about 15 sec. after the light source was turned off.

Osip’yan et al. {21] state that the reason for the positive PPE is the accumulation of electrons
on dislocations as they move through the crystal. The charged dislocations interact electrostatically
either with other charged dislocations or other charged defects within the crystals. This increases
the amount of fofce required to move a dislocation thgs increasing the hardness of the sample. They
estimate that a dislocation in II—VI compounds must travel about 10 um for it to acquire equilibrium
charge. Wolf et al. [22,61] obser‘\_’fed a positive PPE in ZnSe using nanoindentation. The illumination
source was a tungsten halogen lamp with a flux of about 50 mW/cm? on the sample {22]. They
indented (11 1)ZnSe'ovér the depth range from 40 nm to 450 nm and found a 10% increase in hardness
over this entire depth range. For the shéllow indentations it seems unlikely that the dislocations
would travel 10 um and acquire equilibrium charge. Wolf et al. {22] proposed that the dislocations
are charged by surface states of the ZnSe at shallow depths and at deeper depths _the dislocations
acquire charge by moving thorough the crystal. Wolf et al. [22] also observed an increase in the
load at which elasto-plastic déformation begins with illumination. Although ZnSe was not found to
exhibit pop-in, they‘were able to elastically load the sample up to a threshold Valﬁe beyond which
elasto-plastic deformation began. They found that in darkness the critical load for elasto-plastic
deformation was 34 + 3 uN and with illumination the critical load was 44 + 3 uN [22]. No reason

for this difference was given.

-

\
(111) or (0001)~ | < |
slip plane

{1010}
slip plane

QT/

Figure 2.13: Orientation of samples for bulk compression tests. zincblende samples are oriented
for (111) slip (left) and wurtzite samples are oriented for either (0001) slip (left)
or {1010} slip (right). After Osip’yan et al. [21].
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2.4 Electrical property changes with the presence of disloca-
tions

The relationship between the presence of defects in a material and changes in the electrical proper-
ties of the surface has been studied for some time. Changes in the local atomic bonding resultant
from defects have a direct influence on the surface electrical properties. For example, dangling
bonds associated with dislocations can act as acceptor-like siteé [36,62] which can influence electri-
cal properties by trapping cérriers so that the free carrier concentration is reduced. Also, a space
charge region is developed around. trapped carriers, e.g., electrons, wh_ich changes the local carrier
concentration and band structure. Alberts et al. [36] measured the carrier concentration of various
p-type Al,Ga,_,As layers. on a (001)Si substrate prepared using organometallic vapor phase epi-
taxy. For a 4 pm thick film the presence of dislocations and microtwins near the Al Ga,_,As/Si
interface was confirmed using cross-sectional TEM. In this region  the hole concentration, obtained
by electrochemical capacitance—véltége (C-V) measurement, was found to increase two orders of
magnitude. Similar results have been obtained with ZnSe films on GaAs [63; 64]. The trapping of
electrons in n-type ZnSe 1ead to a decréase in the carrier concentration of about one order of mag-
nitude near the ZnSe/GaAs interface. Girault et al. [37] introduced dislocations in n-Hgg sCd, ,Te
by uniaxial plastic deformation at room temperature, and found that at small deformations the
carrier concentration decreased while at higher deformations the carrier concentration increased. A
possible explanation given for the increase was the generation of donor-type point defects at higher
deformations. Guergouri et al. [62] studied the effects of dislocations introduced by indentation on
p-Cd g6Zng,04Te. From C-V curves measured before and after indentation, the carrier concentration
was found to increase from 9.25 x 102 cm™ to 2.4 x 10*3 cm™3.

Whereas traditional materials analysis techniques, includi‘ng secondary ion mass spectrometry
(SIMS), spfeading resistance i)roﬁl’ing (SRP), and éapacitance_—voltage (C-V) measurements have
long been used for the characterizations of the electrical properties of surfaces mentioned above, they
are limited by one-dimensional capébility and spatial resolution. - The maturation of atomic force
microscopy (AFM) has brought on the development of a variety of techniques, based on the AFM,
which enable the meésurerneﬁt é variety of p‘roperties including work function, electric field stfength,
resistance and capacitance. The scanning probe microscope now enables these measurements to be
performed with two-dimensional .spatial resolution down to 10 nm [65]. The capability for high

lateral spatial resolution allows for mapping local properties changes within the plane of the finished
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surface or can provide the possibility for cross-sectioned samples (e.g., cleaved crystals) to be scanned
across their thickness enabling damage-depth information to be obtained.

Scanning surface potential microscopy, also known as scanning Kelvin probe (SKPM) microscopy
[66] measures the contact potential difference (difference in work functions) between the probe and
the sample. The techniqueis explained in more detail in Sec. 2.5 however a brief explanation follows.
To measure the contact potential difference, an AC voltage with DC offset is applied to a metal-
coated probe, and the sample, probe, and a well—controlled air gap between the probe and sample
act as a capacitor. The associatedr electric field results in a fofce between the probe and sample,
which at the freqﬁency of the applied voltage, is ﬁroportional to the difference between the DC
offset voltage and the contact potential difference between the sample and probe. A feedback loop
is used to adjust the DC offset voltage to null the force at the frequency of the applied AC voltage.
The offset voltage is equal to the contaét potential difference between the sample and probe. A
method for correcting fof the possible disfortions,in measured potential which-may occur because
of topography has been reportedv [67].

In a study of a cleaved GaAs/ AlAs multiple quantum well and a cleavéd InAlAs/InGaAs het-
erostructure, surface potential on layers as thin as 40 nm was able to be ﬁleasured [68]. Lateral
resolution as small as l(j nm has been reported [65]. Agreement between measurements of the lo-
cation of a Si p-n junction>madve by scanning capacitance microscopy and scanning Kelvin probe

‘microscopy has been reported [69)].

2.5 Scanning Kelvin probe microscopy

Scanning Kelvin probe microécopy (SKPM) is based on the Kelvin method [70] to determine the
work function difference between a probe and sample. In SKPM a metal coated or heavily doped
semiconductor probe is used in an atomic force microscope which operates in “tapping mode” (in-
termittent contact mode). Topography and surface potential data are collected on two cohsecutive_z
passes of the probe over a given-area, as shown in Fig. 2.14. After the topograbhy of the surface
is measured the probe is raised a user defined amount above‘the surface, usually 10 — 70 nm, to
measure the surface potential. On this‘ pass a voltagfa (Vie + Ve cos(wt)) is applied to the probe
which because of the capacitance between the sample and probe causes a force on the probe in the
vertical or z-direction given by [71}:
10C_ ,

F,=——— 2.42
2 82V ( )
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where C is the capacitance between the sample and probe and V' is the potential difference between
the sample and probe. The van der Waals forces between the probe and sample have been neglected
in Eq. 2.42 because they are about one order of magnitude less [73] than the capacitive forces for
typical probe-sample separation distances used. The potential difference between the probe and the
sample is given by [71]:

V = Vye + Ve cos(wt) + AV (2.43)

where AV is the potential difference between the probe and sample without an external voltage ap-
plied. To determine AV, the probe and sample can be analyzed as a metal-insulator-semiconductor
system [74]. From the energy band diagram for this case, shown in Fig. 2.15, AV is equal to
(dprobe — X — ¢V — A¢) where dprone is the work function of the probe, x is the electron affinity of
the sample, qV,, is the difference in the Fermi energy level and the conduction band in the bulk, and

A¢ is the amount of band bending. Substituting Eq. 2.43 into Eq. 2.42 gives the total force on the
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Figure 2.14: Schematic diagram of method of scanning Kelvin probe microscopy. The left part
of figure shows the first pass of the probe to acquire the topography and the right
part of figure shows the probe’s second pass to acquire the surface potential. After
Bhushan and Goldade [72].
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Figure 2.15: Energy band diagram for a metallic probe near n-type semiconductor separated

by an insulating air gap. After Sze [74]. -

probe which has a constant component, a component at fréquency w and a component at 2w.

F=-1% {(vdc LAV 4

55, lvz + 2 (Vge + AV) Ve cos(wt) + %Vfc cos(Zwt)} (2.44)

2 ac
The amplitude of the component at frequency w is equal to:

Fz,w = —%S‘Vac (‘/dc + AV) ] (245)

To obtain the contact potential‘ difference between the probe and the sample, AV, a feedback loop on
the dc component of the applied voltage to the probe (V) is adjusted to null the force at frequency

w. When this occurs the applied V. is equal to:
- (¢probe ~ X~ qVn — AQS) (246)

In scanning Kelvin probe microscopy, the null voltage is recorded at discrete points to obtain a
surface map of the contact potential difference. Equation 2.46 Shows that the surface potential
measurement is relative to the work funétion of the probe.  Scanning Kelvin probe microscopy is
sensitive to anything that shifts either the Fermi level (gV,,) or the amount of band bending (A¢)
e.g., chemical contamination or dafnage [75] : |
Koley and Spencép [76].used scanning Kelvin probe microscopy to investigate grown-in dislo-
cations in an n-GaN film and a Al 5:Gag s N/GaN heterostructure. Both the GaN film and the
Al 5:Gag g5 N/GaN heterostructure contained small pits on the surface which were identified as
screw or mixed screw-edge dislocations based on previous studies. The pits were approximately 2
nm deep and had a vfull width at half maximum (FWHM) of 40 — 50 nm. The surface potential

around these pits was found to be higher than the surrounding area. On the Al 35Ga; ¢sN/GaN
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heterostructure the magnitude of the increase was 0.1 — 0.2 V and on the GaN film the increase of
the surface potential was 0.3 — 0.5 V. The width of the increase in the surface potential was 100 —
200 nm (FWHM) for the Alj 5,Ga, ¢sN/GaN heterostructure and 20 — 50 nm (FWHM) for the GaN
film. Koley and Spencer explained the increase in surface potential around the dislocations using a
model similar to Read’s model [77]. In Read’s model dislocations act as acceptor sites with energy
slightly below the Fermi energy level. Thevdislocation becomes negatively charged as electrons pop-
ulate the acceptor sites which causes the bands to bend near the dislocation by an amount gAg,
Fig. 2.16v.

Krtschil et al. [78] investigated the changes in surface potential around dislocations in GaN films
with different dopants. Three 1 — 2 pym thick films with the following dopants were studied: undoped,
n =~ 1016 cm™3; Si doped, n ~ 1017 — 10'® cm—3; Mg doped, p &~ 1 —2 x 10*7 cm™3. The surface
of the sample contained pits which were identified as the termination of dislocations. For the Mg
doped sample there was an increaée in the surface potential around the dislocations however on the
Si doped sample no changes in the surface potenfial around the dislocations was observed. On the
undoped sample some of the pits showed .avn increase ih surface potential while others had no change
in surface potential. Krtschil et al. suggests that the dopant atoms may decorate the dislocations and
compensate the charge dn dislocations. For the case of the Mg doped samples the increase in surface
potential is explainéd by Mg~ accumulating around the dislocation core and overcoming the posifive
core charge. For the Si doped samples Si+iaccurx'1ﬁlate around the dislocaﬁon core and compensate
the negative core charge exactly. Krtschil et al. suggest that the undoped sample has impurities
that may accumulate on the dislocation giving either a negative or neutral charge depending on the
impurity. Krtschil et al. do not explain why in the case of the Mg doped sample the dislocation core

would be positively charged whereas in the case of the Si doped sample the dislocation core would

be negatively charged.

Conduction Band
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—

Figure 2.16: Schematic diagram of spatial dependence of potential around a dislocation. After
Read [77].
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Another possible explanation for the change in surface potential around dislocations in hexagonal
piezoelectric crystals is the piezoelectric effect. In the theoretical paper by Shi et al. [79] two types
of dislocations in GaN were considered: screw dislocations with Burgers vector b, = (0001) and
edge dislocations with b = %(11-2—0). These two dislocations were chosen because the equations for
the displacement of the atoms around the dislocation are well known and have a simple form [80].
For the screw dislocation the piezoelectric‘ polarization in cylindrical coordinates (r, 8, 2) was found

to be:

2nr

where ej5 is a piezoelectric constant and the 2z direction is in the (0001) direction. The surface
charge is given by o, = P - 74 and the volﬁme charge by pp = —V - P [81] where # is the outward
pointing surface normal unit vector. The unit normal is 2 so there is no surface charge and the
polariza’;ion is not divergent so the volume charge is also zero. For the case of :thé edge dislocation

the polarization around the dislocation is given by:

P bees (1 — 2v)sinf |
T or(y—-1) r

c

el The divergence of this polarization is.again zero however the surface charge

where v =
(c1

when the dislocation intersects the surface is non-zero. The surface charge density is given by:

o — bees1(1 —2v) sinf.
b 2r(v—-1) r

For GaN Shi et al. [79] calculated a surface charge density on the order of 10! ¢/cm? at a radius of
100 nm from the dislocation core. Although this analysis does not analyze other possible dislocations
in hexagonal piezoelectric crystals, it demonstrates that the piezoelectric effect may have an influence
on the surface potential. |

Bai et al. [82,83] studied the charge on stationary dislocations by measuring the surface potential
around indentations and scratches in (110)ZnS. The samples were prepared by.cleaving to.expose a
(110) surface. The indentation in the surface was a Vickers indentation with a size of approximately
20 pm on a side which corresponds to a depth of 4 pm. Bai et al.- assumed that the charge density
in the near surface is independent of depth and then calculated the charge density using the two

2 22 . .
dimensional Poisson’s equation, 2 ‘gg’y) +2 ng(;:,y) = —Le (:’y) where V(z,y) is the measured surface

potential, p. is the charge density, € is the permittivity, and x,y are the lateral coordinates. They
2

estimated the dislocation density from the topographical data using pg(z,y) = a—az—z%;—y)—glz where

pa(z,y) is the dislocation density, z is the height of the sample, =,y are the lateral coordinates

and b, is the magnitude of the Burgers vector in the z direction. The charge on dislocations
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was calculated at every data point by dividing the charge density by the dislocation density. The
maximum charge density was found to be -1.5 x 107! C/m for S(g) dislocations and 1 x 1010
C/m for Zn(g) dislocations. These values are the same order of magnitude as previous reported
values on the charge of moving dislocations in ZnS, -3 x 107! C/m for S(g) dislocations [84]. This
vsame group reported similar results for dislocations around scratches in (110)ZnS [82].

Weaver and Wickramasinghe [75] combined scanning Kelviﬁ probe microscopy with illumination
of the sample with above band gap energy to measure the surface photovoltage of silicon and gallium
arsenide. Figure 2.17 shows the band diagram for a doped n-type semiconductor in darkness (a)
and with illumination (b). In darkness the ﬁlled surface states cause the conduction and'valencé
bands to bend upward. With above band gé.p illumination electroﬁ—hole pairs are generated and the
photo-generated holes are attracted to the electrons in the surface states and recombine with them
lessening the band bending. When the conduction and valence bands are flat the sample is said to
be saturated or at the flat band potential.. The éhange in the amount of band bending is measured
by SKPM and is called the surface photovoltage. The surface photovoltage is sensitive to changes in
the rate of generation of carriers, the rate of recorribination, and the amount of band bending at the
surface [75]. These changes can be qaused by disiocations, doping, trapped charge or passivation [75].
Weaver and Wickramasinghe demonstrated the use of surfaée photovoltage to detect n- and p-type
dopants in Si and a crack in p-type Si. A crack in the silicon sample intersected the surface at an
angle such that part of the crack tip was not detected with the topography measurement but was
detected with the surface photovoltage. They also measured differences in the surface photovoltage
~ of a polished GaAs wafer. Based on the shape of the region with a change in the surfacé photovoltage,
they interpreted it as caused by dislocation loops beneath the surface of the wafer.

Whereas Weaver and Wickramasinghe [75] used above band gap illumination and measured the
surface photovoltage at the nanometer length scale, others have used below band gap illumination
and measured the surface photovoltage at the micrometer or larger length scale [85]. Balestra et
al. [86] presented a model for fhe analys-is‘ of the time dependence of the surface photovoltage when
using below band gap illumination in order to determine some of the surface state parameters.
These surface state parameters include the concentration of electrons in the surface states With and
without illumination, the density of unoccupied su;face states with illumination, and the capture
cross-section for photons‘of the surface states. The model makés the followiﬁg assumptions: 1) there
are no minority carriers with or without illumination, 2) there is no appreciable change in the bulk
free electron density with illumination, 3) the only free carrier generation process is the transition of

electrons from surface states into the conduction band, 4) there is a Schottky-type depletion layer
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Figure 2.17: Effect of above band gap illumination on the band structure of the near surface of
an n-type semiconductor. (a):shows the band structure in darkness with surface
states causing upward band bending. (b) shows the diffusion of photo-generated

carriers to the surface. From Weaver and Wickramasinghe [75].

at the surface, and 5) the surface photovoltage for hv ~ E, — E; is primarily because of transitions
from surface states with energy E;. F igufe_ 2.18 éhqws a schematic diagram of the time-dependent
surface photox.zoltage response. ‘The sample is initially in darkness and the flat band potential is
given by V2, when the light is turned on at © = 19, the surface potential increases to a steady-state
value of VI. After steédyjstate is reached thev light is turned off at ¢ = ¢; and the surface voltage
decreases. In order to obtain the density of occupied surface states, the light intensity I and the flat
band potential V2 must be known. The density of occupied surface sta,ites‘in‘ darkness is given by:
0 _« 51}} ' 1
R TVES Y
where « is a constant giveri below and the lower case v’s are dimensionless surface voltages. The
dimensionless surface voltages are given by v; = ¢V, /kT where ¢ is the charge of an electron, k
is the Boltzmann constant and T is the absolute temperature. The superscript 0 refers to the
sample in darkness, and the superscript 1 refers to the illuminated -sample. The constant « is
given by a = \/m where ¢ is the dielectric permittivity of the sémicdnduptor and.n; is the
electron concentration in the bulk of the siémiconductor. The deﬁsity of oécupied surface states with
»

illumination is given by n} = —n 5. Lagowski et al. [87].used these results to calculate the surface

[

state parameters for basal and prismatic surfaces of CdS. They found a surface state at an energy
level of 1.1 eV (E. — E;) for the prismatic surfaces that; was not found on either the cadmium or
sulfur surfaces that had been etched however on some of the mechanically polished cadmium and
sulfur surfaces this surface state was observed. They attribute this surface state to surface defects

that are probably intrinsic to the prismatic surfaces.
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Figure 2.18: Schematic diagram of the time-depéndent surface photovoltage response. After
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Chapter 3

EXperimental

This chapter presents methods for the preparation of the ZnO surfaces usedrin the experiments and
the experimental procedﬁre involved in evaluating the surfaces. The surface preparétion techniques
were chemomechanical polishing, etching and mechanical polishing with either 1/4 pm or 1 pm
diamond abrasives. The principal téchnique used to investigate the near surface was nanoinden-
tation which measures the near surface response td mechanical loading including elastic' modulus
and hardness. Scanning Kelvin probe microscopy was used to observe dislocation rosettes around
indentations. Transmission -electron microscopy (TEM) was used to. determine the extent of near
surface damage in some‘ of the polished samples.. Cross-sectional TEM samples were prepared at

OSU and investigated at Los Alamos National Laboratory.

3.1 Sample preparafion

Hexagonal (wurtzite) ZnO grown by the seeded chemical vapor transport (SCVT) method, and
supplied by Eagle-Picher was used for all of the experiments. ‘A Zn0 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. In addition, surfaces parallel to
the prismatié planes, {1010} and {1150}, were investigated. The saniples had an etch pit. density
of 1 -2 x 10° em™2, and wéré of nominal dimensions 8 —10 mm x 10 mm x 0.7 mm. The
samples were not intentionally doped But Were n-type with a‘carrier concentration on the order of
10'7 em—3." The purity of the ZnO sémples was 99..9999 % or better as measured by glow discharge
mass spectroscopy (GDMS) {88]. ‘The major impurities, those over 10 parts per billion atomic

(ppba), and their average concentration measured in six repeat measurements using four different
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sé.mples are shown in Table 3.1. The oriented wafers were sawn from a boule and then etched in
5 vol% tfiﬂuoroacetic acid (F3CCOOH) and de-ionized H,O (15 MQ-cm) to remove about 25 pm
from the saw-damaged surface. 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,O4/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 um of material from each»s'ide was removed under low load conditions of 1.7 x 10~2 MPa. The
(0001) surfaces were prepared With the followihg polishing preparations: 1) mechanical polishing
with 1 ym diamond abrasive/de-ionized H,O slurry, 2) mechanical polishing with 1/4 pm diamond
- abrasive/de-ionized HyO slurry and 3) chemomechanical-polishing as described above. Mechanical
polishing was performed using 5 nylon bad and a pressure of 1.4 x 1072 MPa. Etched surfaces
were prepared after chemomechanical 'polis.hi’ng by etching in trifluoroacetic acid/de-ionized H,O.
The (0007), {1010} and {1120} surfaces were prepared by chemomechanical polishing. Figure 3.1
shows an atomic force microscopy image of a chemomechanical 'polilshed (OOOi)ZnO surface. Typical
surface roughnesses were <1 nm fms over a 1 um? scan are;a for the etched (0001) surfaces and all

chemomechanically polished surfaces, and <5 nm rms for the mechanically polished surfaces.

Element Concentration (ppba)

50
C 50

98
Na 16
Al 26
Si 528
o 29
Ga ., 83
In 30
Sn | 23

Table 3.1: Méjor impurities in SCVT ZnO as measured by GDMS [88].
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Figure 3.1: Atomic force microscopy image of chemomechanical polished (0001)ZnO with lat-
eral dimensions 5 pm x 5 pm and vertical dimension of 50 nm. The surface rough-

ness is about 0.3 nm rms.
3.2 Nanoindentation

Nanoindentation was performed using a load-controlled commercial nanoindenter (Hysitron Tribo-
Scope®, Hysitron Inc.) in conjunction with an atomic force microscope system. The indentation
system uses a three plate parallel capacitor to apply the load to the sample and to measure dis-
placement. The resolution of the system is 1 nN for the vertical force and less than 1 nm for the
vertical displacement. The maximum force is about 10 mN and the maximum indenter displace-
ment is 20 pm. A Berkovich diamond indenter, Fig. 2.4, was used for all indentations. To obtain the
area function of the indenter and frame compliance of the instrument, the system was calibrated by
indenting into reference materials using the procedure outlined in Appendix A. Prior to perform-
ing each experiment, the instrument and sample were allowed to thermally equilibrate for 10 — 12
hours inside a thermal enclosure. The instrument’s drift rate was checked before each indentation
to confirm that it was less than 0.1 nm/sec averaged over a five second interval. The raw data
were then corrected for the measured drift rate. Both single and multiple loading test cycles were
performed, where single loading was used principally to investigate the initial stages of indentation,
and multiple loading was used to investigate hardness and modulus dependence with penetration
depth. Figure 3.2 shows a schematic diagram of the loading curves. The single loading sequence
typically consisted of loading and unloading at 50 uN/sec with a 5 sec hold at the peak load to allow
any time dependent plastic effects to diminish. The multiple loading sequence consisted of loading
and unloading for three successive times at 100 uN/sec (500 uN/sec for peak loads >1000 uN) with

a b sec hold at the peak load and a 2 sec hold between loading sequences.
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Figure 3.2: Single loading-unloading sequence for small indentations (left) and multiple loading-

unloading sequence for larger indentations (right).

For nanoindentation experiments measuring the photoplastic effect and the surface photovoltage
experiments the light source was a 30 W quartz-halogen fiber optic light. The light had three
intensity settings and the power at each setting was measured with a Coherent LM10 power meter.
To obtain the flux the measured power was divided by the area of the power meter detector. The
measured flux of each setting was: low, 12 mW /cm?; medium, 20 mW /cm?; and high, 40 mW/cm?;
unless otherwise stated the high setting was used for the experiments. The spectral characterization
of the light was measured with a 0.5 m monochromator and the results are shown in Fig. 3.3.
The small steps in the plot.at higher wavelengths (> 520 nm) is an artifact of the measurement
system. The intensity of light with wavelength shorter than the room temperature band gap of ZnO,
approximately 380 nm, is small compared to the intensity of light with wavelength greater than 380
nm.

The nanocindentation experiments with illumination were performed as follows. Indentations

Intensity (au)

T s i I 1 I | 3 |
300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 3.3: Spectrum of light used for photoplastic and surface photovoltage experiments.
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in darkness, typically with a spacing of 20 um between indentations, were performed first. The
sample was illuminated at least two hours prior to further indentation. The indentations with
illumination were performed typically 20 um from the indentations that were made in darkness as
shown in Fig. 3.4. The measured temperature increase inside the indentation enclosure caused by
the light was about 6 K. For the surface photovoltage experiments the sample was typically scanned

in darkness first and then immediately scanned with the sample illuminated.

3.3 Scanning Kelvin probe microscopy

Scanning Kelvin probe microscopy was performed using a commercial scanning probe microscope
(Dimension™ 3100, Digital Instruments (now Veeco) Inc.). Two types of probes were initially used
for the experiments, Co-Cr coated probes and n-Si probes. The Si probes had a carrier concentration
of about 5 x 10'® cm™ and a nominal tip radius of 20 nm. For the surface photovoltage measure-
ments, the Si probes were not used because the effect of the light on the probe would be convolved
with any measured changes in the sample. The surface topography and the contact potential differ-
ence are obtained on two consecutive passes of the probe over the sample surface. On the first pass
the surface topography is measured, on the second pass the probe is raised a user-defined amount
and the contact potential difference is measured. For these experiments the probe was typically
raised 30 nm above the surface. On the second pass a voltage, V. + V. sin(wt) is applied to the
probe. Typically a value of 5 — 6 V was used for the component V.. The dc component, Vj., was
controlled by a feedback loop to null the force on the probe at frequency w (Sec. 2.5).

Indentations performed
in darkness

A A A A A

Indentations performed

\A JAN JAN AN JAN

Figure 3.4: Schematic diagram of indentation pattern for indentations performed in darkness

and with sample illumination. Typical spacing between indentations was 20 pm.
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3.4 Sample preparation for transmission electron microscopy

Chemomechanical polished and 1/4 pm mechanical polished (0001)ZnO samples were prepared using
standard preparation techniques. Briefly, the samples were cut to size with a wire saw and polished
by hand using a Tripod polisher to hold the samples. The samples were polished on diamond
impregnated films with successively smaller grit size from 30 pm grit size to 1 pm grit size. This
reduced the sample thickness to about 80 — 100 gm. The sample thickness was reduced to electron
transparency using ion milling. Argon ions were used with an energy of 4.5 keV for rough milling

and 3 keV for final milling.
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Chapter 4

Results and Discussion

The near surface mechanical behavior of ZnO was investigated principally by nanoindentation.
The effects of surface preparation on the near surface mechanical behavior were investigated for
(0001)ZnO. The variation of the mechanical behavior with crystallographic direction was studied
by comparing the results of chemomechanical polished (0001)}Zn0O with chemomechanical polished
(0001), {1010} and {1120} surfaces. The changes in the near surface mechanical behavior with
exposure to “white” light was investigated for etched (0001) surfaces and chemomechanical polished
{1010} surfaces. The structure of dislocations around indentations in chemomechanical polished

(0001) and (0001) surfaces was studied using scanning Kelvin probe microscopy.

4.1 Effects of surface preparation on the near surface me-
chanical behavior

In order to study the effect of surface preparation on the mechanical behavior of ZnO nanocindentation
experiments were performed on chemomechanical polished, 1/4 pm and 1 pm diamond abrasive
mechanical polished, and etched (0001)ZnO. The surfaces were prepared as outlined in Sec. 3.1 and

"the data analyzed as in Sec. 2.2.1.

4.1.1 Comparison of hardness, elastic modulus, and pop-in

Figure 4.1 shows two indentations with a maximum load of 500 N in chemomechanical polished
and etched (0001) surfaces. The abrupt increase in penetration at a given load (Pet), referred to
as “pop-in” [89], has been observed in many semiconductors and metals as discussed in Sec. 2.2.2.

For the etched and chemomechanically polished surfaces, pop-in was observed in all the experiments
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Figure 4.1: Load-depth curves obtained for chemomechanical polished (black circles) and etched

(gray circles) (0001) surfaces.

performed, and the conditions of load and indentation depth at which it occurred were found to
be highly repeatable. In all cases, pop-in occurred at a lower critical load for the etched surfaces
(118 £ 11 pN) as compared to the chemomechanically polished surfaces (155 +4/-5 uN), where the
deviation from the average is expressed here as the maximum and minimum values obtained for five
repeat indentations. The nature of the pop-in observed in ZnO can be examined by considering the
initial portion of the loading curve. For indentations performed with a maximum load below the
critical load at pop-in, the strain produced was found to be totally recoverable. This was confirmed
by the fact that the loading curve was re-traced during unloading returning to zero indentation
depth, and also by measurement of the surface topography immediately after indentation with the
AFM which showed no residual impression. One can further examine the loading region prior to
pop-in by considering the Hertzian solution for a non-rigid spherical indenter in contact with an
elastic halfspace, i.e., P = %ETRI/ 2p3/2 where R is the radius of the spherical indenter and E, is

the reduced elastic modulus given by

1 _1—-1/5 1-—-uy;

E. E, + E;

For shallow indentations, the shape of the Berkovich indenter can be considered spherical, and its
radius determined by matching the areas of an ideal sphere to that obtained by the calibration
of the indenter tip. Using the measured elastic modulus and R = 214 nm as determined above,
the loading region was found to follow the elastic solution, shown in Fig. 4.1 as the dashed line.
This purely elastic behavior suggests that the release of strain energy at pop-in corresponds to a

dislocation nucleation event [89], and the initial yield point. To further support this statement, one
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can estimate the maximum shear stress under the indenter at the onset of pop-in using the same
elastic solution above, which is given as [90]: Tmax = (0.31/7)(6 Peric B2 /R?)1/3. Using the measured
values for P one obtains values of Tyax of 6.8 GPa for the (0001) etched surface and 7.2 GPa for
the (0001) chemomechanically polished surface. A simple estimate of the theoretical shear stress
required to cause interatomic slip, Tiheo = G/27 (where G' = 45.3 — 45.8 GPa [31] is the reported
aggregate average shear modulus of ZnO) results in a value of Tyneo = 7.2 — 7.3 GPa and indicates
agreement with the estimated maximum shear stress under the indenter. It is interesting to note
that a defect density of 2 x 10%/cm? (etch pit density 1 — 2 x 10%/cm? for the crystals used in
the study) implies the unlikelihood of encountering a defect during indentation at very small depths
(2 nm total defect length per um?), which is consistent with the material’s observed behavior as a
defect free crystal.

Figure 4.2 shows two consecutive, neighboring indentations made on a chemomechanically pol-
ished surface; the presence of the first indentation was found to suppress the occurrence of pop-in
in the second. The initial indentation which was made with a maximum load of 500 N was seen
to exhibit pop-in. When a second indentation was made which neighbored, but did not overlap the
first, pop-in was not observed. The presence of dislocation sources produced by the first indentation,
which provide nucleation sites for dislocation motion, is the likely cause. This result is consistent
with the results of Miyahara [54] who also observed that a neighboring indentation suppressed the
occurrence of pop-in during the nanoindentation of single crystal tungsten. Figure 4.2 also shows
that the depth of penetration for the second indentation is less than that for the first indentation.
This suggests that the hardness is higher for the second indentation which is most likely caused by
the increase in dislocation density caused by the first indentation.

In Fig. 4.3, load-depth curves are shown for a (0001) surface which was chemomechanically
polished and one which was mechanically polished with 1 ym diamond abrasive. In contrast to
the chemomechanically polished surface, the initial loading curve for the mechanically polished
surface does not follow elastic behavior, exhibiting plastic deformation from the very beginning
of indentation. In addition, no pop-in event is observed. These results were found to be highly
repeatable, and were seen for all experiments on the mechanically polished surfaces (both 1/4 pm
and 1 pm diamond abrasive). Error bars using maximum and minimum values for five repeat
indentations are shown at both the low and high end of loading. The immediate onset of plastic
deformation and the absence of pop-in }is again attributed to the presence of defects resultant from
mechanical polishing. This is consistent with other observations of the suppression of pop-in with

mechanical surface preparation [54,91].
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Figure 4.2: Two neighboring indentations made in chemomechanical polished (0001)Zn0O. The
first indentation (black circles) exhibited pop-in whereas the second (gray circles)
did not.
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Hardness values obtained for the (0001) surfaces are shown in Fig. 4.4. The results are shown with
respect to contact depth, h., the depth at which the indenter was in contact with the surface at the
values of load and area used to calculate hardness. Hardness is seen to decrease with increasing depth
for all surface preparations, referred to as the indentation size effect, and may have a physical basis
as described by strain gradient plasticity [56], further explained in Sec. 2.2.3. The hardness at a given
depth is seen to increase with increasing severity of surface preparation, ordered from the etched
surface (minimally damaged), to chemomechanically polished, to mechanically polished with 1/4
um abrasive and finally 1 ym abrasive (most damaged). The etched surface is minimally damaged
because the chemical etchant preferentially reacts with material around dislocations. This leaves
pits in the surface where dislocations were and outside the pits the near surface is free of dislocations
however point defects and changes in the stoichiometry may exist in this region. Indentation was
also performed on the chemomechanically polished (0001) surface at the maximum instrument load
which corresponded to a depth of about 260 nm, and revealed an average value of 3.5 GPa indicating
that hardness approached a constant value with increased depth. This value is consistent with the
hardness reported by Regel et al. [24] of 3.9 GPa for the (0001) surface.

The indentation modulus was determined for all prepared surfaces over the same depth range

2y —1
as for the hardness. The indentation modulus is defined as M, = (MLT - 1;” ) where M, is the
measured reduced indentation modulus and v; and E; are Poisson’s ratio and elastic modulus of the
diamond indenter. Results at a depth of 150 nm are shown in Table 4.1. Surface preparation was

seen to have no discernible effect on modulus (151 — 153 GPa) with the exception that the most
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Figure 4.4: Hardness for (0001) surfaces with different surface preparations.
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severe surface preparation (1 um abrasive mechanical polished) exhibited a lower modulus (131
GPa). Overall, the measured values are consistent with the theoretical values shown in Table 2.6
with the inclusion of the piezoelectric effect (M, = 151 — 155 GPa). Values obtained for depths of 50
nm for all surfaces were about 8% higher, but showed no trend with surface preparation. The lower
value of indentation modulus for the 1 ym mechanical polished sample may in part be caused by a
lowering of the piezoelectric effect. Zhao et al. [92] compared the measured piezoelectric coefficient
(ds3) for bulk single crystal (0001)ZnO and ZnO nanobelts which were free from dislocations. They
found that the ZnO nanobelts had a significantly higher piezoelectric coefficient and suggest that it
may have been caused defects in the bulk ZnO but also state that it may have been cause by different
boundary conditions. Further study is required to determine the cause for the lower indentation

modulus of the'1 ym mechanical polished samples.

4.1.2 Transmission electron microscopy of prepared surfaces

Because the near surface indentation hardness was found to increase with increasing severity of sur-
face preparation, more information about the near surface of the prepared samples was sought by
using cross-sectional TEM. TEM samples were prepa.red at OSU as discussed in Sec. 3.4 for exami-
nation at Los Alamos National Laboratory. Results for (0001)ZnO samples prepared by chemome-
chanical polishing and 1/4 pm abrasive mechanical polishing are shown in Figs. 4.5 and 4.6. The
chemomechanical polished sample shows no dislocations. The 1/4 pm abrasive mechanical polished
sample shows non-uniform dislocations loops to a depth of 80 — 100 nm which is comparable to the

depths obtained by ion channeling [19].

Preparation Indentation Modulus of Sample, M, (GPa)
etched 151 + 7%
chemomechanical polished 151 £ 5%
1/4 um mechanical polished 153 4 3%
1 pm mechanical polished 131 4+ 8%

Table 4.1: Indentation modulus of samples at a depth of 150 nm for (0001)ZnO with various

surface preparations.
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X (0001)2n0 \50 nm Figure 4.6: Cross-sectional TEM image of

- Surface 1/4 pm mechanical polished (0001)ZnO.
Figure 4.5: Cross-sectional TEM image of Dislocations extend approximately 80 nm
chemomechanical polished (0001)ZnO. below thie surface.

4.2 Variation of near surface mechanical behavior with crys-
tallographic orientation

To study how the near surface mechanical behavior varies with crystallographic orientation, (0001)
chemomechanical polished, {1010} chemomechanical polished and {1120} chemomechanical pol-
ished surfaces were investigated. Indentation of the chemomechanical polished (0001) surface was
performed with the same maximum indentation loads as the (0001) surface. All of the indentations
in (000T) surfaces exhibited pop-in. The average load at which pop-in occurred was 151 + 17 uN,
where the deviation is one standard deviation obtained from 21 indentations. This is in agreement
with the value obtained for the (0001) surface (155 +4/-5 pN). Figure 4.7 shows a comparison of
the hardness values obtained for the (0001) and (0001) surfaces for contact depth, h. from about
20 nm to 260 nm. Hardness values for the two surfaces agree with each other at the shallow in-
dentation depths and the deepest depth. For the indentations with a contact depth of 150 — 170
nm, the (0001) surface is slightly harder. Differences in hardness have been reported for other polar
materials including, GaP [93], GaAs [94] and InSb [95]. Differences in hardness at the shallowest
indentation depths, less than 60 nm, may not be observed because of scatter in the data. At the
deepest indentation depth differences in the near surface may only contribute a small portion to
measured hardness values. The indentation modulus for the (0001) surface at a depth of 150 nm
was 152 GPa + 10% which is similar to the value obtained for the (0001) surface at this depth. The
indentation modulus increased approximately 12% for a depth of 50 nm.

Figure 4.8 shows the load-depth curves obtained for a chemomechanically polished {1010} sur-
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Figure 4.7: Comparison of hardness for chemomechanical polished (0001) and (0001) surfaces.

face and a (0001) surface. Both surfaces exhibit pop-in at about the same critical load, however
the lengths of the pop-in excursions differ significantly. The critical load for pop-in on the {1010}
surface was measured to be 169 +30/-16 uN. The average length of pop-in for the {1010} sur-
face is 9 nm compared to 4 nm for the (0001) surface. The longer pop-in length shows that the
{1010} surface is capable of accommodating more strain before dislocation motion is arrested by
the opposing backstress created by dislocation pile-up [96]. The deeper penetration into the sur-
face for the same applied maximum load illustrates lower hardness for the {1010} surface. Deeper
indentations confirmed this as well. Shown in Fig. 4.9 is a comparison of the (0001), {1010} and
the {1120} chemomechanically polished surfaces. No discernible differences in pop-in, hardness or
elastic modulus were measured between the {1010} and the {1120} surfaces.

Hardness values obtained for the {1010} surface compared to (0001) surfaces are shown in
Fig. 4.10. As was the case for the (0001) surfaces, the {1010} surface exhibited the indentation
size effect. The lower value of hardness for the {1010} surface, indicated in Figs. 4.8 and 4.9 can also
be seen here. Hardness values obtained for the {1010} and {1120} surfaces, showed no measurable
difference. The measured value of hardness for the {1010} surface at 190 nm of 2.1 GPa is also in
agreement with the result of Regel et al. [24] of 2.0 GPa.

The indentation modulus was determined for the {1010} and {1120} surfaces over the same depth
range as for the hardness. The indentation modulus at a depth of 126 nm was 151 -7/4+11 GPa for
both of these surfaces which was similar to that observed for the (0001) and (0001) surfaces. The
indentation modulus was about 9% higher at a depth of 62 nm which is also consistent with the

results for the (0001) and (0001) surfaces.
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4.3 Effects of illumination on the near surface mechanical

behavior

Illumination is known to alter the hardness or flow stress of many bulk II-IV semiconductors as
shown in Sec. 2.3, however only (111)ZnSe has been investigated in the near surface [22,61]. In this
section the change in the near surface hardness of etched (0001)ZnO and chemomechanical polished
{1010}ZnO are reported. The light source used in the experiments was a quartz-halogen lamp with
fiber optics. The intensity as a function of waveléngth for this lamp is shown in Fig. 3.3, Sec. 3.2.
The light source produced a flux of approximately 40 mW /cm? on the sample and the temperature
rise caused by it was measured by a thermocouple in the indentation chamber to be less than 6 K.

Figure 4.11 shows two 500 uN peak load indentations on the (0001) surface made with sample
illumination and in darkness. In both cases pop-in is observed, (a) and (b) in Fig. 4.11. Single
pop-in events were observed for all indentations. The average load and standard deviation at the
onset 6f pop-in was 167 £ 14 uN in darkness and 233 4 22 N with sample illumination for fifteen
indentations. A similar delay in the onset of plasticity with illumination was also observed by Wolf et
al. [22] for the nanoindentation of (111)ZnSe. Although (111)ZnSe did not exhibit pop-in, there was
a critical load below which no plastic deformation was observed. Existing models for the nucleation
of dislocations during nanoindentation e.g., [97-100], are not able to explain the increase in load at
pop-in which occurs during illumination. All of these models involve the stress state of the material

and they do not address changes that could be caused by illumination. Figure 4.11 also shows less
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indenter penetration with sample illumination implying an increase in the hardness with illumination
i.e., a positive photoplastic effect (PPE).

Figure 4.12 shows hardness as a function of contact depth with sample illumination and in
darkness. In both cases the indentation size effect, an increase in hardness with decreased indentation
depth, is seen. The hardness in darkness was found to increase from an average of 3.1 GPa at a
contact depth of 272 nm to an average of 5.6 GPa at a contact depth of 28 nm which is consistent with
the previous results on etched (0001)ZnO. Hardness at the largest dépth7 3.1 GPa, is consistent with
400 kg/mm? HV [24] (=~ 4.3 GPa) measured by microindentation. The hardness of the illuminated
sample increased from an average value of 3.1 GPa at 274 nm to an average of 6.7 GPa at 24 nm.
To a depth of 100 nm the hardness of the illuminated sample is found to be 7% to 20% greater than
that measured in darkness. Beyond this depth no observable difference in hardness is found. The
positive PPE is most often attributed to the charging of dislocations as they move through the crystal
and acquire electrons from defects which have energy levels within the band gap [21]. The charged
dislocations can then interact electrostatically with each other and/or the crystal lattice which can
produce a hardening of the material [22]. For bulk II-VI materials, estimates of the length of travel
needed for a dislocation to acquire equilibrium charge are about 10 pm [21]. The present results
are less than the 30% to 40% increase in flow stress observed in bulk compression tests of ZnO [60]
however they are consistent with the 10% increase in near surface hardness observed in (111)ZnSe
for similar illumination conditions [22]. The observation of a positive PPE effect at length scales

significantly smaller than that required for dislocation charging was attributed by Wolf et al. [22]
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Figure 4.11: Comparison of indentations performed in etched (0001)ZnO with illumination and

in darkness showing the load at pop-in (a) in darkness and (b) with illumination.
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to the much shorter dislocation travel distances required due to the high density of surface states
which have energy levels within the band gap. We attribute the apparent absence of the PPE in the
depth region greater than 100 nm to a reduced effect of the surface states on dislocation charging
in this region and insufficient bulk charging resultant from short travel distances.

Figure 4.13 shows two 500 uN peak load indentations on the {1010} surface made with sample
illumination and in darkness. In both cases pop-in is observed, (a) and (b) in Fig. 4.13. For
this surface single pop-in events were observed for all indentations performed in darkness however
occasionally with the sample illuminated multiple pop-in events were observed. Because this only
happened four times in approximately 30 indentations, the indentations with multiple pop-in events
were excluded from further analysis. The average load and standard deviation at the onset of pop-in
was 155 £ 7 pN in darkness and 193 + 22 uN with sample illumination for fifteen indentations.

Figure 4.14 shows hardness as a function of contact depth for the {1010} surface with sample
illumination and in darkness: In both cases the indentation size effect is observed. The hardness
in darkness was found to increase from an average of 1.4 GPa at a contact depth of 385 nm to an
average of 3.3 GPa at a contact depth of 40 nm. Hardness at the largest depth, 1.4 GPa, is about half
that of the measured hardness at the largest depth for the (0001) surface, 3.1 GPa. The hardness
of the illuminated sample increased from an average value of 1.4 GPa at 388 nm to an average of
3.5 GPa at 39 nm. To a depth of about 130 nm the average hardness of the illuminated sample is
found to be 4% to 9% greater than that measured in darkness. Beyond this depth no observable

difference in hardness is found. The percent increase in hardness is less than that observed for the
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(0001) surface and most likely is caused by differences in the charging of dislocations involved for
the indentation on the different planes. Based on the rosette pattern shown in Sec. 4.4 and cross-
sectional TEM of spherical nanoindentations [26], indentations on the (0001) surface most likely
involve slip on the {0001} and {1071} or {1012} planes. For indentation on the {1010} surface, slip
involves principlally the {0001} planes because these slip planes are perpendicular to the direction
of indentation. A plausible explanation for the larger photoplastic effect observed on the {0001}
surface than the {1010} surface is that dislocations on the {1011} or {1012} planes charge more

than dislocations on the {0001} planes.

4_"'*1'”*1""1"'*1*"1-' T T
O with iltumination ]
3.5¢ i M in darkness

25f ¥ .

Hardness, H (GPa)
N
T
e
1

10 ]

4
_4
1
4
1
1

ol A [IPEPIPE PP I P ST S AP EPI U
Q 50 100 150 200 250 300 350 400

Contact Depth, h (nm)
Figure 4.14: Hardness as a function of contact depth for chemomechanical polished {1010}ZnO
with sample illumination (circles) and in darkness (squares). Error bars denote

the minimum and maximum of the data.

o1



4.4 Use of scanning Kelvin probe microscopy to observe in-
dentation dislocation rosettes

Indentation followed by chemical etching has long been used to study the plasticity of single crystals.
Etch pits aroul:ld the indentation form a pattern or “rosette” which provides information about the
slip systems of the indented material. Other techniques to observe indentation dislocation rosettes
include plan view and cross-sectional transmission electron microscopy (TEM) and cathodolumines-
cence (CL). In this section we demonstrate the use of scanning Kelvin probe microscopy with sample
illumination by a quartz-halogen lamp to observe indentation rosettes in chemomechanical polished
and etched {0001}ZnO.

Figure 4.15 shows the topography (top) and contact potential difference (bottom) around an
indentation with a maximum load of 500 uN on a chemomechanical polished (0001)ZnO surface
acquired with the sample in darkness. The lateral size of the images is 5 um x 5 pm and the depth
of the indentation is approximately 25 nm. The topography shows a mostly flat surface around the
indentation with some debris near the bottom of the image. The roughness of the area excluding
the indentation is about 1 nm rms. Slip lines, which have been observed around indentations in
other materials such as (100)MgO [101], were not observed around indentations in ZnO. The contact
potential difference does not show any pattern around the indentation however some of the debris
does have a relatively low surface potential. For all contact potential difference figures the average
vaiue of the contact potential difference has been subtracted out so that small variations may be
shown.

Figure 4.16 shows the topography (top) and contact potential difference (bottom) of the same
indentation as in Fig. 4.15 however the measurements were obtained with the sample illuminated.
The data in Fig. 4.16 was obtained immediately after the measurement in darkness. The topography
of Fig. 4.16 shows that the scanning probe microscope scanner has moved slightly but the topography
is otherwise the same as in Fig. 4.15. The contact potential difference shows a central zone of
lower potential around the indentation and six arms emanating from the indentation. This rosette
pattern is consistent with etch pit rosettes observed around Vickers microindentations on (0001)ZnO
[102] and (000T)ZnO [24]. The observed rosette pattern is also consistent with the rosette pattern
around spherical nanoindentations in (0001)ZnO observed by room-temperature monochromatic
cathodoluminescence [26]. The direction of the rosette arms was determined by an indirect method.

When (0001)ZnO is etched in trifluoroacetic acid, aligned hexagonal etch pits form on the surface.
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Figure 4.15: Topography (top figure) and con- Figure 4.16: Topography (top figure) and con-
tact potential difference (bottom figure) of tact potential difference (bottom figure) of a
a (0001)ZnO indented surface measured in (0001)ZnO indented surface measured with
darkness. The location of the indentation illumination. The location of the indenta-
is shown in the contact potential difference tion is shown in the contact potential dif-
figure by the white triangle. ference figure by the white triangle.

From previous back-reflection Laue measurements performed by our industrial partner, the edges
of the hexagonal etch pits are known to be in the (1120) direction. After noting the direction of
the rosette arms relative to the edge of the sample, the sample was etched in trifluoroacetic acid
and the (1120) direction was ascertained. The rosette arms in Fig. 4.16 are aligned in the (1120)
directions. The direction of the observed rosette arms is consistent with the results of Czernuszka
and Pratt [29] who performed Vickers indentations at 200°C on (0001)ZnO and observed the rosette
with panchromatic cathodoluminescence. The observed direction of the rosette arms is consistent
with two previously observed slip systems in ZnO. Bradby et al. [26] performed cross-sectional
transmission electron microscopy on spherical nanoindentations in (0001)ZnO and observed slip
on the basal planes and the {1011} planes. Czernuszka and Pratt [29] performed panchromatic
cathodoluminescence on the cross-section of Vickers indentations and observed slip on the {1012}

planes. Figure 4.17 shows the {1011} (GHM, in figure) and {1012} (GHN, in figure) pyramidal
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planes. Both the {1011} and the {1012} planes intersect the {0001} planes along the (1120) directions
and because of the two-dimensional nature of the SKPM measurement technique it can not be
determined on which of these planes slip occurred.

Although impurity atom decoration effects of the dislocations around the indentation can not
be ruled out as the cause of the change in the contact potential difference, we attribute the rosette
pattern to band bending in the area around dislocations as in Read’s model [77], Sec. 2.5. Simpkins et
al. [103] and Koley and Spencer [104] used models similar to Read’s to describe the contact potential
difference near dislocations in GaN. Illumination is believed to increase the charging of dislocations
and hence increase band bending by freeing electrons in surface states which are then attracted
to acceptor sites of near surface dislocations, as was concluded for the case of the near surface
photoplastic effect observed in the nanoindentation of (0001)ZnO [105]) and (111)ZnSe [22]. Figures
4.15 and 4.16 show the results for a chemomechanical polished (0001) surface, similar results were
obtained for chemomechanical polished and eﬁched (0001) surfaces. The rosette pattern remained
for about 1 — 2 hours after the lamp had been turned off and the sample was in darkness. An
after-effect was also observed in photoplastic compression tests of ZnO [60] which was on the order
of tens of seconds. The after-effect in compression tests is believed to be caused by initially charged
dislocations moving through the crystal and losing excess electrons to trapping centers [106]. In
the SKPM experiments the charged dislocations are stationary and require more time to lose excess
electrons.

To further investigate the rosette pattern, a set of indentations was made with maximum loads
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Figure 4.17: Schematic diagram of some planes in hexagonal material. After Honeycombe [20].
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between 300 and 1500 N on chemomechanical polished (0001)ZnO with two indentations made
at each load. From a simplified version [107] of Johnson’s [90] hemispherical hydrostatic model of
elasto-plastic indentation, the plastic zone radius, ¢, is given by: ¢ = 55—7;“% where Fax is the max-
imum indentation force and Y is the yield strength. The indentations on (0001) chemomechanical
polished surfaces all exhibited pop-in, i.e., there is a well-defined elastic region before elasto-plastic
deformation begins. To account for the elastic region, the maximum force in the above equation
was replaced by the difference between the maximum force and the average load at which pop-in
occurred. The plastic zone radius was approximated by the length of the longest rosette arm because
there was less relative error in its measurement. There were errors in determining the center of the
indentation and the end of the rosette arm which were the same for the shortest rosette arm and the
longest so the percent error was smaller for the longest rosette arm. Figure 4.18 shows the length
of the longest rosette arm as a function of the square root of the maximum indentation force minus
the average load at pop-in and the best-fit line through the data. The y-intercept of the line is
nearly zero (-0.08 pm) and from the slope a yield strength of 31 MPa is obtained. From compression
test stress-strain data for ZnO obtained by Carlsson [108], one can estimate a yield strength of 50
— 60 MPa. Although the hemispherical hydrostatic model of indentation assumes the material is
isotropic, it produces a yield strength that is of the correct order of magnitude.

Preliminary experiments on the time dependence of the surface photovoltage of the indentation

rosette were performed to compare the regions of lower surface photovoltage (rosette arms) which
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have a higher density of dislocations to the regions with a higher surface photovoltage which are away
from the rosette arms and have a lower density of dislocations. To examine the time dependence of
the surface photovoltage the same area was scanned, to eliminate the normal variability of surface
potential with location on the sample. This was achieved by setting the scanning probe microscope
(SPM) to scan the same line repeatedly, thus the SPM measured the change of surface potential
with time not location. The scan line was chosen such that it was away from the indentation and
contained areas of both the rosette arm and the surrounding area, see Fig. 4.19. This allowed for a
comparison of the area inside the rosette arm and outside the rosette arm. Using a scan rate of 0.4
Hz the scan lines were obtained at 5 sec intervals. The sample was an etched (0001) surface and the
light source was the same quartz-halogen lamp as used in the rosette study above.

Figure 4.20 shows the measured average contact potential difference of the regions inside the
rosette arm and outside the rosette arm as a function of time. The sample was illuminated at time
t = 0. Before the sample was illuminated there was a difference of approximately 30 mV between
the regions inside and outside the rosette arm. This difference was only observed on this occasion
and is believed to be caused by stray laser light from the SPM measurement system that illuminated
the sample. For both regions there was an increase in the contact potential difference starting at
t = 0 and reached steady state at approximately ¢ = 350 sec. The voltage increase inside the rosette
arm was about 145 mV however the voltage increase outside the rosette arm was about 175 mV.

To understand these results a simple model of the near surface band structure can be used.
The surface is presumed to have surface states which act as acceptors, as suggested by the work
of Moormann et al. {109]. Dislocations are modeled as introducing an energy level within the
band gap which acts as an acceptor as in Read’s model [77]. To account for the difference in the
density of dislocation in the rosette arm and outside of this region, the rosette arm is modeled as
having dislocations and the region outside the rosette arm is modeled as not having any dislocations.

Figures 4.21 and 4.22 show simplified band structure diagrams for the areas outside the rosette arm

scan line
R Y T

rosette

arms L

Figure 4.19: Schematic diagram of the approximate location of the scan line that was measured

repeatedly throughout time-dependent surface photovoltage experiment.
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Figure 4.20: Measured contact potential difference in regions inside the rosette arm and outside

the rosette arm as a function of the time after the sample was illuminated.

and inside the rosette arm. Figure 4.21(a) shows the band structure in the near surface without
illumination in the region outside the rosette structure. The occupation of surface states by electrons
causes the conduction and valence bands to bend upward in the near surface. With illumination,
Fig. 4.21(b), some of the electrons that were in the surface states acquire enough energy from
the incident photons to go into the conduction band which lessens the amount of band bending.
A decrease in the amount of band bending causes an increase in the contact potential difference
because the contact potential difference is the work function of the metal coated probe minus the
sum of the band bending, electron affinity and Fermi level relative to the conduction band for
ZnO. Figure 4.22 shows the band structure inside the rosette where there was a higher dislocation
density. The dislocation energy level is believed to be partially occupied with electrons as shown
by the slightly lower contact potential difference (0.27 V) than outside the rosette area (0.3 V). As
previously mentioned, this was probably caused by stray laser light from the SPM measurement
system. With illumination, Fig. 4.22(b), some of the electrons in the surface states acquire enough
energy from the incident photons to go into the conduction band however some of these electrons
are attracted to the acceptor sites of the dislocation. This causes the conduction and valance bands
to flatten however not as much as in the region outside the rosette arms because of the electrons at
the dislocation. The surface photovoltage decrease after the light was turned off was not recorded
properly because there was some drift of the scanning head. Because the light source was a broad
band light source, the analysis presented at the end of Sec. 2.5 can not be used however the results

obtained suggest that this may be an interesting area of research to pursue.
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Figure 4.21: Simplified band structure diagram for the area outside the rosette. (a) shows the
band structure in darkness and (b) with illumination. (c) shows the changes in

the contact potential difference caused by the illumination.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The near surface mechanical behavior of ZnO has been investigated by nanoindentation. The studies
included the effects of surface finish, variation of mechanical behavior with crystallographic direc-
tion and the effects of illumination. The use of scanning Kelvin probe microscopy with sample

illumination as a technique to observe indentation dislocation rosettes was demonstrated.

1. Surfaces of (0001) ZnO crystals were prepared by mechanical polishing with 1/4 pm and 1 pm
diamond abrasives, chemomechanical polishing and chemical etching. Pop-in was seen to occur
for both the chemomechanical polished and etched surface but not for the mechanically polished
surfaces. Pop-in was attributed to dislocation nucleation and the onset of yielding. The load
at which pop-in occurred was found to be higher for the chemomechanically polished surface
than the etched surface. Measured hardness values were found to be dependent on surface
preparation, with an increased hardness observed with increased surface preparation severity,
and also exhibited a near surface depth dependence. Hardness values obtained at the deepest
indentation depths, approximately 260 nm, were consistent with previous results obtained by
microindentation. Indentation modulus values showed no dependence with surface preparation
with the exception of the 1 pum abrasive mechanical polished surface which exhibited a lower
modulus. The indentation modulus values were consistent with theoretical results obtained by
including the piezoelectric effect of ZnO. Cross-sectional TEM results on the 1/4 pm diamond
abrasive mechanical polished (0001) surface showed dislocation loops extending to a depth of

about 80 nm. No dislocations were observed for the chemomechanical polished (0001) surface.
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2. The near surface mechanical behavior of chemomechanical polished (0001) and prismatic planes
were also investigated by nanoindentation. The indentation modulus, hardness and load at
which pop-in occurred for the (000T) were similar to the values obtained for the chemome-
chanical polished (0001) surface. The {1010} and {1120} surfaces exhibited pop-in at a load
which was comparable to that on the polar surfaces however the displacement during pop-in
was higher for the prismat_ic surfaces than the polar surfaces. Measured hardness values of the
prismatic planes were about half of the values obtained for the (0001) surface over the depth
range investigated, 50 — 260 nm, which is consistent with previous microindentation results.
Indentation of the prismatic surfaces should involve principally slip on {0001} planes which
for many other hexagonal materials is the easiest slip plane. The indentation modulus of the

prismatic surfaces was similar to that of the polar surfaces.

3. The effects of broad band illumination on the near surface mechanical response of etched (0001)
surfaces and chemomechanical polished {1010} surfaces were investigated. On both surfaces
illumination was found to increase the load at which pop-in occurred and the near surface
hardness. Illumination increased the load at which pop-in occurred on the (0001) surface
approximately 40% above that ébtained in darkness and approximately 25% on the {1010}
surface. Measured hardness for indentation depths up to about 100 nm increased 7 — 20%
for the (0001) surface and 4 — 9% for the {1010} surface. Beyond this depth no differences
in hardness were measured. The increase in hardness of the near surface with illumination is
attributed to charging of dislocations from surface states. The difference between the increase
of hardness for the (0001) and {1010} surfaces is probably caused by different slip systems

involved for the two cases.

4. The use of scanning Kelvin probe microscopy with sample illumination to observe indentation
rosettes was shown. The rosette pattern consisted of regions with a lower surface potential
consisting of a central zone around the indentation and six arms emanating along the (1120)
directions. These directions are consistent with slip on the {1011} or {1012} planes which had
been identified in previous indentation studies of ZnO. The length of the longest rosette arm
was found to be proportional to the square root of the maximum indentation force minus the
average load at pop-in. Preliminary results on the time dependence of the surface potential in

the rosette arm and outside of the rosette were also presented.
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5.2 Proposed future work

e On the (0001) surface the indentation modulus for the 1 um abrasive mechanical polish sample
was lower than the other surface preparations. Although a reduction of the piezoelectric effect
because of damage in the near surface could account for some of the lower modulus, this could
not account for all of the measured effect. Indentations on another batch of samples may show

that these samples had an anomalously low modulus.

e The cross-sectional TEM of the 1/4 um abrasive mechanical polish sample showed dislocation
loops extending to about 80 nm below the surface. Further TEM analysis of this sample could

identify the slip systems of the dislocations.

e To identify slip systems involved during nanoindentation of the polar and prismatic surfaces
focused ion beam milling could be used to prepare cross-sectional TEM samples of the inden-

tations.

e The increase of the load at which pop-in occurs with illumination is an interesting result that
requires further study. Currently there is not agreement on the conditions which give rise to
dislocation nucleation however all of the existing models do not include anything related to

illumination.

e The use of scanning Kelvin probe microscopy around indentations on {1010} and {1120} ZnO
surfaces could be used to observe the rosette pattern. The rosette pattern on these surfaces
will probably be different than the rosette pattern on the (0001) surface because of different
slip systems being activated. SKPM could also be used to observe indentation rosettes on
other semiconduétors such as GaN and GaAs. The time dependence of the contact potential
difference after illumination with a laser could be used to measure quantitative differences
between the regions inside the rosette and outside the rosette. These differences include the
density of surface states, surface state occupation, electronic créss—section and photonic cross-

section.
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Appendix A

Determination of Area Function
and Instrument Compliance for

Nanoindentation

Both the area function of the indenter and the compliance of the nanoindentation instrument are
determined by using the method of Oliver and Pharr [35]. Parts of the ISO 14577 (Metallic materials
— Instrumented indentation test for hardness and materials parameters) are based on this technique.

Oliver and Pharr developed a technique for determining both the area function of the indenter
and the compliance of the nanoindentation instrument by indentations in reference materials whose
elastic modulus is assumed to be known. The two reference materials used are fused silica and
single crystal aluminum. The sample and the nanoindentation instrument are modeled as two linear

springs in series, so the total measured compliance is given by:
Ctotal = Cf + Cs (Al)

where Clota is the total measured compliance i.e.,1/S, Cy is the compliance of the load frame of the
nanoindentation instrument, and C; is the compliance of the sample. The compliance of the sample
is related to the elastic modulus and the projected area of contact {A4) by:
VZ !
Cs=— A2
s 2Er \/Z ( )

. .. 2 1—02 .
where F.. is the “reduced” modulus and is given by El— =1 7 + EV where v and E are Poisson’s
™ k3

ratio and elastic modulus for the sample and v; and E; are the same for the indenter. Substituting
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the value of the sample compliance, Eq. A.2 into Eq. A.1 gives:

VE 1
2E, VA

From Eq. A.3 we see that a plot of the total measured compliance vs. 1/v/A should be linear with

Ctotal = Cf + (A3)

an intercept equal to the frame compliance. In order to get a good estimate of the frame compliance
deep indents should be made so that the second term on the right side of Eq. A.3 is small. In order
to obtain the area function and frame compliance and iterative procedure is used on a data collected

for a range of deep indentations.

1. Assume A(h.;) = 24.5h2

1/2

2. From a plot of Cioa; vs. A77/“ obtain an estimate of Cy

_= 1
3. Calculate contact area from A = 7 B (Coa=CT)

4. Fit a curve to the equation A(h.;) = 24.5h% + Cih, + Czhi/z + C’;»,hi/‘]r
5. Goto step 2 and repeat until the area function and frame compliance converge

For the deeper indentations this procedure yields a good estimate for the frame compliance
but the area function obtained should not be extended to shallow indentations. Instead shallower
indentations are made in fused silica to determine the area function in this range. The iteration
converges more quickly since the frame compliance is known from the indentations in aluminum.

A series of indentations at depths from about 200-900 nm was made in electropolished (100)AL
This data was then used to calculate the frame compliance of the instrument using software by
Hysitron Inc. Figure A.1 shows the total measured compliance minus the frame compliance (0.002
nm/uN) vs. one on the square root of the area. Plotted in this way the line should go through the
origin which it does. The value of the frame compliance is comparable to that of another commercial
nanoindenter [35], 0.001 nm/uN. The slope of the best fit line is 13 nm?/uN which gives a reduced

elastic modulus of 68 GPa. This is about 8% smaller than the literature value for aluminum [35].

74



0.012 T

i Measur'ed Data T e
Line Fit -

0.01 | : *

0.008

0.006

Cpota "Gy, nmAIN

0.004

0.002

1 1 i L I}

S S

9] 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008

1
——, 1/nm
K

Figure A.1: Total compliance minus frame compliance (0.002 nm/uN) vs. 1/ VA.
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Appendix B

Indentation of a Transversely

Isotropic Piezoelectric Halfspace

B.1 Development of equations

The development of the piezoelectric equations for a transversely isotropic halfspace, z > 0, is based
on the papers by B.A. Kudriavtsev, V.Z. Parton and V.I. Rakitin (refered to as KPR paper) [49],
A E. Giannakopoulos and S. Suresh [52] and S. Matysiak [51]. The exposition below will closely
follow the KPR paper and differences from this paper will be noted.

Starting with Eq. 2.1 in the KPR paper (no change)

ao”rr ao'rz + Ory — 068

or 0z r =0
00vs | 002s | Trs _ 4 (2.1 in KPR paper)
Or 0z T
aD, 1 oD,
-D, =10
or + T N 92

and also Eq. 2.2 (no change)

0; = Cij€5 — eikEk
(2.2 in KPR paper)
Dy = epe; + e By
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The electric field is related to the potential by the following:

_ 9

Er = ar
09

Es = "0z

The KPR paper omits the minus sign in the above equation. This mistake then propagates through

the rest of the paper. Eq. 2.3 should become:

Orr = et O 4 ey 1, P gy 90
rr = Cl11 or 012 13— 92 €31 P
ou, Uy ou, o¢
Oy = 012—5;—+011 + 35— Ep +€315—
Ozz =C Ouir + I +c Otz +e 99
zz — €13 or r 33 5z 33 9z
- Bu, . u, N a9 (2.3 in KPR paper, corrected)
Irz = Cit\ T, or 15 5r
Ou, Ouy, O¢
Dr—-els(az 87’)_ ug,
Our Uy Ou, 0
D, =es ( o T T) + es3 Buz —6338_(2

In addition to the sign error there is also a typographical error in Eq. 2.4.

Fur  10ur _ur) | T peng) T
or? r or r? c44 072 caa T ordz

82

+ (631 + 615) 67’82 = 0

62u2+1_8& N 82u2+( ] 8ur+&
cul Gzt ) tesgg tleutes) oo 5o

8¢ 10¢ ¢ _
+ €15 ( +;8 >+€33W =0 (Bl)

8%y, 10u, &u, 8 (Ou, u,
eis + -7 | +esso + (€15 + e31) 5= +—
r 2 Oz \ Or

2
o (224122) s

— €33
or?  ror 0z2

Because of the way that the dual integral equations will be solved below, it is convenient to

introduce non-dimensional lengths, ¢, and p where,
p=r/a (=z/a

Using the above definitions Egs. B.1 become,
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0%y 10u U &u 9%y,
c11 (—T + -t - J‘) —=5 + (caa + c13) -

0p*  pOp PP o¢? 9pd¢
32
+(631+615)m = 0
c 82u1+18uz +¢ —82uz+(c +c )2 8_ut+&
44 272 5 op 33 Bc2 4t C13) 5z Bp )
8¢ 104 826
e (a—pz+;5;>+633a—<2 -0 (B2)
. 82uz+_1__3_1£z_ e .82u1+(e te )_3_ Bur+&
15 52 5 op 33“—842 15 + €31 5 \ 3p P
82¢ 104 826
—en (Gt 5a) o = 0

Use the Hankel transforms of Eq. 3.1 (note that the transform of u, involves J; and the other

two use Jp).

w(n,0) = [ UG de
wle,) = [ VICORED & (3.1 in KPR paper)

b(p,0) = /0 B¢, 6)Jo(p) de

Plugging these into Eq. B.2 the following is obtained:

o oV 9o 02U
/0 [—011§2U — (a3 + <144)§8—C — (es1 + @15)58—C + 044_8?5_ Ji(ép)dé = 0
i 8%V oU 5%d ]
/0 [—04452‘/ + 330 + (e13 + 044)5'8—C — e1567® + €3 3 Jo(§p)d§ = 0
o v U 2] '
/0 l—615§2V + °33 507 + (e1s + 631)554‘ + e’ — 6338_4% Jo(§p)d§ = 0

Let us introduce notation for the integrals,

I, = (€p) d
/0 Jn(ép) dé

The above integrals become:
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02U ov 0%
[Czizia—c2 — 118U — (c13 + C44)§5€7 — (€31 + 615)66_4“_ L =0
ou P2V 90]
{(013 + C44)§B_C — e’V + 350~ e15679 + €33 557 Iy = 0 (B.3)
U 9’V 9?9
[(615 + 631)56—C —e158?V + e 50 +e11&%® — 633@_ Iy =0

The particular solution may be written as:

U = ae
Vo= Be ¢ | (B.4)
O = ek

Substituting Egs. B.4 into Egs. B.3 and dropping the I terms,

[cask®E® o — c118a + (13 + caa)kE*B + (e31 + ers)kE>y] e = 0
[—(c13 + can)k&®a — caa€®B + kB — €156y + egsk?¢?y] e = 0 (B.5)
[—(e1s + e31)k&%a — e15626 + e33k>E*B + €118%y — ea3k®E>y] e7*¢ = 0

Since £ # 0 and the exponential term is not equal to zero Egs. B.5 can be written as:

cgak? — 11 (c13+eaa)k  (es1 +ers)k o 0
—(c13+ caa)k  cask® —cyq  e3sk® —eas B1=10
—(es1 +e1s)k  essk? —e1s  —essk®+ enn 07 0

This is the matrix a;; in the KPR paper (Eq. 3.2) but some of the values of a;; have a different
sign. For ZnO setting the determinant equal to zero gives two real roots -:k; and four complex roots

46 4 iw. The constants o, § and 7 can be obtained from:

& = G12023 — 413092

B = —aiiass —ajpas
_ 2

Y = ai1022 +aj,
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where the a’s are obtained by using either &y, or §+iw. This results in: oy = a(ky), 61 = k1), 1 =
v(k1), a1 + a2z = a8 + iw), Po1 + P22 = B(6 + iw), o1 + Y22 = ¥(6 + tw). The three functions

U,V,® are given by:

v a1 o1 + 1oy
V=1 6 | 4@+ Req | for+ifyy | [Bi() +iCa(€)] €
¢ i Yo1 + 122

ur(p,¢) = /0°° [ A1 (€)e™ 4 + (a1 B1(€) — @22C1(€)) €% cos(wé()
+ (a2 B1(€) + a2, C1(€)) e 5¢ sin(wé()] Ji(¢p) dé
wipd) = [ " [BLAL(©)e M + (BuBa(€) — faaCr(£)) €5 cos(wEC)

+ (P22 B1(€) + B21C1(€)) ™5 sin(weQ)] Jo(¢p) de
$(p,¢) = /0 " [1141(8)e™™ & + (121B1(€) — 122C1(6)) €% cos(wé()

+ (122 B1(€) + 721C1(€)) e sin(weC)] Jo(€p) dé

On the surface ¢ = 0 the displacements and stresses are given by:
w(pe =0 = [ lmaAs(©) + anBu(©) - omCi(O] u(ep) de
w(pnc=0) = [ [Bds(©) + B Br(E) ~ PmCr(O)] S(ep) e
¢(p,(=0) = /oo [v141(8) + 721 B1(§) — 722C1(8)] Jo(ép) d€ (B.6)

o

oar(p,(=0) = [m1A1(€) +m2By (&) — msC1(€)] €J1(ép) d€

o0

0
022(p,{ =0) =/0 [n1A1(8) + neBi1(€) + n3Ci(£)] €Jo(€p) dE
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where

n

2

ng

—e1571 — caq (B1 + k1)
—e15Y21 — Caq (Bo1 — @oaw + 216)
—e15%22 — Ca4 (Boa + ao1w + 0206)
c1301 — czsk1fB1 — esskim
. c13091 — €33(0216 — Paow) — e33(y216 — y2ow)

—c1302 + €33(B226 + Ba1w) + esz(v226 + Ya1w)

Using the condition that the surface of the half-space does not have a shear stress the equation

for o gives the relationship Cy = 72 A, + 72 B; thus the dual integral equations are:

Uz(P,CZO) =
UZZ(F’:C:O) =
Dz(p:C:O) =
where
b
Iy
I3

/0 Oov Kﬁl + %/322> A (E) + (/321 + %i‘ﬁzz) Bl(g)] To(ép) de

flp)+b 0<p<1

r

(”)’1 + m*m) Ar(€) + (”)’21 + @’)’22) 31(5)] Jo(€p) dg
© Mg ms

0<px1

:(m + %ns) A1(€) + (nz + Z—an) Bl(g)] £Jo(Ep) dé

p>1 (B.7)

(14 2200 ) 4u(e) + (1 210 Ba(e)| ) de

L

p>1

eg1a1 — e33k1 P81 + esskim

e310i01 — e330918 + e33820w + €337216 — €33722w

—e31002 + e33flo1w + 335220 — €33721w — €337226

The solution of the dual integral equations (Egs. B.7) proceeds as outlined in Matysiak’s paper

{51] for the case of a conducting indenter. A paper by Harding and Sneddon {110] is also helpful
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and will be used. The case of the insulating indenter will be shown further below. First it is more

convenient to rename B (€), Aa(€) and to define constants for the coefficients so Egs. B.7 become
w(pC=0) = [ 4O+ Maa©] I(En) e = o) +b 0 p <1
$oc=0) = [ DO+ MAE) lep)de =do 0 p<1
0alpnC=0) = [ MO + Meda©)ehler)dE =0 p>1 (B.5)

DApC=0) = [ ras(©) + Maa(@lehalep)at =0 p>1

where
M, = (ﬁl - %ﬁzz) My = (ﬁm - %ﬁzz)
Ms = (71 - %”Yzz) My = (’Yzl - %”Yzz)
Ms = (nl + %”3> | Ms = (nz + %ns)
M, = (zl n %l3) My = (12 n %13)

Using Crammer’s rule Egs. B.8 can be written compactly as:

/OooAa@)Jo(&p)d& = Fa(p) 0<p<1
[ ed@nende = 0 o1 a=1 o
where
Fi(p) = M‘*J;\(giffﬁz&amb
Fy(p) —M; 1{4(34 j _A?Z% Msb 510

The solution to Eqgs. B.9 is well known. If the function Fo(p) =3 ,, Znp™ then solution for the

A,’s is given by:

A (&) = \/_Z 2n+ {cosf—}—f/ +1sin(éu) du} a=1,2

Consider an axisymmetric punch profile given by f(p) = co + c1p + cop? where cg, c1, 3 are

constants. Thus F,(p) = Ko + K1p+ Ko p?, each term will be considered in series.

For Fa = Ko,
Aa(§) = 2 (%5—» (B.11)
For F,, = Kip,
= sine) , L cos(&) —
Aa®) = Ky [ &4 S eos(® 1)] (B.12)
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For F,, = Kyp?,

10 =52 (3 - &) @ + Zeonto)] (B.13)

B.1.1 Indentation with a conducting conical indenter

Let us consider the special case of a conical punch given by f(p) = ¢(1 — p) then Fy is given by

Mye — Moy + Myb —~Mayep
MMy — MyM; MMy — MaM,

Fi(p) =

From which Kyand K7 can be identified,

Mye — Maygg + Myb —Mye
K=

Ko = S
0 MM, — MyM; M1 My — MyMj

The function A; can be computed from Eqgs. B.11 and B.12,

2K sin
(@) = (2224 k1) T 1 B o) 1)
3 5
In a similar way the function Ay can be computed
— —M36+M1¢(j — M3b — Mse
KO = K]. e —
MMy — M2M3 M1M4 — Mo M3

Ar(6) = (2—?—0— +T(—1> Smf) B cose) 1)

Consider the stress component o,, at the circle p = 1.

rulp=16=0) = | " (M5 As() + Mo As(0)] £J0(€) de

*< /2 2 — .
0:2(p=1,(=0) /0 (;KoMs + K1 M5 + ;KoMs + K1M6> sin(¢)Jo(¢)

+(K1Ms + K1 Ms)

"°S(? Jo(€) de (B.14)

The first term of the integral in Eq. B.14 diverges but the stress at p = 1 is finite so the term in

parenthesis must be zero. This results in an expression for b,

_ ™ M]_MG - M2M5
b= 6(2 1) M, Ms — bl
Returning to the stress component o,

' o° — cos

0.(p,(=0) = / (K1iMs + K1 Ms) (i) Jo(&p) d€
0
— 1

02:(p,(=0) = —(K1Ms+K1Mg)cosh™ (;)
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The force on the indenter is just the summation of the stress over the circular contact region on

the surface of the solid.
1
P o= —ord [ po.(pc=0)dp
0

1
— 1
P = 271‘(1,2/ 1% (K1M5 + KlMS) COSh_1 <;) dp
0

P = ga? (K1M5+?1M6)

. o MaMo = MMy
conductor MM, — MyMs,

The above result agrees with Giannakopoulos and Suresh {52] up to a minus sign but this difference

is just because of the sign convention used. The vector P is in the positive z direction i.e., into the

solid.

B.1.2 Indentation with an insulating conical indenter

Things are a little easier when the indenter fs an insulator. The dual integral equations are:
uz(p, ¢ =0) = / [M1A1(€) + M2 A2(E)] Jo(§p) dE = f(p) +b 0<p<1
0

Da(p,¢=0) = /0°°[M7A1(§>+M8A2(5>15J0<§p>d§=o 0<p<i

0.a(p, =0) /0°°[M5A1(§>+M6A2(§>15Jo<§p)d§=o p>1 (B.15)

Da(pC=0) = /O°°[M7A1(§>+M8A2<§>15J0<§p)d§=o p>1

From D, terms in Eqgs. B.15 we find that M7A1(§) + MsA2(&) = 0 so then A;(&) = ~A—A§§A2(§).

The dual integral equations can be given by:

Mz (f(p) +0)

/0 Ay (&) Jo(ép)de = oM, — MM 0<p<1

/()A2(§)§J0(§P)d§ o p>1

The solution to the above equations is the same as before,
2(¢ ) {cos§ + E/ Lsin (&u du}
RE My e 18 )
where as before,
F(p) = Z Znp"™

The solutions above for F, = Kj, K1p, and K2p? can be used again with care taken as to the

definitions for Ky, K, and K. Let us again consider the conical punch f(p) = e(1 — p). Here
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Kyand K7 are given by:

M7(b + E) Mye

K = —————— K = e ———
O MyM; — MM ! MaoMy7 — My Mg

The expression for As is the same as it was before,

Ao = (% + K1> sing(é) + -?—21 (cos(&) — 1)

This then can be substituted into the expression for ¢,, at the circle of contact p =1

* Me M- — Mg M.
0n(p=1,6=0) = /O o a(6)en(€) de

/Ooo {(%{3 + K1> sin(€) + % (cos(€) — 1)} Moz — MsMs ;o g

Il

zz :]—; =0
022(p=1,{=0) A

The first term in the braces diverges but the stress is finite at this location so the constant of

this term must be zero. This gives the result b = (% - 1) €. The stress component ¢, is given by:

_ . ha _M6M7—M8M5 Jo(é'p) .
ou(p, ¢ =0) = /0 { M2M7~M1MSE} e (cos®) — 1)
o MMy — MgMs (1
7::(p,¢ =0) = { 1\421\/[7—MIMSE}COSh (p)

This gives a load on the indenter of,

5 MgMy — MgMy

P. IT8s T TeRT
T o My — My M

insulator —

This result also agrees with Giannakopoulos and Suresh up to a minus sign.

B.2 Summary of differences

A summary of the differences between the results of Giannakopoulos {111} and the present study are
shown below.
e Differences in the values of a;; in matrix, Eq. (14) in [111]
There is disagree on the sign of some of the terms of the a matrix but it does not make a
difference in the results. When the |a| is set equal to zero, the same result up to a minus sign
is obtained.
e Differences in the values of the terms mq, mq, ms, and My

The difference in the m term is that there is a k in the first term that should not be there.

This is probably just a typographical error. The differences in mq and mg are shown in Table
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B.1. This is probably not a typographical error and this difference will effect most all results
that are obtained after this. Finally there is sign difference on the M7 term which will effect

some of the results for ZnO.

mao ms
—e15 (6721 — wy22) —e1s (6722 + wya1)
Giannakopoulos [111
P [111] —c44 (ban1 — worng + P21) —cqq (S22 + wargy + Pa2)
This work —e15Y21 — Caq (021 —wagn + f21)  —e1sY2n — caq (b2 + wanr + fa2)

Table B.1: Differences in the terms mgy and mg of Giannakopoulos [111] and this work.
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