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ABSTRACT  

   

This dissertation is on the study of structural and optical properties of some III-V 

and II-VI compound semiconductors. The first part of this dissertation is a study of the 

deformation mechanisms associated with nanoindentation and nanoscratching of InP, 

GaN, and ZnO crystals. The second part is an investigation of some fundamental issues 

regarding compositional fluctuations and microstructure in GaInNAs and InAlN alloys. 

In the first part, the microstructure of (001) InP scratched in an atomic force 

microscope with a small diamond tip has been studied as a function of applied normal 

force and crystalline direction in order to understand at the nanometer scale the 

deformation mechanisms in the zinc-blende structure. TEM images show deeper 

dislocation propagation for scratches along <110> compared to <100>. High strain fields 

were observed in <100> scratches, indicating hardening due to locking of dislocations 

gliding on different slip planes. Reverse plastic flow have been observed in <110> 

scratches in the form of pop-up events that result from recovery of stored elastic strain. In 

a separate study, nanoindentation-induced plastic deformation has been studied in c-, a-, 

and m-plane ZnO single crystals and c-plane GaN respectively, to study the deformation 

mechanism in wurtzite hexagonal structures. TEM results reveal that the prime 

deformation mechanism is slip on basal planes and in some cases, on pyramidal planes, 

and strain built up along particular directions. No evidence of phase transformation or 

cracking was observed in both materials. CL imaging reveals quenching of near band-

edge emission by dislocations.  

In the second part, compositional inhomogeneity in quaternary GaInNAs and 

ternary InAlN alloys has been studied using TEM. It is shown that exposure to antimony 
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during growth of GaInNAs results in uniform chemical composition in the epilayer, as 

antimony suppresses the surface mobility of adatoms that otherwise leads to two-

dimensional growth and elemental segregation. In a separate study, compositional 

instability is observed in lattice-matched InAlN films grown on GaN, for growth beyond 

a certain thickness. Beyond 200 nm of thickness, two sub-layers with different indium 

content are observed, the top one with lower indium content. 
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CHAPTER 1 

INTRODUCTION 

1.1 ELECTRON BANDS IN SEMICONDUCTORS 

Semiconductors are a class of solid state materials that have electrical 

conductivity intermediate in magnitude between that of conductors and insulators. The 

resistivity of a semiconductor is within the range between 10
-3

 and 10
9
 Ω-cm, and it is 

strongly dependent on temperature.[1] The essential difference between conductors, 

semiconductors, and insulators can be visualized in the energy band diagram in Fig. 1.1. 

In solid state materials, the electronic states are closely spaced forming bands, some of 

which are separated by gaps without states.  At absolute zero temperature, the upper 

occupied band, known as the valence band, is fully occupied in semiconductors.  Next to 

the valence band, through a region without states, known as the band gap, is the 

conduction band, which is empty at zero Kelvin.  Fig. 1.1 shows the difference in band 

gap energies for three types of solid state materials. Conductive materials have partially 

filled bands; sometimes with bands overlapping each other. Insulators have no free 

electronic carriers at room temperature.  A semiconductor can have electronic carriers 

generated either by thermal excitation through a relatively narrow band gap, or by the 

introduction of doping impurities. The band gap is called "direct" if the position in 

momentum space of the minimum of the conduction band coincides with the maximum 

of the valence band; while it is called the "indirect" gap if they do not coincide. 

Semiconductors can be classified into two types: elemental and compound. 

Elemental semiconductors are composed of single species of elements found in the group 

IV of the periodic table, such as silicon (Si) and germanium (Ge).  Compound 

http://en.wikipedia.org/wiki/Conduction_band
http://en.wikipedia.org/wiki/Valence_band
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semiconductors are formed by combining different elements, such as from Group IV (Si, 

Ge, Sn), from Group III and V (Al, Ga or In, with N, As, or Sb), or from Group II and VI 

(Zn or Cd, with O, S, Se, or Te). Table 1.1 lists some common elemental and binary 

compound semiconductor materials, their band gap values, and types. Three (ternary) or 

four (quaternary) element compound semiconductors, such as InGaN and GaInNAs, can 

also be formed and are commonly used in electronic and optoelectronic devices because 

their band gap and other physical properties (optical, structural, and electronic) can be 

adjusted by controlling the alloy composition.[2, 3]  

 

Fig. 1.1. Schematic diagram illustrating the energy band levels of a conductor, a 

semiconductor, and an insulator. 

 

As already mentioned, at 0 K, intrinsic semiconductors are characterized by a 

filled valence band and an empty conduction band. Semiconductors can also be classified 

as intrinsic and extrinsic semiconductors. Conduction in intrinsic semiconductors is due 

to thermally excited carriers.  Due to thermal excitation, electrons in the conduction band 

and holes in the valence band contribute to the electric current under an electric field. For 
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electronic engineering application, large carrier densities are usually needed for adequate 

electric conductivity. This can be achieved by introducing different impurities in a 

controlled manner, which will contribute either extra electrons (n-type dopants) or extra 

holes (p-type dopants). This process is called doping, which changes an intrinsic 

semiconductor to an extrinsic semiconductor (either p-type or n-type). Typical doping 

levels range from 10
15

 to 10
18

 cm
-3

, and up to 10
20

 cm
-3

 for extremely highly doped 

materials.  

 

Table 1.1 Band gap values and types of some common elemental and binary 

semiconductor materials. 

 

When a p- and n- type semiconductors are grown next to each other, a p-n 

junction is formed. This junction, also called a diode, is fundamental for electronic and  

optoelectronic applications. Fig. 1.2 (a) represents a typical band diagram of a p-n 

junction. At zero applied voltage, the valence and conduction bands bend in order to keep 

the Fermi level constant everywhere in the whole system. If a positive voltage is then 

applied on the p-type side of this system, the holes in the valence band of p-type 

semiconductor tend to flow to the n- side, and the electrons in the conduction band of n-

type semiconductor tend to flow to the p- side. During this process, the electrons and 
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holes can recombine in the depletion region and generate photons, as illustrated in Fig. 

1.2 (b), which is the basic process of a light emitting diode. On the other hand, if a p-n 

junction is connected in a circuit, and exposed to light as shown in Fig. 1.2 (c), it can 

absorb the light if the optical energy is larger than the diode band gap, generating 

electron-hole pairs. Then, in the absence of a voltage, the electrons and holes separate 

and flow to their corresponding lower energy states as shown to form a circuit. This 

process is the basis of a solar cell. 

When two different semiconductor materials, with different band gaps, electron 

affinities, and indices of refraction are layered together, a heterojunction is formed. 

Heterojunctions are usually advantageous in many solid state device applications 

including semiconductor lasers, solar cells, and transistors. For example, carriers in a 

small direct band gap material like GaAs between two larger band gap layers like AlAs 

can be confined so that lasing occurs at room temperature with low threshold currents. 

Furthermore, heterostructures have been used as optical waveguides because of the 

different indexes of refraction.[4] 

By far, Si is still the most widely used semiconductor material in the industry due 

to its low cost, relatively simple processing and fabrication. However, Si is an indirect 

band gap semiconductor, in which the electron must pass through an intermediate state 

and transfer momentum to the crystal lattice emitting or absorbing a photon. This results 

in poor light emitters and low light absorption coefficients,[5] making it unsuitable for 

many optoelectronic applications. Silicon also has a relatively low electron mobility,[6] 

making it unfit for certain high-speed electronic applications. Thus, more research and 

progress have been recently made on some compound semiconductors such as InP, GaN, 
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and ZnO, that have their own promising properties for optoelectronic and high-speed 

electronic applications. In this thesis, the structural and optical properties of these three 

materials and some of their alloys will be discussed. 

 

 

Fig. 1.2. Simplified band diagram of (a) a p-n junction, (b) LED, and (c) solar cell. 
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1.2 SOME COMMON COMPOUND SEMICONDUCTOR MATERIALS 

1.2.1 INDIUM PHOSPHIDE 

Indium phosphide (InP) is a III-V binary semiconductor with a direct band gap of 

1.34 eV at room temperature. It has a zinc-blende (face-centered cubic) crystal structure, 

shown in Fig. 1.3, identical to that of GaAs and many other III-V semiconductors. 

Phosphorus atoms form a face-centered cubic structure, which are displaced by one 

fourth of the diagonal of the face-centered cube formed by indium atoms. The lattice 

constant of InP single crystal is ~5.87 Å. 

 

 

Fig. 1.3. Zinc-blend structure of InP single crystal. 

InP-based materials are primarily used for the fabrication of telecommunication 

and electronic devices because they can operate with high efficiencies and at high power 

densities with superior electron velocities (~5400 cm
2
/(V·s) at 300 K ) with respect to Si 

(~1400 cm
2
/(V·s) at 300 K ). In addition, it has a direct bandgap, which makes it useful 

for the fabrication of laser diodes, LEDs, bipolar transistors, and solar cells.[7]  However, 

http://en.wikipedia.org/wiki/Zincblende_(crystal_structure)
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Gallium_arsenide
http://en.wikipedia.org/wiki/List_of_semiconductor_materials
http://en.wikipedia.org/wiki/Electron_velocity
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Direct_bandgap
http://en.wikipedia.org/wiki/Laser_diode
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InP usually serves as the substrate for epitaxial InGaAs(P) growth. The reason for this is 

that InGaAs(P) can share the same lattice constant with InP while the band gap of the 

semiconductor alloy can be adjusted to a desired value.[8] This kind of structure is 

usually called InP-based material system. By carefully adjusting the composition of 

quaternary InGaAsP alloys grown on InP substrates, the available band gap spans the 

energy range from 0.75 to 1.35 eV, covering a suitable wavelength band for fiber 

communication systems. So, InP material plays an important role in optoelectronic 

materials and device technologies. On the other hand, the InP-based material system is a 

good candidate for high speed electronic devices and circuits. InGaAs, compared to GaAs, 

has smaller electron effective mass and higher electron mobility. InGaAsP/InAlAsP 

heterostructures, compared to GaAs/AlGaAs, have a larger conduction band offset and 

hence could achieve higher two-dimensional electron gas (2DEG) density. However, the 

determination of some practical device parameters in this material system usually needs 

the definite knowledge of many material parameters.  Some elastic parameters for InP has 

been listed in Table 1.2.[9] 

 

Table 1.2 Elastic parameters for InP (300 K). (The unit for Young’s modulus is × 10
12

 

dyn/cm
2
)[9] 

 

 

http://en.wikipedia.org/wiki/Epitaxy
http://en.wikipedia.org/wiki/Indium_gallium_arsenide
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1.2.2 GALLIUM NITRIDE 

GaN is another III-V binary direct band-gap semiconductor material that currently 

is widely used in optoelectronic devices. Unlike InP, crystalline GaN material tends to 

have a wurtzite structure, shown in Fig. 1.4, but zinc-blende and rock-salt structures have 

also been observed under certain special conditions. This is because the electro-negativity 

of nitrogen atom is much larger than other group V elements, which leads to a higher 

ionicity in nitride semiconductors than in other III-V compounds such as the arsenides 

and the phosphides. Crystal structures with high ionicity tend to have the wurtzite 

structure.[10] Table 1.3 lists the crystallographic parameters of some important wurtzite 

III-nitride compounds and their common substrates.[11]  

 

 

Fig 1.4. Atomic structure of GaN single crystal with wurtzite structure. The yellow balls 

represent Ga atoms and the grey ones represent N atoms. 
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Table 1.3 Crystallographic parameters of some important wurtzite III-nitride compounds 

and their favored substrates. (The unit of lattice parameter is Angstrom and the unit of 

thermal expansion coefficient is 10
-6

 °C 
-1

) [11] 

 

 

The first GaN single crystal layers were grown in 1969 by Maruska at RCA 

(Radio Corporation of America) using hydride vapor phase epitaxy (HVPE).[12] He used 

a mixture of hot gaseous gallium chloride and ammonia to react in a temperature 

controlled quartz furnace, then GaN film was deposited on a foreign substrate as a result. 

HVPE has a high growth rate so it is difficult to precisely control the thickness of 

epilayer, such as a quantum well which is typically several nanometers in thickness. Later 

on, meta-organic vapor phase epitaxy (MOVPE) has been introduced for the GaN growth 

where the reactants were changed to be metal organic gas (e.g., trimethyl-gallium) and 

ammonia. MOVPE has lower growth rate but the resulting film had rough surface during 

initial attempts. This problem was first solved by Akasaki and Amano in 1986 by 

introducing a low temperature deposited buffer layer.[13] Crack-free GaN films with flat 

surfaces were accomplished then. Nowadays, the optimum MOVPE growth condition for 

GaN is typically at 1000-1100 °C with a V/III ratio of thousands at near-atmospheric-

pressure. Also, molecular beam epitaxy (MBE) is commonly used in scientific research 

institutions. MBE growth can direct elemental sources in ultra-pure gas form toward a 
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heated substrate under ultrahigh vacuum conditions (~10
-5

 to 10
-11

 torr). The growth rate 

is typically < 1 µm/hr, which is much lower than that of HVPE (~several hundred µm/hr) 

and MOVPE (~2 µm/hr). This low growth rate enables a precise layer-by-layer grow-

process, hence abrupt interfaces.  

 

 

Fig. 1.5. Band gap of some semiconductors vs their chemical bond length.[14] 

 

Si and Mg are commonly used as dopants for n-type and p-type III-nitrides. With the 

availability of both n-type and p-type materials, III-nitrides is widely applied to the 

optoelectronic devices such as LED and LD, because the band gap of InN, GaN, AlN, 

and their alloys can cover the whole visible spectrum as shown in Fig. 1.5.[14]  However, 

InxGa1-xN alloys exhibit phase separation via spinodal decomposition – this pseudo-

binary system has a miscibility gap between two species, shown in Fig.1.6.[15] Within 
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the spinodal region, when the free energy change is negative, the system becomes 

unstable leading to composition fluctuations. InxGa1-xN quantum wells (QWs) also suffer 

phase separation and form compositional-modulated “In-rich dots”, which may act as 

nonradiative recombination centers at extended defects in III-nitride LEDs.[16] On the 

other hand, control of the threading dislocations (TDs) introduced during growth is 

another challenge for III-nitrides. Due to the disorientated columnar growth of tilted, 

twisted, or a combination of these two grains, pure edge, screw and mixed TDs can be 

generated in GaN as sketched in Fig. 1.7 and Table 1.4.[17, 18]  These TDs, which 

usually have a density of ~10
9
 -10

10
 cm

-2
, and are considered as non-radiative 

recombination centers that degrade the optical properties.[19] 

 

 

Fig. 1.6. Binodal (solid) and spinodal (dashed) curves for the InxGa1-xN system, 

calculated assuming a constant average value for the solid phase interaction 

parameter.[15] 
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Table 1.4 Type of threading dislocations in III-nitrides and their Burgers vectors.[17] 

 

 

 

Fig. 1.7. Schematic diagram of the columnar growth of GaN on sapphire substrates, 

containing tilt (a) and twist (b) components with dislocations existing at the boundaries 

between grains.[18] 

 

1.2.3 ZINC OXIDE 

Zinc Oxide (ZnO) is an II-VI direct wide band gap (~3.37 eV at room temperature) 

compound semiconductor. Like most of the group II-VI binary compound 

semiconductors, it crystallizes in either cubic zinc-blende or hexagonal wurtzite structure. 

At relatively high pressures, it may have rocksalt structure. But at ambient conditions, the 

thermal-dynamically stable phase is the wurtzite structure, similar to GaN, as shown in 
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Fig 1.4. Gerward and Osen observed that the hexagonal wurtzite structure of ZnO 

undergoes a structural phase transformation with a transition pressure starting at 10 GPa 

and being complete at about 15 Gpa.[20] Also people have observed a clear wurtzite-to-

rocksalt transition statring at 9.1 GPa and completing at 9.6 GPa, resulting in a 16.7% 

change in the unit-cell volume.[21] Then upon decompression, ZnO reverts to the 

wurtzite structure at about 2 GPa, below which a single phase is present. For wurtzite 

ZnO single crystal, the lattice constants is about 3.24 Å for the a parameter and about 

5.20 Å for the c parameter. These lattice values could vary slightly due to point defects 

such as zinc antisites, oxygen vacancies, and extended defects such as threading 

dislocations. So, the c/a ratio varies  from 1.593 to 1.604 for wurtzite ZnO.  

Similar to GaN, ZnO thin films have a tendency to grow preferentially along 

(0001) orientation on various substrates, including glass, sapphire, and diamond.[22-24] 

Nowadays, high-quality ZnO single-crystal films are prepared by RF magnetron 

sputtering, molecular-beam epitaxy (MBE), pulsed-laser deposition (PLD), metal-organic 

chemical-vapor deposition (MOCVD), and hydride vapor-phase epitaxy (HVPE).[25-29] 

In comparison with GaN grown on sapphire, ZnO grown on sapphire has approximately 

equivalent x-ray diffraction (XRD) and photoluminescence (PL) line widths, and even 

lower dislocation density.[30] The improved quality of ZnO films has made it gain 

substantial interest in the research community over decades. ZnO highly n-type doped 

with Al or Ga is transparent to visible light and it is electrically conductive, so it has been 

widely used for optical coatings, such as energy-saving or heat-protecting windows.[31] 

Research effort on ZnO has been intensified lately for better understanding of its physical 

properties, developing high-quality ZnO crystals and nanostructures for device 
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applications because ZnO has some unique properties and advantages, leading it to some 

potential applications. For example, ZnO has a wide band gap and a large exciton binding 

energy (60 meV), which could lead to UV lasing action and bright emission even above 

room temperature. In addition, ZnO is also very favorable to nano-scale structures and 

devices because this material lends itself nicely to production of nanostructures from 

which functional devices have already been fabricated. Although ZnO has already been 

applied to industry because of its piezoelectric properties and band gap in the near 

ultraviolet, its application to optoelectronic devices has not been materialized due to the 

lack of reproducible and low-resistivity p-type epitaxial layers. This is partly due to 

strong self-compensation effects associated with potential p-type dopants. So, this issue 

need to be overcome before ZnO can be applied to practical use, as was the case for GaN.  

1.3 INDENTATION AND ITS APPLICATION TO SEMICONDUCTORS 

In semiconductor industry, each device production involves a lot of material 

processing, handling and fabrication, which would bring in significant contact load that 

could introduce plastic deformation or even fracture, leading devices to failure 

performances. Thus, the understanding of mechanical properties on such semiconductor 

materials is very important. Indentation has been the most commonly used technique to 

measure the mechanical properties of materials. The first test was performed by Brinell at 

the beginning of the 20
th

 century using a spherical and smooth steel ball as an indenter to 

characterize the hardness of materials by tracking the applied force and the penetration of 

the indenter.[32] After that, this technique was quickly adapted to industrial test because 

of the ease and speed with which it can be carried out. During that time, the typical size 

of an indenter was at millimeter scale, or even larger. By extending the Hertz model, 
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which solved the classical problem of an isotropic elastic material indented by a spherical 

frictionless indenter,[33] to anisotropic media and to a variety of indenter shape, load, 

and displacement sensing indentation testing was used as an experimental tool for 

measuring elastic modulus starting in the early 1970’s by Bulychev et al.[34, 35] As 

shown in Fig. 1.8, this is the schematic diagram of a typical indentation test and the load-

displacement curve. From the information extracted from the curve, some important 

mechanical properties such as hardness H and stiffness S can be analyzed according to 

the equations listed below.  

  
    

  
                         

  

  
 

 

  
           

Here, Ap is the projected area of the hardness impression. While the unloading stiffness is 

computed from a linear fit of the upper one-third of the unloading curve. Er is the reduced 

modulus determined from the equation 

 

  
 

      

 
 

     
  

  
        

Where E and γ are Young’s modulus and Poisson’s ratio for the specimen and Ei and γi 

are similar parameters for the indenter. 

Later on, with the development of imaging technique for the indent, indentation 

test has been extended down to smaller scales, which makes instruments capable of 

accurately measuring loads as small as nano-newton and displacements of about 0.1 nm 

throughout an indentation. The developments of nanoindentation techniques, atomic 

force microscopy (AFM) and the interface force microscopy (IFM), which are ideal for 

imaging of nanometer-scale indents, enable in situ imaging of an indentation, providing 

important information about the deformation and cracking.[36-38] It has been widely 
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used to estimate the deformation in a very small volume, such as the estimation of the 

fracture toughness of some ultrathin films, which cannot be measured by conventional 

indentation tests.  

 
Fig. 1.8. (a) is the schematic figure showing the indentation and some important 

parameters. R is the radius of curvature of the indentation tip, and hc is the vertical depth 

of the tip that is in contact with the sample; Hmax is the penetration depth of the tip from 

the surface; Pmax is the maximum load; (b) is a typical load Vs penetration depth curve. 

 

 

On the other hand, recent studies have shown that alterations of the near-surface 

crystal structure can be used for growth of semiconductor nanostructures at specific 

surface sites.[39, 40] Atomic force microscope and nano-indentation tips have recently 

been used to produce surface patterns in order to control the site nucleation of 

semiconductor nano-structures. The patterns were created as shallow indentations on the 

semiconductor surface, which resulted in mechanical deformation of the semiconductor 

with the introduction of dislocations. As shown in Fig. 1.9, atomic force nanolithography 

is exerted on an InP substrate to grow InAs nanostructures.[41] The left image (a) shows 

the indentation pits produced by the AFM tip with a controllable force, and in figure (b) 

on the right, it is observed that the nano-crystals are controllably grown on the 

indentation pits. While figure (c) shows the influence of the increasing applied normal 
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indentation force on the nucleation of nano-crystals.  It reveals that it is not the pits 

themselves but the deformation-induced dislocations that could control the growth pattern 

of nanostructures. On the other hand, to take the advantage of the controllable lateral 

movement of the AFM tip, nano-scratching can be exerted, which is another way to 

introduce measurable deformation. The grooves produced by nano-scratching have been 

used to grow nano-crystal arrays.[42] Therefore, nano-indentation as well as nano-

scratching can not only be used to measure mechanical properties of semiconductor 

materials, but also for growth of semiconductor nano-structures. 

 

Fig. 1.9. SEM images of nano-indentation pits and the nano-crystals growth site-

controlled by the pits.[40] 

 

1.4 INTRODUCTION OF MECHANICAL DEFORMATION 

As described above, an indentation (or scratch) could introduce mechanical 

deformation when the tip contact with material surface with certain load. So it is 

important to understand the mechanical deformation process. This kind of study was 

mostly exerted on metals or amorphous materials. A typical stress-strain curve for ductile 
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metal wire is sketched in Fig. 1.10. From the curve, the stress is linearly proportional to 

the strain up to the proportionality limit, with a small non-linearly extension to the elastic 

limit. From the original point to the elastic limit, the deformation is reversible during 

loading/unloading and this region is called elastic region. If the stress is applied beyond 

elastic limit, the yield point would be reached, which will cause the material to be 

deformed permanently. At the end of the unloading, there would exist a permanent strain 

(usually referred to be a “set”) in the material.  This kind of deformation is called plastic 

deformation. It is important to notice that beyond elastic limit, the curve covers a 

relatively large strain region within a very small, almost negligible stress change. And we 

call this kind of region yielding region. After the yielding region, the load needs to 

increase for additional strain to occur. This effect is called strain hardening, which is 

associated with an increased resistance to slip deformation. Then if the loading is 

continued beyond the ultimate stress, the cross-sectional area of the material decreases 

rapidly until it starts fracture. The region between the ultimate stress and fracture point is 

called necking region. 

 

Fig. 1.10. A typical stress-strain curve for ductile metal wire. 
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Lately, the study of mechanical deformation on some semiconductor crystals, 

such as Si, InP, and ZnO has been emphasized considering the rapid growth of 

semiconductor industry. Similar with the description on the metals above, these 

semiconductor crystals undergo elastic, plastic deformation sequentially as the applied 

stress increase until reach fracture point. However, compared to the ductile metal, these 

semiconductor crystals are much more brittle. So when the applied stress reaches the 

yield point, instead of yielding in a form of flow, the crystal is more likely to be hardened 

with dislocation generation, propagation and locking. It is because with small elastic 

recovery region (<0.1% for most semiconductor crystals), to conform the crystal surface 

with the shape of the tip, shear stress gradient between slip planes could easily build up 

then lead to a slip step on the surface, meanwhile, to form a dislocation in the crystal. As 

the tip keep advancing into the crystal, more and more steps are formed to conform the 

shape of the tip. And more and more dislocations are generated. These dislocations tend 

to propagate into the crystal until they are locked or pinned with each other. With these 

locking and pinning, the crystal material becomes strain hardening.  Take an indentation 

on InP for example. It has a zinc-blende structure, which has a <110>{111} slip system. 

When a spherical indenter is applied on the crystal surface, slip steps could occur at the 

surface, dislocations are generated in front of the slip steps and propagate in certain {111} 

slip planes as sketched in Fig. 1.11.[43] 
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Fig. 1.11. Indentation induced plastic deformation happened in InP single crystal with the 

activation of slip planes below the tip.[43] 

 

 

1.5 OUTLINE OF DISSERTATION 

The work described in this dissertation is the study on some common compound 

semiconductors by using transmission electron microscopy (TEM) as well as some other 

characterization techniques. The experimental techniques involved in this study, such as 

cathodoluminescence (CL), scanning transmission electron microscopy (STEM), and 

atomic force microscopy (AFM) are reviewed in Chapter 2. Starting from Chapter 3 to 

Chapter 7, some of my research work and important results are described. This work can 

be generally summarized into two aspects. One is the study of defects generated during 

nano-scale plastic deformation introduced by contact loads on different semiconductor 

structures. Using conventional TEM diffraction analysis and CL, the microstructure, and 
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optical properties of nano-scratched InP single crystal, nano-indented ZnO single crystal 

and GaN films are discussed in Chapter 3 and 4. Chapters 5 and 6 describe fundamental 

material issues related to the III-nitride alloys and their optoelectronic devices. Chapter 5 

represents the compositional inhomogeneity in GaInNAs and Chapter 6 discusses the 

compositional instability in the lattice-matched InAlN/GaN epitaxy. Finally, in Chapter 7 

the main findings of this dissertation are summarized and some future work is suggested.  
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 NANOINDENTATION AND NANOSCRATCHING 

2.1.1 NANOINDENTATION USING A NANOINDENTER SYSTEM 

The nano-indenter is an apparatus that allows the study of mechanical properties 

of materials via indentations and scratches. It basically consists of a tip, similar to the 

ones used in atomic force microscopy, a piezoelectric ceramic which controls the 

positioning of the tip on the sample, a transducer which controls the force applied and the 

displacement during the indentation, a stage with its movement controlled by 

piezoelectric ceramics, and a system of acoustic insulation – a suspended workbench. The 

nano-indenter used in this thesis is a Triboscope Hysitron installed in the Van de Graaff 

Laboratory at PUC-Rio. The tip has a conospherical shape with a radius of 260 nm, as 

shown in Fig. 2.1. 

 

Fig. 2.1. Photos of the nanoindenter system set-up and its conospherical tip. 
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2.1.2 NANOSCRATCHING IN AN ATOMIC FORCE MICROSCOPE (AFM) 

The AFM is a microscope which belongs to the group of Scanning Probe 

Microscopes (SPM). They are basically composed of a probe, a piezoelectric ceramics to 

position the sample, a feedback system that controls the vertical position of probe, and a 

computer that controls the sample, stores data and converts them into images. The AFM 

tip is fixed at the end of a rod, known as cantilever as sketched in Fig. 2.2(b). The sample 

is fixed on a stand and positioned over the piezoelectric ceramic, which can move in the x, 

y and z directions by applying a voltage. Therefore, as the tip scans over the surface, 

topographic changes on the sample surface imply variations in the interaction force 

between tip and surface causing a deflection of the cantilever, which is recorded by a 

laser reflecting on the end of the cantilever and striking on a photo detector connected to 

an acquisition system. The topographic analysis can be operated in either contact mode or 

no-contact mode. In contact mode, the tip is placed in "contact" with the sample; while in 

non-contact mode cantilever is set to vibrate with low amplitudes. 

As shown in Fig. 2.2(a), the AFM, used for lithography of the patterns and for the 

characterization of patterns exhibited in this thesis, is a MultiMode model equipped with 

a controller IIIa of Veeco installed in the Van de Graaf Laboratory at PUC-Rio. To 

perform lithography, AFM was set in contact mode at approximately constant force to 

indent and scratch the surface. The tip is a diamond grit with three pyramidal faces {110}, 

which has a radius of curvature of ~60 nm, pointing in the [111] direction of diamond.  

The stainless steel cantilever has a spring constant of 132 nN/nm. In order to create nano-

scratch patterns, the force that the tip makes on the sample surface is increased to a 
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desired value and then the sample is moved with respect to the tip. A trench is left on the 

surface when the force is great enough to produce plastic deformation in the material. 

 

Fig. 2.2. (a) Photo of the nano-scratching system in AFM, and (b) schematic diagram 

showing essential components of an AFM. 

 

2.2 MATERIAL CHARACTERIZATION 

2.2.1 CATHODULUMINESCENCE 

Cathodoluminescence (CL) is the generation of light that results from the 

interaction between electron exposure (source) and a material. When an electron beam 

impacts on a semiconductor material, electrons from the lower energy state are promoted 

into higher energy states, leaving behind empty states known as holes. When an electron 

and a hole recombine, it is possible for a photon to be emitted. The luminescence can be 

divided into two types. (1) intrinsic type, due to electron-hole pair recombination that 

involves a transition of an electron from the conduction band to the valence band, and (2) 

extrinsic type, due to carrier recombination via impurity states within the band. Usually, 

the CL system is installed in a scanning electron microscope (SEM) to achieve versatile 
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characterization capabilities. The high spatial resolution in the SEM enables 

characterization of the light emitted from regions as small as tens of nanometers, up to 

the millimeter scale, which makes CL suitable for analyzing luminescent details related 

to fine microstructure features as well as looking at large area emission representing bulk 

properties. The CL system used in this dissertation is shown in Fig. 2.3, and consists of 4 

main parts: (1) SEM, (2) parabolic mirror, (3) spectrometer, and (4) photon detector, 

which in our case is a photomultiplier tube (PMT). The SEM is a JEOL 6300 equipped 

with a LaB6 thermionic electron gun.  

 

Fig. 2.3. Image of the CL system used in this dissertation. 

2.2.2 TRANSMISSION ELECTRON MICROSCOPE 

Material properties can always be traced back to the type of atoms, atomic 

configuration, and their arrangement into microstructures. Transmission electron 

microscopy (TEM) is a powerful technique for material characterization, especially for 
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micro-structural features. In a TEM, a beam of electrons is transmitted through an ultra 

thin specimen, interacting with the specimen as it passes through. An image is formed 

from the interaction of the electrons transmitted through the specimen; the image is 

magnified and focused onto an imaging device, such as a fluorescent screen, on a layer of 

photographic film, or to be detected by a sensor such as a CCD camera. Nowadays the 

TEM resolution can be pushed into the sub-angstrom regime.[2, 3]  

TEM techniques involved in this dissertation can be summarized into three parts: 

(a) electron diffraction, (b) diffraction contrast, and (c) high-resolution (HR) imaging, 

which will be introduced in the following paragraphs.  

When a wave passes through a periodic structure whose periodicity is of the same 

order of magnitude as the wavelength, the emerging wave is subject to interference, 

which produces a pattern beyond the object. In the same way, electrons can be diffracted 

by a crystal, and the pattern of spots gives information about the crystal lattice, including 

shape, orientation and the spacing of lattice planes. Taking wurtzite GaN as an example, 

Figure 2.4 shows the typical diffraction pattern (DP) along the         zone axis. 

Considering the structure factor for wurtzite GaN, (0001) diffraction is forbidden under 

the kinematical approximation. But it is often appears as a weak spot in this zone because 

of the double dynamically excited diffraction from allowed         and         planes. 

However, it can never be excited by dynamic diffraction under         zone because it 

cannot be acquired by superposition of the allowed diffraction with this zone, as shown in 

Fig. 2.5. 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Focus_(optics)
http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/CCD_camera
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Fig. 2.4. Diffraction pattern of wurtzite GaN acquired along         zone axis. 

 

Fig. 2.5. Diffraction pattern of wurtzite GaN acquired along         zone axis. 
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Based on the diffraction conditions, another TEM technique called diffraction 

contrast is commonly used particularly in the investigation of crystal defects, such as 

dislocations, stacking faults, grain boundaries, and precipitates. Every defect can be 

characterized as a local displacement off the perfect crystal atom positions. The 

amplitude of the diffracted wave is sensitive to the displacement vector Δr and to the 

deviation parameter s (s indicates how much the diffraction vector is away from exact 

Bragg condition: Δk=g) as indicated in this following equation: 

         
      

 

       
              

 

       
           

 

 

By comparing the defected region with the perfect crystal matrix, the phase difference of 

     will determine the image contrast of the defects. They are out of contrast 

when       , which is the criteria usually used to determine the Burger’s vector of 

dislocations.  

For an improved visualization of dislocations, weak-beam dark-field (WB-DF) 

images are often adopted for producing sharp dislocation lines. The diffraction contrast 

depends on the deviation parameter s. The exact Bragg condition (s=0) is poor for 

imaging dislocations since diffraction contrast will be shown over a large area with a 

crystal plane distortion close to the dislocation core, causing a wide and fuzzy image of 

the dislocation.[5] A positive deviation vector is desired under which the diffraction 

contrast will be asymmetric around the dislocation core, and the darker contrast side in 

the dark-field image is indistinguishable with the background intensity. Therefore, the 

dislocations will appear as sharp bright lines in the weak-beam dark-field images.  
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Fig. 2.6. Schematic diagram of g/3g WBDF condition. The vertical direction is the optic 

axis in the TEM. 

 

 

In practice, g/3g weak beam condition is often used, which is illustrated in Fig. 

2.6. To obtain this condition, the specimen is firstly tilted to a two-beam condition, where 

the g diffraction spot is strongly excited. Then the DF beam deflection coils are used to 

change the direction of incident beam, which is equivalent to rotating the Ewald sphere in 

reciprocal space until the 3g reflection spot is strongly excited while the g reflection spot 

on the optic axis becomes weak. Finally, an objective aperture is used to select the weak 

g beam to form imaging contrast. One limitation of the diffraction contrast technique is 

that the position of the dislocation image is not exactly the real position of dislocation 

core, because this contrast is rather a result of the variation of orientation of crystal planes 

around the defects than the defects themselves.  
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In order to directly visualize the structural nature of a crystal, high-resolution 

TEM (HRTEM) technique is often used, which allows imaging of the crystallographic 

structure at the atomic scale. When the incident beam passes through the specimen, as a 

result of the interaction with the sample, the electron exit wave function is determined by 

the atomic potential. The phase difference between the exit wave and the incident wave 

peaks at the location of the atom columns can be reconstructed to form the image wave in 

the imaging plane (films or CCD). However, it is important to realize, that the recorded 

image is not a direct representation of the samples crystallographic structure. The 

relationship between the exit wave and the image wave is highly related to the 

components of the microscope, described by the contrast transfer function: 

                          

Here      is the aperture function.      is the envelope function. And      is the function 

related to the aberrations of the electron optical system. 

Both phase-contrast and diffraction-contrast images presented in this dissertation 

were recorded using either a JEOL JEM-4000EX high resolution electron microscope 

operated at 400 KV or a Philips CM200-FEG high resolution electron microscope 

operated at 200 KV. 

2.2.3 SCANNING TRANSMISSION ELECTRON MICROSCOPY AND ENERGY 

DISPERSIVE X-RAY SPECTROSCOPY 

A scanning transmission electron microscope (STEM) is also a type of TEM, 

which is distinguished from conventional TEM by focusing the electron beam into a 

narrow spot which is scanned over the sample in a raster manner. As sketched in Fig. 2.7, 

the image-forming lens focuses the electron beam to form an atomic scale probe at the 
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specimen, and two pairs of scan coils are used to raster the probe over the sample. When 

the focused electron beam pass through the thin sample, different types of signals can be 

generated. The transmitted electrons within a relatively low scattered angles (<10 mrad) 

with respect to the optic axis are used to form bright field images; scattered electrons at 

relatively high angles (~10-50 mrad) can be detected by an annular dark field (ADF) 

detector for form annular dark field images; while electrons scattered to even higher 

angles (~50 mrad) can form so-called high angle annular dark field (HAADF) images. X-

ray generated from the interaction between the electron beam and sample is used to 

obtain energy-dispersive X-ray spectroscopy (EDS), providing information about the 

chemical formation and elemental distribution of the sample. There is another technique, 

called electron-energy loss-spectroscopy (EELS), used to extract information of local 

chemical variations by analyzing transmitted electrons that have lost measurable amounts 

of energy when passing through the sample.[6, 7]  

Since HAADF images are formed by collecting incoherently scattered electrons at 

very high angles (~50 mrad), the image contrast is strongly dependent on the sample 

thickness and atomic number Z, so this technique is often referred as Z-contrast imaging. 

And the dependence of the imaging contrast to atomic number Z is in the form of I~Z 
n
, 

where the n is in the range between 1.6 and 1.9 depending on the inner and outer ADF 

detection angles.[8] The HAADF images and EDS spectroscopy reported in this 

dissertation were taken using an JEOL 2010 F TEM operated at 200 kV. The focused 

probe size was chosen to be 0.2 nm for STEM imaging mode, and the camera length was 

chosen to be 6 cm. 
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Fig. 2.7. Schematic diagram representing essential components of a STEM. 
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2.3 TEM SAMPLE PREPARATION 

2.3.1 CONVENTIONAL SAMPLE PREPARATION 

For cross-sectional TEM observation, TEM foils have to be firstly prepared. In 

this dissertation, TEM samples described in chapter 5 and 6 are prepared using 

conventional methods-wedge polishing and dimpling.  

As to wedge polishing, samples were cut into slabs with sizes of about 2.5mm × 

1.5mm using a diamond blade, then the two pieces were glued together using M-bond, 

with the expitaxial film layers facing each other. Mechanical polishing was first operated 

on one side successively using 30, 9, 6, 3, 1 and 0.5 µm diamond lapping films until this 

side was smooth without any scratches. After that, the other side was polished using the 

same lapping film sequence in addition to the introduction of a 2° wedge angle when 

changing to the 9 µm lapping film. Mechanical polishing was stopped when the thin area 

started showing fringes and both sides were scratches-free. The samples were then glued 

to the copper grids suitable for the TEM sample holder. Finally, the specimens were 

thinned by argon ion-milling at 3.5~4.0 keV followed by a low energy cleaning at ~2 keV, 

using double-mode of the Gatan Model 691 precision ion polishing system (PIPS). A 

liquid-nitrogen-temperature cooling stage was used for some materials to minimize any 

thermal or ion-beam damage.[9] 

As to dimpling, samples were also cut into slabs with sizes of about 2.5mm × 

1.5mm using a diamond wafer blade. Then the four slabs were glued together using M-

bond, with face-to-face expitaxial film layers. Mechanical polishing successively using 

30, 9, 6, 3, 1 and 0.5 µm diamond lapping films on both sides, followed by dimpling 

using a copper wheel first then cloth wheel, typically reduced the sample thicknesses to ~ 
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10 µm. Then the 10 µm pieces were glued to copper grids for final thinning by PIPS at 

3.5 keV followed by a low energy cleaning at ~2 keV, until small holes were formed in 

the films. A liquid-nitrogen-temperature cooling stage was used to minimize any thermal 

or ion-beam damage. 

 

2.3.2 FOCUSED ION BEAM 

Focused ion beam (FIB) technique was also used for TEM cross-sectional sample 

preparation on the nanoindented and nanoscratched samples in Chapter 3, 4 and 5. Most 

instruments combine the scanning electron microscope (SEM) with the FIB column, 

forming the so-called “Dual Beam” systems. The FIB system uses a Ga
+
 ion beam to 

raster over the surface of a sample in a similar way as the electron beam in a SEM. The 

generated secondary electrons (or ions) are collected to form an image of the sample 

surface.  The major advantages of FIB over conventional TEM specimen preparation 

methods are that samples can be extracted from specific regions, and large uniform thin 

areas can be obtained. However, the energetic Ga
+
 ion-beam induces sample damage in 

FIB-prepared TEM samples. Ga
+
 ions can be implanted into the TEM specimen, which 

would affect the local chemical composition of the material. Also this kind of 

implantation can introduce critical amorphization of the TEM specimen surface.[10] 

Sample preparation by FIB in this dissertation was performed in an FEI Nova 200 

system. A ~1 µm-thick platinum layer was first deposited over the area of interest to 

prevent ion damage, as illustrated in Fig. 2.8. The piece was lifted out with an Omni 

probe. After that, this piece was attached to the copper grid followed by further thinning 

with successively decreasing current (from 7 nA to 0.1 nA in steps). Low-energy low-
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current milling (5 kV, 45 pA) was operated to the specimen during the final stage of 

milling. Typically the FIB-prepared XTEM sample has a thickness of less than 100nm. 

 

 

Fig. 2.8. A series of SEM images showing the procedure of TEM sample preparation by 

FIB. 
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CHAPTER 3 

NANOSCALE DEFORMATION OF INP SINGLE CRYSTALS BY 

SCRATCHING WITH AN ATOMIC-FORCE MICROSCOPE TIP 

This chapter presents the microstructure of (001) InP crystals scratched in an 

atomic force microscope with a  diamond tip as a function of crystallographic direction 

and applied normal force, in order to understand the deformation mechanism of zinc-

blende structure at the nanometer scale. This work was carried out in collaboration with 

Prof. Rodrigo Prioli and colleagues at Universidade Católica do Rio de Janeiro. The 

nano-scratching and AFM imaging were performed by Paula Galvão Caldas and C. M. 

Almeida at Universidade Católica do Rio de Janeiro. My role in this work involved 

micro-structural characterization using focused ion beam and transmission electron 

microscopy, and analysis of the deformation mechanism. The major results of this study 

have been published. * 

 

 

 

 

 

 

 

 

(*) J. Y. Huang, F. A. Ponce, P. G. Caldas, C. M. Almeida, and R. Prioli, 

“Microstructure of nano-scratched semiconductors”, J. Phys.: Conf. Ser. 326, 012061 

(2011)  
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3.1 INTRODUCTION 

Achieving control of matter at the atomic scale is of major importance for 

nanotechnology applications. By the controlled introduction of defects, materials 

properties of technological importance can be modified at the nanometer scale. 

Indentation techniques allow the introduction of plastic deformation at specific locations 

in a crystal, and recent reports indicate that nanoscale lithography on semiconductors by 

indentation techniques causes site-selective growth of nanostructures.[1-5] It has been 

observed that nucleation of nanocrystals is achieved by the presence of dislocations 

generated by the indentation, rather than by the morphology of the indentation pits.[6] It 

thus becomes necessary to understand at the nanometer scale the indentation process and 

the nature of the resulting crystal defects. To achieve this objective, the atomic force 

microscope (AFM) and nano-indenter testing instruments have been used to apply 

measureable forces on regions with atomic scale dimensions.[7-9] By regulating the force 

exerted by the indenting tip, dislocations are controllably introduced by slip over 

nanometer-scale lengths.  The introduction of crystal defects modifies the local 

microstructure, which can be studied by cross-section transmission electron microscopy 

(TEM). The availability of focused ion beam (FIB) milling has allowed the production of 

thin TEM foils containing the indented region. TEM observations of indentations using 

micron size tips in Si, InP, GaAs and GaN have been reported, where the deformation 

happens by slip on the {111} planes of the diamond and zinc blende structures, and on 

the         and {0001} planes in the wurtzite structure.[10-14]  

The availability of AFM tips with radius of curvature of less than 100 nm opens 

the opportunity to study the defect structure generated within very small volumes.  
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Taking advantage of controllable lateral movement in the AFM, scratching with the tip 

provides another method of achieving nano-scale deformation. By applying a normal 

force with a stationary tip, while the crystal is being moved with constant speed in a 

specific direction, linear arrays of crystal defects can be controllably introduced.[15] 

Dislocations have been found to be confined in a well-defined volume below the scratch, 

and to act as nucleation sites for growth of linear arrays of nanocrystals.[16] Some recent 

studies show that crystalline defects introduced by nanoindentation and nanoscratching 

are different in nature,[17] but the deformation mechanisms in nanoscratching have been 

hardly explored. We report here on a study of the structural properties related to elastic 

and plastic deformation resulting from nanoscratching (001) surfaces of InP crystals. We 

have performed nanoscratches using a sharp AFM tip, under various applied normal 

forces and along different crystalline directions to analyze the nanoscale deformation 

mechanisms in the zinc blende crystal structure. 

3.2 EXPERIMENTAL DETAILS 

  The crystals used in this study were produced by growing an InP epilayer with a 

thickness of 500 nm by metal organic vapor phase epitaxy at 630 °C and 50 mbar, on epi-

ready wafers of semi-insulating (001) InP. The InP film was grown with the purpose of 

minimizing surface damage resulting from wafer cutting and polishing. An AFM 

equipped with a nanoindentation cantilever was used to scratch the surface along the 

<100> and <110> crystal directions, producing a periodic array of scratches with applied 

normal force values of 7.5, 15, 30, 60, and 120 µN.  The scratching velocity was kept 

constant at 120 m/s. The cantilever made of stainless steel was 400 μm in length with an 

elastic constant of 310 N/m. It makes an angle of 12 degrees with the cantilever holder.  
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Fig. 3.1. Configuration of the AFM tip used in this study.  (a) Secondary electron image 

of portion of the cantilever that includes the diamond tip. (b) Schematic side view of the 

tip geometry during scratching. (c) TEM image of the contact area of the AFM tip, 

viewed along the cantilever length projection. (d) Schematic representation of the TEM 

lamella sectioning in relation to the AFM tip configuration. 

 

A diamond crystal tip was mounted at one end as shown in Fig. 3.1(a).  The diamond tip 

has an elliptical shape with radii of curvature of ~ 60 nm and ~120 nm along the minor 

and major axes, respectively. The major axis is parallel to the scratch direction. A 

schematic lateral view of the diamond tip setting is shown in Fig. 3.1(b). Figure 3.1(c) is 

a TEM image of the diamond tip taken perpendicular to the cantilever length, showing 

the shape of the tip normal to the scratch direction.  The buckling of the tip during a 

scratch was of the order of arc-seconds for the range of applied forces used in this study. 

Under similar conditions, interaction between parallel scratches was observed to lead to 

hardening for scratch separations of less than 80 nm, in this range of applied forces.[18] 
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In order to minimize the interaction between adjacent scratches we have used a scratch 

separation of ~ 700 nm. Thin lamella of the scratched semiconductor crystal were 

prepared in cross-section for TEM, using a focused ion beam (FIB) in a Nova 200 UHR 

FEG (FEI) system, for projected views along the direction of the scratch lines as shown 

in Fig. 1(d). A layer of platinum, about 1 µm thick, was deposited over the surface of the 

scratched region of the semiconductor for protection from damage during the ion beam 

milling process.  The deepest scratches at 120 µN were readily observable in secondary-

electron images, and thus were used as reference for the lift out process by FIB, in order 

to produce a region with 5 µm in width that covered a full period of scratches. The 

microstructure of scratched crystal was studied by diffraction contrast TEM using a JEOL 

4000EX instrument operated at an accelerating voltage of 400 kV and a Philips CM200-

FEG system operated at an accelerating voltage of 200 kV. 

3.3 RESULTS  

3.3.1  MICROSTRUCTURE OF SCRATCHES ALONG <110> ORIENTATION 

 Figure 3.2 shows the surface morphology as observed by AFM and the 

microstructure by TEM of a sequence of scratches parallel to a <110> direction with 

different normal forces.  The top AFM image shows that the scratch depth increases with 

the normal force, and pile-ups distributed asymmetrically on the sides of the scratch.  

Using diffraction contrast as shown in the bottom TEM image, we observe scratch-

generated dislocations for forces of 15 µN and above. The 7.5 µN scratch shows no 

defect contrast, which indicates that only elastic deformation occurs with no residual 

impression on the surface, consistent with the AFM image.   



45 

                                                                                                                                
Fig. 3.2. Morphology and microstructure of the scratches along <110> direction under 

applied normal forces of 7.5, 15, 30, 60, and 120 μN. (top) AFM profiles showing the 

surface morphology.  (bottom) Diffraction-contrast TEM image taken in cross-section 

under g = (002).  The horizontal scale is the same for the AFM and TEM images. 

 

To see the defects more clearly, images shown in Fig. 3.3 were taken at higher 

magnification of the same scratches providing more details about the defect 

microstructure for forces increasing from 15 µN to 120 µN. It is observed that 

dislocations appear below the scratch when using forces of ~15 µN and higher.  This is 

related to a critical shear stress for plastic deformation for the crystal slip systems. At a 

normal force ≥ 30 µN, an inverted triangular region with high density of defects is 

observed right below the tip contact region, and beside the triangular region quasi-

symmetric dislocation bands were observed. At higher loads, the dislocations propagate 

deeper into the material and the size of the inverted triangular region and quasi-

symmetric dislocation patterns become larger.  The shapes of the defect region always 

look similar and the width of the inverted triangular region follows the curvature of the 

contact region between the AFM tip and the InP surface. Neither cracks nor fracture has 

been observed for any scratch in our study. At a load of 120 µN, surface discontinuities 

are observed at the intersections of the triangular region and the surface, namely a “pop-

up” event. 
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Fig 3.3. Bright-field cross-section TEM images of <110> scratches using different 

applied normal forces, under g = (002).  Under this diffraction condition, all dislocations 

lying on {111} planes are visible.  The InP crystal is covered by a 25 nm thick layer of 

amorphous carbon followed by platinum. The morphology of the platinum follows the 

InP surface. 

 

 To identify the nature of dislocations generated by the <110> scratching, a series 

of TEM images were taken under different diffraction conditions.  Figure 3.4 shows the 

microstructure characteristics of a scratch with an applied force of 120 µN. In Fig. 3.4(a) 

corresponding to diffraction conditions g1 =         the presence of deep dislocation loops 

on the right and shallow loops on the left is noticeable. Similarly in Fig. 3.4(b) under g2 = 

       deep loops to the left and shallow ones to the right are observed; while all loops 

are visible under g3 =        in Fig. 3.4(c). The TEM diffraction contrast of a dislocation 
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with Burgers vector b becomes invisible when g.b = 0.  Therefore, we can conclude that 

the deep loops on the right and the shallow ones on the left in Fig. 3.4(a) have Burger’s 

vectors that lie in the         plane.  The Burger’s vectors of the deep loops on the left 

and the shallow ones on the right in Fig. 3.4(b) lie in the        plane. The main slip 

system in the FCC lattice is <110>{111}, so the Burger’s vector of the dislocations loops 

are of the 1/2<110> type lying on the        and        planes. The dislocation density in 

the inverted triangular region is significantly higher, so it is difficult to image them 

individually in order to determine their nature. Nevertheless, they should be associated 

with the interaction of loops on different {111} slip planes, which will be discussed later. 

 

 

Fig. 3.4. Bright-field images of the <110> scratch with F = 120 µN, taken with various 

diffraction conditions: (a) g1 =       , (b) g2 =       , (c) g3 =       . 
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3.3.2  MICROSTRUCTURE OF SCRATCHES ALONG <100> ORIENTATION  

To learn about the dependence of the microstructure on the scratch direction, 

scratches along the <100> crystal direction were also studied. Figure 3.5 shows the 

surface morphology as observed by AFM and the microstructure by TEM of a sequence 

of scratches parallel to a <100> direction under various normal forces.  The top AFM 

image shows that the scratch depth increases with the normal force, and the development 

of a smooth pile-up on both sides of the scratches that become prominent at higher 

normal forces.  The TEM image on the bottom shows no visible contrast for scratches 

with applied normal forces of 7.5 and 15 µN, with the onset of plastic deformation 

occurring at ~ 30 µN instead of ~ 15 µN as observed in the <110> case.  

 

Fig 3.5. Morphology and microstructure of the scratches along a <100> direction under 

the various applied normal forces. (top) AFM profiles showing the surface morphology.  

(bottom) Diffraction-contrast TEM image taken in cross-section under g = (002).  The 

horizontal scale is the same for the AFM and TEM images. 

 

Figure 3.6 shows cross-section TEM images of scratches along the <100> 

orientation taken at a higher magnification, with applied normal forces increasing from 

15 µN to 120 µN. Unlike the <110> scratches in Fig. 3.3, in which the defect regions 

keep the same pattern when the applied normal force increased from 30 to 120 µN, the 

defect regions generated by <100> scratches display different patterns. When the applied 
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normal force is 30 µN, the defect region consists of two triangular arms as observed in 

Fig. 3.6. The long sides of these two triangles form an angle of ~ 27º with the surface. 

With increasing normal force, the defect region turns out to be a single inverted triangle, 

whose sides are observed to make an angle of 45º with the surface, which is observed to 

dominate the image contrast at 120 µN. This change of defect morphology should be 

associated with the force interaction to the crystal structure during scratching, which will 

be discussed later.  No “pop-up” event has been observed at any force for scratches along 

the <100> direction. The scratching surface is always smooth without any discontinuity. 

Material pileup on both sides of the scratch, and a high stain field under the two sides of 

the scratch are observed.  

 
Fig. 3.6. Bright-field cross-section TEM images of <100> scratches using different 

applied normal forces, taken at higher magnification under g = (002). 

 



50 

As with the <110> scratches, a series of TEM images were taken from a <100> 

scratch with the highest normal load under different diffraction conditions, the results are 

shown in Fig. 3.7. We observe many short dislocation segments and small loops. The g.b 

analysis shows that these segments and loops are mostly visible when they are along the 

g direction and becomes invisible when they are perpendicular to the g direction, 

indicating that these dislocations are also mostly of screw type.  

 

 

Fig. 3.7. Bright-field TEM images of the <100> scratch with F = 120 µN, taken under 

various diffraction conditions: (a) g1 =       , (b) g2 =       , (c) g3 = (022). 

 

 

3.4 ANALYSIS AND DISCUSSION 

3.4.1  NORMAL VERSUS LATERAL FORCES DURING NANOSCRATCHING 
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The onset of plastic deformation, defined as the nucleation of the first dislocation, 

is found to depend on the direction of motion of the tip, as observe for our (001) InP case 

in Figs. 3.2 and 3.5.  It happens at a normal force of ~ 15 µN for the <110> case, and at ~ 

30 µN for the <100> case.  The defect structure is a result of normal and lateral forces 

acting together on the crystal surface. The applied normal force by itself results in an 

indentation pit due to atomic scale slip events consisting of dislocation generation and 

propagation as the surface of the crystal conforms to the tip shape.  These dislocations 

form a work-hardened region with an inverted pyramidal shape and a high density of 

dislocation loops immediately below the tip.[23] The hardened pyramidal region acts as 

an effective tip generating elongated dislocation loops in symmetric bands that propagate 

deep into the crystal. From this perspective, the contribution of the normal force to the 

scratch morphology is expected to be independent of the scratch direction. On the other 

hand, motion of the tip generates a lateral force that consists of two parts. One is the 

frictional force between the tip and the surface, and the other is associated with the 

conformity of the surface of the crystal to the curvature of the tip. For low values of the 

normal force, the lateral force is of a frictional character, and the effect on the crystal is 

elastic deformation and heat generation. At sufficiently high normal forces, the critical 

shear stress for plastic deformation is exceeded, and the surface begins to conform to the 

tip shape by the slip of crystal planes.  In order to adapt to the curvature of the tip, the 

lattice planes must glide and create steps at the surface; steps that accommodate the 

surface to the shape of the tip (equivalent to a lateral indentation). During this process, in 

addition to the frictional character, the lateral force starts plowing into the material, 

leaving a groove along the scratch line and pile-ups on both sides of the groove and on 
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the front side of the tip. At higher normal forces, hardening of the crystal takes place, 

leading to possible fracture, with the formation of cracks and powder-like particles that 

get detached from the crystal.  At even higher normal forces, plowing of the crystal will 

lead to significant fracture and breakage. 

3.4.2  CONTACT AREA DURING SCRATCHING 

Understanding the nature of the contact area is important in the discussion of 

plastic deformation due to scratching.  A schematic diagram of the scratch geometry is 

shown in Fig. 3.8.  For a rigid crystal, only the forward part of the tip contacts the surface 

during the scratch. In the elastic-plastic case, however, the contact area between the tip 

and the crystal depends on the amount of elastic recovery at the rear of the tip.  This has 

been simulated by finite element modeling for scratches on elastic and perfectly plastic 

materials.[24] In a first approximation, for the case of pure plastic deformation, the 

subsequent elastic recovery at the rear of the tip can be neglected, and it can be assumed 

that in the case of InP the major contact with the crystal surface is at the front section of 

the tip.  Values of the contact area and normal stress calculated in this manner are shown 

in Table 3.1.  In the <110> case, for example, for a semispherical contact area with radius 

R = 60 nm and an applied normal force FN = 60 µN, the penetration depth is h ≈ 11 nm, 

the contact area A = ½ πhR ≈ 2,100 nm
2
, and the normal stress σ = FN/Ap ≈ 32 GPa.  

Here only results for FN =30, 60, and 120 µN are shown because there was no significant 

plastic deformation observed at lower loads. Comparing the data in Table 3.1, for a given 

normal force we observe smaller penetration depth in the <100> case that leads to smaller 

contact area and larger normal stress.  This can be attributed to hardening of the surface 

due to locking of dislocations. 
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Fig. 3.8. Schematic diagram of the scratch geometry.  R is the radius of the tip, FN is the 

applied load, FL is the lateral force, hmax is the maximum scratch depth, hf is the final 

depth.  (a) Cross sectional view showing change in surface height with a pileup in front 

of the tip.  (b) Plane view showing the maximum contact radius rmax achieved at the 

maximum scratch depth and the final scratch radius after elastic recovery. 

 

 

TABLE 3.1.   

Contact area and normal stress for <110> and <100> scratches. 

   <110> Case 

Normal 
Force (µN) 

penetration 
depth (nm) 

contact 
area (nm2) 

normal 
stress (Gpa) 

30 3.2 602 50 

60 11.1 2091 32 

120 34.8 6560 25 
 

<100> Case 

Normal 
Force (µN) 

penetration 
depth (nm) 

contact area 
(nm2) 

normal stress 
(Gpa) 

30 1.6 595 51 

60 9.6 1809 36 

120 25.6 4820 31 
 

For a semispherical contact area with radius R, applied normal force FN, with a 

penetration depth h, the contact area is A = ½ π.R.h, the projected contact area is Ap = ½ 

π (R
2
 – (R - h)

2
), and the normal stress is σ = FN/ Ap. 
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3.4.3  ONSET OF PLASTIC DEFORMATION 

The stress distribution associated with forces applied by the tip can be estimated 

using finite element modeling that take into account rheological aspects of the 

deformation.  Ignoring the plastic deformation effects, the stress applied by the tip causes 

a maximum shear stress at a certain distance from the tip/crystal contact.  A calculation 

shown in Fig. 3.9, which simulates an indentation using a tip of radius 60 nm with an 

applied force of 120 µN, gives a maximum value of the maximum shear stress at ~22 nm 

below the tip. A more detailed analysis requires consideration of the crystal nature of the 

material, namely the slip systems, and more specifically the component of the force along 

the slip directions.  The critical shear stress in the bulk (away from the surface) has been 

calculated for the elastic-plastic case to be 2.5 GPa,[21] and for a pure-plastic case that 

includes dislocation generation at the surface to be 1.3 GPa.[25]  

  

Fig. 3.9. Maximum shear stress distribution for an indentation with load of 120 µN. 
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It is of interest to know the dependence of the resolved shear stress on the 

direction of the applied lateral force.  An analysis of the stress fields associated with 

scratching brittle materials has been reported by Ahn et al.[26] An analysis of the scratch 

contact area for an elastic and perfect-plastic material with a Berkovich tip has been 

reported by Bucaille et al.[24] The distribution of the maximum shear stress inside the 

bulk and at the surface of the scratch has been simulated by Wasmer et al.[21] Here a 

simpler approach was used by considering the projection cosine of the lateral force in the 

direction of the displacement (Burgers) vector.  In other words, we consider the 

component of the lateral force along the possible <110> directions associated with 

elemental plastic events. These possible <110> lattice displacements for the [110] and 

[100] scratches are illustrated in Fig. 3.10, and the corresponding projection cosines are 

shown in Table 3.2.   

 

Fig. 3.10. Possible <110> lattice displacements in a zinc bende structure during scratch. 
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TABLE 3.2.   

Projection cosine of the applied lateral force along the direction of displacement.  The 

projection cosine S.b/|S||b| is shown for the possible displacement directions (b) along the 

indicated scratch directions (S). 

____________________________________________________ 

Slip Direction [110] scratch [100] scratch 

____________________________________________________ 

        0      

____________________________________________________ 

       1      

____________________________________________________ 

               

____________________________________________________ 

             0 

____________________________________________________ 

       -    -     

____________________________________________________ 

       -       0 

____________________________________________________ 

 

For a [110] lateral force, a displacement parallel to the force has a cosine of one, 

while displacements along the other four oblique <110> directions have a cosine of ½.  

The displacement parallel to the lateral force will generate a lattice rotation about the 

[001] direction in the vicinity of the scratch, and should be associated with the 

introduction of mostly screw dislocations. [15] At the point of intersection of the rotating 

regions, the crystal displacement is along the same direction, with no opposing motion.  

The other active displacements are        and        into the crystal (projection cosine -
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1/2) leading to hardening, while       and       are out of the crystal (projection cosine 

+1/2) causing pile-up in front and on the sides of the tip.  For a [100] lateral force, the 

projection cosine of the lateral force in Table II has the same absolute value along four 

<110> directions and it is zero for the other two <110> directions.  The displacements 

along        and       result in motion away from the tip leading to coherent pile-up on 

the sides.  The       displacement is capable to producing pile-up in front of the tip, 

while the        displacement leads to compression into the material. 

3.4.4  SURFACE MORPHOLOGY CAUSED BY SCRATCHING 

The AFM and TEM images in Figs. 3.2 and 3.5 indicate that the surface 

morphology of a scratch consists of a groove in the middle and pile-ups on both sides. 

Asymmetry in the pile-ups is sometimes observed for both the <110> and <100> cases, 

with one side of the scratch showing different pile-up heights than the other.  This is 

thought to be due to a slight misalignment of the tip in the scratch direction.[21] The 

misalignment may be due to the geometry of the tip/cantilever assembly and/or to 

instabilities in tip orientation during the scratch.  In fact, a symmetric position of the tip 

should be unstable, since it would tend to simultaneously generate glide on symmetric 

slip planes, resulting in the locking of dislocations (hardening) in the vicinity of the 

surface.  A slight tilt of the tip favors plastic deformation along one of the slip planes 

instead of the other, thus reducing the hardening effects and facilitating the scratch 

progress.  In the <110> scratches of Fig. 3.2, the pile-ups are discontinuous, with 

irregular protrusions, suggesting that they are the result of significant displacements that 

relax the strain.  These are pop-in and pop-out events, with displacements into and out of 

the crystal surface, respectively.  After one such relaxation event, it takes some motion of 
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the tip to restore the strain necessary for the following event.  On the other hand, in the 

<100> scratches of Fig. 3.5, the pile-up is continuous, with a smooth surface and no 

observed bumps in the direction of the scratch; which, as describe earlier, we interpret as 

due to hardening  associated with the nature of the slip systems. 

 

 

Fig. 3.11. The surface morphology of the (a) <110> and (b) <100> scratches are 

compared with the shape of the diamond tip used in the scratch.  The TEM images of the 

tip and of the pit were obtained separately in each case. 

 

Furthermore, as observed in 3.11, which shows magnified images of the scratches 

in both direction with a normal force of 120 µN, with a superimposed TEM image of the 

tip, the groove profile conforms to the tip shape (within the wobbling and tilting range of 

the tip). This is because the surface deforms plastically to conform to the shape of the tip, 

by generating slip that creates steps on the surface with dislocations at the front of the 

displacement. In the figure, the scratch surfaces look slightly sharper than the shape of 
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the tip, with an angle difference of ~ 3°. This small difference originates from the 

cantilever tilt when the tip is brought into contact with the surface. The TEM image of 

the tip was taken perpendicular to the cantilever length; but during the scratch the 

cantilever tilts about 12° with respect to the InP crystal surface. 

3.4.5  DEFECT MORPHOLOGY AND DISLOCATION TYPE – [110] SCRATCH 

For scratches along the [110] direction, the extended defect structure 

corresponding to the various normal forces consists of inverted triangular regions and 

quasi symmetric dislocation bands, as sketched in Fig. 3.12. In reality, the actual 

dislocation bands are slightly asymmetric, as observed in Fig. 3.3, a feature that is 

believed to be due to a slight tip misalignment, as mentioned before. To help visualize the 

defect structure, the {111} slip planes of the face-centered cubic lattice are sketched in 

Fig. 3.13. Let us first consider the        and          planes that appear oblique in the 

[110] projection in Fig. 11b.  The lateral force produces in front of the tip crystal 

displacements that lie on the        planes and have positive projection cosines (shown in 

Table II).  They push the material upwards and generate the shallow dislocation loops 

depicted in the figure.  The lateral force also produces crystal displacements that lie on 

the          planes and have negative projection cosines, which push the material 

downwards and generate the deep dislocations loops depicted in the figure.  Let us next 

consider the         and         planes, seen edge-on in the <110> projection.  The lateral 

force generates on these planes resolved shear stresses that cause clockwise and 

anticlockwise rotation about the normal to the surface in the vicinity of the scratch.[15] 

The crystal rotations result in the screw-type dislocations as confirmed by the diffraction 

contrast analysis. 
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Fig. 3.12. Schematic diagram of the plastically deformed region for a <110> scratch in a 

projection parallel to the scratch.  Solid lines represent dislocation loops on {111} slip 

planes viewed edge-on and dashed lines represent dislocation loops on {111} slip planes 

oblique to the <110> projection. Shallow dislocation loops are observed propagating 

close to the surface.  Deep dislocation loops are observed to make an angle of 54.5° with 

the surface. 

 

The dislocation density in the inverted triangular region is significantly higher, 

making it difficult to image them individually in order to determine their nature. 

Nevertheless, they are expected to be associated with the interaction of loops on different 

{111} slip planes. Increasing the normal force, this defect structure becomes magnified, 

keeping the same characteristics of an inverted triangular region and a quasi-symmetric 

dislocation loop pattern. The width of the inverted triangular region follows the curvature 

of the diamond tip, indicating it is the slip step that causes the deformation. Neither 

cracks nor fracture has been observed for any scratch in our study. At a load of 120 µN, 

surface discontinuities are observed at the intersections of the triangular region and the 

surface. This indicates that a large stored elastic energy generated by plastic deformation 

is released by pushing the high defect density region out of the volume, causing a pop-up 
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event.  This is new for us.  Pop out events have been reported in silicon indentation 

experiments, and were attributed to an amorphous-crystalline phase transition.[19, 20]  In 

this experiments, no other phases than the zinc blende structure has been observed. 

 

 

Fig. 3.13. Schematic representation of scratches along <110> showing the zinc-blende 

structure with the slip planes activated by the normal and lateral forces. The black arrow 

indicates the scratch direction. The inset shows possible rotation of slip planes activated 

due to  lateral forces along the respective arows. 

 

3.4.6  DEFECT MORPHOLOGY AND DISLOCATION TYPE – [100] SCRATCH 

For the scratches along the <100> direction in Fig. 3.6, it has been observed that 

the nature of the defect structure changes with increasing normal force. This can be 

understood by considering the interaction between the tip and the crystal structure, 
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depicted in Fig. 3.14. It is noticed that the {111} planes are symmetric with respect to the 

normal and lateral force acting along the [001] and [100] directions; this meaning that the 

relative orientation of each of the forces is the same for all the slip planes.  The shear 

stress due to the lateral force will generate a rotation in each {111} plane, leading to the 

generation of dislocations.  Dislocations gliding on different slip planes will produce a 

lock at their intersection. At low load, the lock of dislocation is not obvious, single 

dislocation loops can be identified as observed in the 30 µN case in Fig 3.6, consisting of 

30° and 90° segments. [22] When observing the sample in the <100> projection, the 30° 

segment along the <112> direction makes an angle of 27° with the surface, similar to the 

long side of the defect region observed in the scratch with 30 µN. As the applied normal 

force increase, the coherent rotation of these four {111} planes together with the slip of 

similar planes due to the normal force component leads to an inverted triangular shaped 

defect region, in which a number of locking and pinning occurs limiting the dislocation 

propagation and hardening the surface. Similar with the <110> scratch, the rotation of 

{111} planes happened during <100> scratch also results in mostly screw type 

dislocations as confirmed by g.b analysis in Fig. 3.7. The strain field loops observed 

under different diffraction contrast are also evidence of rotation of the {111} planes.  
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Fig. 3.14. Schematic representation of scratches along <100>, showing the zinc-blende 

structure with the slip planes activated by the normal and lateral forces. The black arrow 

indicates the scratch direction. The inset shows possible rotation of slip planes activated 

due to  lateral forces along the respective arows. 

 

Furthermore, the difference in depth of the defect region for the two scratch 

directions is shown in Fig. 3.15. At a given applied normal force, the depth of the defect 

region in the <100> case is always smaller than in the <110> case, which can be 

explained by dislocation locking that can be more possibly happened in <100> scratches. 

The difference is comparably larger at a load of 60 µN (~45%), than at 120 µN (~20%). 

Our observation suggests that a “pop-up” event relaxes the strained material under the 

<110> scratch and stops dislocation propagation. For the <110> scratches, the {111} slip 

planes that are along the scratch direction can let dislocation loops propagate to both 

sides of the scratch, causing a deeper defected region than that of <100> scratches. Since 
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the plastic deformation is deeper in <110> scratches, the material under the <110> 

scratch yields more than the material under the <100> scratch at a given load. So, when 

the load is increased to 120 µN, a “pop-up” event is firstly observed to occur for 

scratches along the <110> but not along the <100>.  

 
Fig. 3.15. Depth of the plastically deformed region for the various applied normal forces. 

 

3.5 CONCLUSIONS 

In summary, a thorough analysis of scratches produced with an AFM tip under 

various normal forces and along different crystallographic directions has been performed 

using AFM and diffraction-contrast TEM. Within the force range used in this study, the 

cross-section TEM images show that the scratch conforms to the tip shape by formation 

of crystal steps produced by slip of {111} planes, indicating that plastic deformation 
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without fracture is dominant for all scratches. Meanwhile, the slip of {111} planes 

produce dislocations in the material. The results presented in this paper show that both 

the scratch surface morphology and extended dislocation structure can be explained by 

the interplay between normal and lateral forces and the {111} slip system. The normal 

force contribution is independent on the crystallographic direction, while the lateral force 

contribution is highly related with the scratch direction. Considering the relative direction 

of the lateral force with respect to the possible <110> displacements in a <110>{111} 

slip system, it is found out that some of these displacements are towards the surface while 

others are into the crystal. For a <110> scratch, these displacements lead to the coherent 

local crystal movement and rotation, (along the same direction while on different slip 

planes), causing dislocations to propagate deep into the crystal and irregular pile-ups at 

the sides of the scratch. A pop-up event was observed at highest normal load for the <110> 

scratch. It relaxes the strained material under the scratch and slows down the dislocation 

propagation. For a <100> scratch, these displacements lead to the incoherent local lattice 

movement and rotation (along different directions and on different slip planes), causing 

dislocation locking that inhibit their propagation into the crystal. Meanwhile, because of 

the material hardening caused by dislocation locking, the displacements in the direction 

towards the surface lead to regular pile-up at the sides of the scratch.  
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CHAPTER 4 

PLASTIC DEFORMATION OF WURTZITE STUCTURAL SINGLE CRYSTALS 

(ZNO AND GAN) INDUCED BY NANO-INDENTATION 

This chapter presents a study of nano-indentation induced plastic deformation in 

ZnO single crystals with various crystallographic orientations and in c-plane GaN 

crystals. This work was carried out in collaboration with Prof. Rodrigo Prioli and 

colleagues at Universidade Católica do Rio de Janeiro (PUC-Rio). The nano-indentations 

were performed by Elizandra Martins and Paula Caldas at PUC-Rio. My role in this work 

mainly involved micro-structural characterization using focused ion beam and 

transmission electron microscopy, and analysis of the deformation mechanism. 

Meanwhile, I cooperated with my group member Reid Juday to analyze the optical 

properties obtained from cathodoluminescent studies. Part of this work has been 

submitted to Journal of Applied Physics.  

4.1 INTRODUCTION 

With a direct band gap of 3.37 eV and large exciton binding energy of 60 meV, 

Zinc oxide (ZnO) is a highly attractive II-VI compound semiconductor for its potential 

application in short-wave optoelectronic devices such as blue and UV light emitting 

diodes, laser diodes and optical detectors.[1-3] Due to the availability of high-quality 

ZnO crystals with low dislocation densities and the small lattice mismatch (~1.7%) 

between ZnO and GaN[4,5], which has been widely used in the solid state lighting, ZnO 

has been treated as a potential substrate or buffer for the growth of GaN epitaxy.[6, 7] 

However, both ZnO and GaN, with the c-axis as natural growth, exhibit strong 

spontaneous and piezoelectric polarization,[8] which could have a negative influence on 
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the performance of light emitting devices by means of the quantum-confined Stark effects 

(QCSEs).[9, 10] Therefore, non-polar growth has been proposed to avoid it. Lately, there 

has been a lot of research interest aroused on the growth of m-plane ZnO epitaxy,[11-13] 

and m-plane III-nitride alloys epitaxy on m-plane ZnO substrate or buffer.[14, 15] 

However, as a relatively soft material (with a hardness of only ~5 Gpa for c-plane),[16] 

ZnO could be significantly deformed during the thin film growth and device processing. 

So, even though high–quality ZnO single crystals growth can limit the density of built-in 

dislocations, contact loading which is frequently encountered during material fabrication 

can induce deformation in a small volume, in which many defects could be introduced to 

significantly degrade the performance, or lead to device failure performance. Therefore, it 

is important to understand the mechanical behavior and the resulting structural and 

optical properties of deformed material before apply it to optoelectronic devices. Previous 

studies on the mechanical properties of ZnO have been conducted either on 

polycrystalline materials,[17] which provided limited information about the deformation 

mechanism, or on c-plane ZnO,[18, 19] which reported that the basal and pyramidal slip 

systems are the major deformation mechanism.  Few people have reported such 

properties on non-polar ZnO. As research interests on non-polar growth of GaN and ZnO 

films and optoelectronic device demonstrations have been grown rapidly as the possible 

fabrication of high performance LEDs free from the polarization appears in sight, study 

on corresponding mechanical properties of non-polar wurtzite structures becomes 

essential.  In this chapter, a complete and systematic investigation on the mechanical 

characteristics of deformed polar and nonpolar ZnO single crystals, such as the micro-

structural and optical properties, will be presented.  The results presented and discussed 
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here will allow us to unveil the mechanical deformation mechanisms of wurtzite ZnO at 

the nanometer scale, which should have technological implications for the fabrication of 

ZnO-based devices.    

4.2 EXPERIMENTAL DETAILS 

The ZnO crystals used in this study are 0.5 mm thick, oriented along the         

m-,         a-, and        c-directions respectively, and grown by the hydrothermal 

technique by the MTI Corporation.  Nano-indentations were performed on the crystals 

with applied loads ranging from 3.0 mN to 5.0 mN, at room temperature, using a 

commercial nanoindetation system. The nanoindentations were performed by first 

linearly increasing the applied load from zero to a desired maximum value in 5 sec, then 

keeping it at the maximum value for 2 sec, and then linearly decreasing down to zero in 5 

sec. The nano-indenter used in all indentations is a cono-spherical diamond tip with a 

radius of curvature ~260 nm. At this load, reasonable residual plastic deformation was 

produced and significant CL contrast was obtained. The CL study was performed at 

liquid He temperature (4.4K) using an Oxford Instruments Mono CL system, installed on 

a JEOL 6300 scanning electron microscope (SEM). The TEM samples were prepared by 

a focused ion beam (FIB) in a Nova 200 UHR FEG (FEI) system, which also provides 

the SEM image of indentations. Before milling, the indented surface was protected from 

ion damage by the deposition of a ~1 µm thick platinum layer on top. TEM foils were cut 

along the        c-projection and         a-projection respectively on the indentation on 

the m-plane ZnO,        c-projection and         m-projection respectively on the 

indentation on the a-plane ZnO, and for the indentation on the c-plane ZnO, two TEM 
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foils were cut along         a-projection and         m-projection. TEM imaging was 

taken in a FEI CM 200 system and JEOL 4000EX system.  

4.3 RESULTS AND ANALYSIS 

4.3.1 LOAD-DISPLACEMENT CURVES  

Figure 4.1 is the load-displacement curve obtained from the indentation on m-

plane and c-plane ZnO with maximum loads of 5 mN, The tip used for these indentations 

is a cono-spherical indenter with radius of 260 nm. For the m-plane case, the total 

penetration depth during the indentation is of ~580 nm. A residual plastic deformation 

with a depth of ~ 370 nm was left in the crystal after elastic recovery. From the magnified 

inserted curve, a “pop-in” event is firstly observed at a load of ~200 µN, which indicates 

the catastrophic plastic deformation as a result of structural changes induced by nano-

indentation. And the pop-in length was observed to be about 23 nm. From the unloading 

curve and the analytical method developed by Oliver and Pharr,[20] the hardness of m-

plane ZnO single crystal was calculated to be ~ 4.1 Gpa in this study. However, it is 

important to point out here that the measured “hardness” depends on the size of the 

tip.[21] Typically, higher values are obtained with smaller tip sizes.  The small radius of 

curvature of the tip used in our measurements increases the local applied shear stress and 

can activate several slip planes simultaneously. 

In the case of indentation on the c-plane ZnO, the total penetration depth during 

the indentation is of ~315 nm and the residual plastic deformation depth is about 240 nm, 

both of which are smaller than the similar parameters obtained by indentation on m-plane 

ZnO. The first “pop-in” event is observed when the load reaches about 250 µN, with a 

pop-in length of 8 nm. Since this indentation was made with the same condition as that 
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applied on the m-plane ZnO, the hardness of c-plane ZnO (~ 6.5 Gpa ) determined to be 

from the unloading curve indicates c-plane ZnO crystal is more resistive to deformation 

than m-plane one. 

 

 

Fig. 4.1. Load-displacement curve of indentation on m-plane and c-plane ZnO single 

crystals with maximum load of 5.0 mN. 

 

The pop-in event has been proved to be the critical crossover for the elastic-

plastic transition, which is related to the formation of defects. So the difference on the 

two characteristics at each pop-in events of the c-plane and m-plane ZnO, critical force 

(250 µN for c-plane ZnO and 200 µN for m-plane ZnO) and pop-in length, or called slip 

length, (8nm for c-plane ZnO and 23 nm for m-plane ZnO), indicates different defects 

formation mechanism, or say deformation mechanism, was involved in these two samples. 
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Fig. 4.2. Load-displacement curve of indentation on a-plane, m-plane and c-plane ZnO 

single crystals with maximum load of 3.0 mN. 

 

 To make a complete comparison, loading-displacement curves for indentations 

on a-, m-, and c-planes ZnO crystals are shown in Fig. 4.2.  These were acquired using a 

maximum applied load of 3.0 mN with the same tip described above.  The c-plane crystal 

turns out to be more resistive to deformation than the a- and m-plane crystals, as is shown 

by the lower penetration depth at equal values of the applied load.  The maximum stress 

(or say “hardness” in this condition) obtained by dividing the maximum applied load by 

the projected contact area of the tip at that load,                  is shown in Table 

4.1. On the one hand, the values for c- and m- plane ones are consist with those obtained 

from indentations with maximum load of 5 mN, confirming that the “hardness” value 

tends towards a constant value for high applied loads.[18, 21, 22]  On the other hand, the 

a- and m-plane crystals exhibit     values smaller than that of the c-plane crystal, with 
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the a-plane crystal supporting the least amount of stress. The      value for the a-plane 

crystal, 2.3 GPa, agrees well with reported values for the “hardness” of single crystal a-

plane ZnO, namely 2.0 GPa, obtained from load-displacement curves using a tip radius of 

4.3 µm.[19]  The      value for the m-plane crystal, 4.1 GPa, found using our tip and 

indentation method is also comparable to “hardness” values of single crystal m-plane 

ZnO, reported to be between 2 and 4 GPa, obtained from load-displacement curves using 

a diamond Berkovich indenter tip.[23] The value for the c-plane ZnO, 6.5 GPa, lies 

between the reported “hardness” values of 4.8 and 7.2 GPa, obtained from load-

displacement curves for tip radii of 4.3 and 0.08 μm, respectively.[19, 22] Therefore, 

considering tip size, our      value is reliable with reported ones.  The trend is clear, 

with the a-plane being the “softest” face and the c-plane being the “hardest” face. 

 

TABLE 4.1.  The maximum stress      determined from load-displacement curves, 

corresponding to a conospherical tip with R = 260 nm. 

 
 

 

4.3.2 EFFECT OF PLASTIC DEFORMATION ON THE LUMINESCENCE  

Figure 4.3 shows the low temperature (LT) photoluminescence (PL) and 

cathodoluminescence (CL) spectra of the c-plane ZnO crystal.  The peaks are labeled in 

accordance with Meyer’s results.[24] The spectra are dominated by donor-bound exciton 

transitions at residual donors, located between 3.350 and 3.375 eV.  A free exciton 

transition, associated with valence subband A, is observed at 3.377 eV.  According to the 
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specifications from the ZnO grower, aluminum is thought to be the most common 

impurity in these crystals, and the LT luminescence is dominated by aluminum donor-

bound excitons, labeled as I6 at 3.360 eV.  At energies below 3.350 eV we observe 

longitudinal optical (LO) phonon replicas and a two-electron satellite (TES) of the main 

peak, I6.  The LO phonon replica peaks are separated from their associated peak by 

integer multiples of the LO phonon energy in ZnO, 72 meV.  The TES of I6 is will be 

located lower in energy of I6 by ¾ of the donor energy.  The donor energy level of Al is 

52 meV,[24] therefore the TES of I6 should be located at 3.360 eV – ¾ (0.052 eV) = 

3.321 eV, which agrees well with our labeling. The luminescence from each of the 

differently-oriented crystals looks similar, taken by both PL and CL, and therefore it can 

be concluded that the crystallographic orientation of these ZnO single crystals does not 

have an obvious effect on the luminescent properties. 

 

Fig. 4.3. Normalized low temperature CL and PL spectra of the c-plane ZnO crystal.   
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Fig. 4.4. (a) Low temperature CL spectra, (b) SEM image, (c)-(e) CL monochromatic 

mappings, and (f) spot-mode CL spectra of the indentation on the c-plane ZnO crystal.   

 

To investigate the effect of nano-indentation on the luminescence of ZnO single 

crystals, a series of complete CL spectra and SEM images were taken from the nano-

indented areas. Figure 4.4 shows the results from an indentation in the c-plane ZnO. (a) is 

the LT CL spectrum, (b) is the SEM image, (c)-(e) are the monochromatic mappings 

taken at the energies indicated in (a), and (f) is the spot-mode CL spectra taken at 

different spots near the indentation as marked in (e).  It is apparent in the mappings that 

the indentation creates six radial lines lying equally spaced around the indentation, and 

these defect lines lay along the six equivalent         a-directions. Similarly-shaped near 

band-edge luminescence quenching has previously been observed in c-plane indented 

ZnO.[18]  These lines appear with dark contrast in Fig. 4.4(c)-(d) and bright contrast in 

(e).  The lines extend for approximately 5 µm in each a- direction.  From the Fig. 4.4(f), 

the luminescence is greatly decreased when the beam is kept on the indentation tip-



77 

material contact spot.  While spectrum taken at spot2 which is located on one of the six 

radial lines observed in mappings exhibit luminescence which has been red-shifted by 1-2 

meV from spot3 where perfect crystal.  The CL intensity between Spot 2 and Spot 3 is 

essentially unchanged, indicating the 1-2 meV red shift in emission wavelength, which is 

sufficient to give us the contrast change in mappings, comes from the indentation-

induced tensile strain distribution.   

 
 Fig. 4.5. (a) Low temperature CL spectra, (b)-(d) CL monochromatic mappings, and (b) 

SEM image, of the indentation on the m-plane ZnO crystal.   

 

 Figure 4.5 shows the results from an indentation on m-plane ZnO. As marked in 

Fig. 4.5(e), which is the SEM image of the indent, many parallel lines are observed along 

        c- directions, which indicate the basal plane slip bands. From the CL spectrum 

acquired from this region in (a) and the monochromatic CL mappings shown in (b)-(d) 

which were taken at different energies: (b) 3.340 eV, (c) 3.362 eV and (d) 3.376 eV 
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respectively as marked by dashed lines in (a), the main emission peak that occurs at 3.362 

eV comes from the perfect ZnO crystal bulk, which is the donor-bound exciton emission 

for ZnO materials.[24, 25] Near the indentation region, this emission vanishes and 

appears as a dark region which consists of a dark band along the         a- direction and 

two ear-like dark regions besides the dark band extending along the        c- direction. 

It is assumed that this donor-bound emission quenching is caused by nano-indentation 

induced non-radiative defects in the basal planes and the strain build up along the ±c 

directions. Fig.4.5(b) and (d), which are the monochromatic CL mappings taken at lower 

and higher energies of the main emission peak respectively, show the presence of similar 

dark bands along the a- direction. However, the mapping taken at lower energy shows 

spotty luminescence close to the indentation pit along a- direction, and the mapping taken 

at higher energy shows contrast inversion on the two ear-like regions, compared to (c). 

This contrast change indicates that these regions are either strained or containing some 

defects that act as radiative recombination centers.  Similar phenomenon was also 

observed in indentations made on a-plane ZnO, as shown in Fig. 4.6, dark bands along 

basal planes and ear-like bright spots besides the dark bands. 
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 Fig. 4.6 (a) SEM image, (b) Low temperature CL spectra, and (c)-(e) CL monochromatic 

mappings, of the indentation on the a-plane ZnO crystal.   

 

4.3.3 MICROSTRUCTURAL CHARACTERIZATION ON THE PLASTIC 

DEFORMATION 

Although the CL results described above gave us an indication on how the 

indentation on different facets could introduce various kinds of deformation to ZnO 

single crystals from the top view, TEM analysis described in this part could bring more 

detailed information on what kind of deformation mechanism happened during 

indentation and how the defects propagate inside these differently oriented crystals. 

Figure 4.7 shows some TEM images taken from two samples that were both prepared 

along the         a-projection containing the deformed region in c-plane ZnO. 

Diffraction conditions used for them are marked in the images. Since defects that extend 
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to sides are mostly invisible when g=c as shown in (a) and (d) and become invisible when 

g=m as shown in (b) and (c), it can be concluded that indentation induced displacements 

that have c component are mostly happened right below the tip-material contact area, 

where is the highly defected region. In this highly defected region, besides the horizontal 

defect lines, there are some inclined defect lines which mostly make an angle of 61°

with the surface. This indicates that in the highly defected region right below the indenter, 

two kinds of deformation mechanism happened. One is the basal plane (0002) slip and 

the other is pyramidal plane         slip. Meanwhile on the sides of indentation, only 

horizontal defect lines have been observed, with equivalent extending range as the spikes 

observed in CL. It indicates that only basal plane slip occurs on sideways. So, combining 

the TEM observation with the CL results observed in Fig. 4.4, we can conclude that the 

basal plane slip has preferential directions – the six equivalents         a- directions. So 

the short horizontal defect lines that can be clearly seen in Fig. 4.7 (c) are the segments of 

dislocation loops that travel along         directions.  Then the defects generated by 

pyramidal plane slipping act as nonradiative recombination centers, while the dislocation 

loops propagating along         directions build tensile strain along these directions. 
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Fig. 4.7. Bright field TEM images showing the defects introduced by indentation on c-

plane ZnO single crystals. (a) and (b) are acquired from one sample with different 

diffraction conditions; (c) and (d) are acquired from the other sample with different 

diffraction conditions. 

 

Figure 4.8 shows bright field (BF) TEM images and diffraction patterns (DP) 

taken from samples that contain indentations and the deformed region in m-plane ZnO. 

This sample was prepared along the         a-projection. These images were taken with 

different diffraction conditions as marked by arrows. Images shown in Fig. 4.8(a) and (b) 

were taken with same magnification and show the defects near the indent. They display 
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that the defects are highly localized near the tip-surface contact region and propagate into 

the crystal. Unlike the case reported in c-plane ZnO case, [16] indentation-induced 

dislocations in m-plane ZnO hardly extend beyond the boundary of the tip-surface contact 

region along c-direction. Dislocations that are visible with g =         in (a) are out of 

contrast with g = (0002) in Figure (b), so the Burgers vector of these dislocations can be 

determined that it lies in the direction which is perpendicular to       . In other words, 

the plastic deformation induced by the indentation on m-plane ZnO single crystal occurs 

due to atomic-scale slip along the basal plane right below the contact region and the 

depth of the dislocation propagation follows the profile of the tip shape. The same as the 

c-plane case, those defects in the highly deformed region act as non-radiative 

recombination centers for excitons as seen in the CL results. This explains why the dark 

band in the CL mapping prominent along the         direction and is restricted to a width, 

approximately the same dimension of the indent itself along the        direction. 

Although clear dislocation lines that are visible in Fig. 4.8(a) are out of contrast in Fig. 

4.8(b), there is still some spotty contrast in the deformed region in Fig. 4.8(b), which may 

indicate some small lattice displacement along the c- direction induced by a lateral 

component of the force as the side of the indenter tip comes in contact with the crystal. 

This assumption can be confirmed by the stretching along the        direction of the 

selected area diffraction (SAD) spot as shown in Fig. 4.8(c). Meanwhile, from the 

diffraction pattern there is no evidence of phase transformation. Because of the 

accumulated small displacements in the c- direction and lack of relaxation available 

normal to the preferred basal slip planes, the crystal tend to build up compressive strain 

on the two sides of indentation along c-direction. And this conclusion consists with the 
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CL mapping in Fig. 4.5(d). Strain in a semiconductor crystal can change its lattice 

parameter from natural value then affect the materials band gap.[26]  A compressive 

strain decreases the lattice parameter, which will correspond to an increase in the band 

gap energy.  Tensile strain has the opposite effect. Fig.4.5(d) was taken at higher energy 

shoulder of the main peak, so luminescence from the two ear-like dark regions besides 

the main dark band indicates an increase of the band gap energy from materials in that 

region, which correspond to the compressive stain in that region. And it is this 

compressive strain that leads to a blue-shift of the bound exciton transitions. Also spot-

mode CL was performed on this ear-like region, showing a shift of each free and bound 

exciton peak to a higher energy by approximately 5meV.  The pressure-induced shift in 

ZnO single crystal has been reported to be approximately 24 meV/GPa for free 

excitons.[27] Therefore, a compressive stress of ~ 0.2 GPa in these regions can be 

estimated.   

 

Fig. 4.8. (a) and (b) are Bight field TEM images showing the defects introduced by 

indentation on m-plane ZnO single crystals. They are acquired from one sample with 

different diffraction conditions along         projection; (c) is the diffraction pattern (DP) 

acquired from the defected region. 
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So, from the SEM, TEM and CL results, basal plane slipping has been confirmed 

to be the main deformation mechanism when an indentation is exerted on m-plane ZnO 

single crystal. By comparing it with the precious c-plane ZnO results, and those reports 

on c-plane ZnO single crystal,[18,19] in which the main slip system is basal plane 

slipping in addition to pyramidal slipping, the difference in the hardness value of the c- 

and m- facet of ZnO can be explained by the orientation of the basal planes with respect 

to the indentation axis. Similar conclusion has been reported on the difference in the 

hardness value of the c- and a- plane ZnO.[28] 

 

 

Fig. 4.9. Bight and dark field TEM images showing the defects introduced by indentation 

on m-plane ZnO single crystals. These samples were prepared along <0002> projection. 
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On the other hand, to find the reason that the dark band in the CL mapping can 

extend beyond the boundary of the tip-surface contact region along the         direction, 

not like the width restriction along the        direction, another TEM sample was 

prepared along the        c- projection, as shown in Fig. 4.9. Fig.4.9(a) and (b) show the 

region near the indentation. From these two images, it is observed that dislocations 

generated by the nano-indentation extend beyond the contact area. Detailed crystalline 

directions are indicated next to the images and the diffraction condition used for each 

image is marked as arrows g1 and g2. These two images display that most dislocations 

propagate along         directions, extending beyond the boundary of the contact areas. 

Therefore, it is concluded that dislocations generated by nano-indentation on m-plane 

ZnO are the non-radiative recombination centers, which cause the quenching of the near 

bandage emission as observed as the dark band in Fig. 4.5. By comparing the visibility of 

dislocations with different diffraction conditions in Fig. 4.9(a) and (b), it is found that 

most dislocations are out of contrast when the g condition is normal to the dislocation 

lines. For example, dislocation lines which are along          direction becomes invisible 

with g2=         which is normal to the dislocation line. And from the a- projection TEM 

results shown in Fig. 4.8, we have learned that slipping mainly  occurs along the basal 

planes, thus, based on “g.b” criterion,[29] the Burgers vectors of these dislocations which 

are along          direction is parallel to the dislocation lines. So these dislocations are 

mostly of perfect screw type perfect dislocations, created by 
 

 
              slip system. 

These slips as well as dislocation propagation and extension can be seen more clearly in 

the dark field image in Fig. 4.9(c), which was taken in a lower magnification to show the 

whole defected region. It shows that the most dislocation lines are along the two a- 
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directions (          and        ) that are inclined with surface. And there are two 

dislocation bands as circled in this image, consisting of a high density of dislocation 

loops and extending along the two a- directions. These dislocation loops have screw 

components on sides and edge components on front, while the screw components 

predominant in the appearance. The magnified image inserted in the Fig. 4.9(c) also 

shows that at the region near the surface, there is some dislocations propagating along the 

        a-direction that is parallel to the surface and bending to end at the crystal surface. 

Parallel analysis was also exerted on the indentation produced on the         a-

plane ZnO single crystal. Figure 4.10 shows bright field TEM images taken from samples 

that contain indentations and the deformed region in a-plane ZnO, in which the 

diffraction conditions are marked by arrows. The sample shown in Fig. 4.10(a) and (b) 

was prepared along the        c-projection, and the other one shown in Fig. 4.10(c) and 

(d) was prepared along the         m-projection. Very similar to the observation from the 

indentations on m-plane crystal, dislocation propagation in basal planes are proven in (c) 

and (d), in which dislocations are visible with g=c and become invisible with g=m. Also 

these dislocations mostly propagate along         a-directions as observed and circled in 

(a) and (b), with restriction along c- direction and extension along m-direction. Therefore, 

it is concluded that the deformation mechanism for indentation on non-polar ZnO surface 

is all originated from the 1/3               slip system. The only difference is that, 

given the same applied normal force, dislocations in a-plane ZnO propagate deeper than 

that in the m-plane ZnO. We believe this can be explained by considering the angle of the 

dislocation propagation direction         with respect to the crystal surface. 
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Fig. 4.10. Bight field TEM images showing the defects introduced by indentation on a-

plane ZnO single crystals. These images were taken at different magnifications and with 

different diffraction conditions. The diffraction condition used for imaging is marked as 

arrows. The scale bar for (c) and (d) is the same. 

 

 

4.3.4 A COMPARISON BETWEEN INDENTATION INDUCED DEFORMATION 

BEHAVIOR IN C-PLANE ZNO AND GAN CRYSTALS 

GaN crystal also has the wurtzite structure, the same as ZnO crystal, and has been 

widely used in optoelectronic industry. However, high quality non-polar GaN crystal is 

hard to grow and expensive, so only c-plane GaN crystals were nanoindented here to 

study its induced plastic deformation, as well as to compare its deformation behavior with 

ZnO.  Figure 4.11 shows the bright field images acquired from an indentation on c-plane 



88 

GaN crystals using the same indenter with a much higher load of 10
4
 µN. These two 

images were taken from the same region with different diffraction conditions as marked 

by arrows. Comparing Fig. 4.11 with Fig. 4.7, two important phenomenons have been 

observed. First, the penetration depth of GaN (~100 nm) is smaller than that of ZnO 

(~200 nm) even though the applied normal loads for GaN (10
4
 µN) is higher than ZnO 

(5×10
3
 µN). It indicates that c-plane ZnO is “softer” than c-plane GaN, which is 

consistent with the reported hardness values (c-GaN ~12.3 GPa and c-ZnO ~6.5 GPa).[22, 

30] Second, defect structure introduced by the indentation on c-GaN mainly consist of 

horizontal dislocation lines and inclined dislocation lines that have an angle of 63° with 

respect to the surface.  This defect structure is similar with the one observed from Fig 4.7, 

indicating that the deformation mechanism of GaN is also predominated by the basal 

plane slip and          pyramidal plane slip, the same as the ZnO crystal.  

 

Fig. 4.11. Bight field TEM images showing the defects introduced by indentation on a c-

plane GaN crystal. The diffraction condition used for imaging is marked as arrows. 

 

4.4 DISCUSSION AND CONCLUSION 

So, from the results presented above, indentation induced plastic deformation in 

the ZnO crystals with different surface facets can be visualized as the schematic diagram 
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in Fig. 4.12 and 4.13. Take the indentation on the m-plane ZnO crystal as the non-polar 

example. As shown in Fig. 4.12, when the conospherical indenter forces down onto the 

m-plane ZnO, it will generate radius stress to bulk material. This radius stress can be 

decomposed to three components – one is normal to the basal plane (Sn) and the other 

two are in basal planes (Si1 and Si2). Considering our tip shape and size (the penetration 

depth is less than 15% of the tip radius), Si1 is much more significant than Si2 and Sn. Also 

considering the possible silp systems in a wurtzite structure,[31] strain caused by Si1 and 

Si2 is relaxed in this case with the generation of dislocations introduced by basal plane 

slip. But since pyramidal slip is not observed in this case, strain caused by the normal 

component Sn could not get relaxed, and then build compressive strain besides the 

indentation along        directions as well as the tensile strain besides the indentation 

along         directions, as illustrated in Fig. 4.9 (b). Therefore, the strong emission 

observed from the CL mapping taken at 3.34 eV in Fig. 4.5 (b) is explained. The red-shift 

of the bound exciton transitions confirms that there is tensile stress in these regions.  

While for the indentation of c-plane ZnO crystal that has a polar surface, Sn is 

much more significant than Si1 and Si2, as shown in Fig. 4.13 (a), so it activated the 

        pyramidal slip planes in our indentation on the c-plane ZnO crystal. However, 

basal plane slipping is the primary slip in wurtzite structure; in other words, basal plane 

slipping is most easily to happen. From the observation, there are still some basal slips, as 

illustrated in Fig. 4.7, caused by Si1 and Si2 even though they are much smaller than Sn.  

As we observed from indentations in non-polar ZnO crystals, dislocations originated 

from the basal plane slipping tend to propagate along a- directions, leading to the six-fold 

spikes as shown in Fig 4.12(b).  
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Fig. 4.12. A simple schematic diagram showing the interaction of a indentation tip with 

the m-plane wurtzite slip system. (a) is side view, and (b) is top view. 

 

 

Fig. 4.13. A simple schematic diagram showing the interaction of a indentation tip with 

the c-plane wurtzite slip system. (a) is side view, and (b) is top view. 

 

In summary, the mechanical deformation process induced by highly localized 

nanoindentation stress fields has been studied for polar (c-plane) and non-polar (a- and 

m-plane) ZnO single crystals. Hardness of non-polar ZnO turns out to be smaller than 

that of c-plane one. SEM, CL and TEM results reveals that the difference in the hardness 
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values is due to the orientation of the basal planes with respect to the indentation axis. 

The higher hardening rates of the c-plane are due to the nucleation of pyramidal 

dislocations, in addition to basal dislocations, which is the only slip system in the 

indentation on a- and m-plane ZnO single crystal. CL and TEM results also show the 

nature of the defects induced by indentation and the consequent effect on luminescence. 

It is confirmed that most dislocations introduced by indentation are screw type 

dislocations that formed by slipping in the basal planes along the         directions. 

These dislocations are highly localized below the indentation, only propagating in 

indenter-contacted basal planes, and acting as nonradiative recombination centers. 

Compressive strains were introduced along  c directions next to the indent, and tensile 

strains were introduced along    directions, modifying the crystal lattice and band gap. 

These results are important for understanding the mechanical properties of ZnO and will 

be valuable for the device fabrication. Also, by comparing the defect structure of 

nanoindented c-ZnO and c-GaN, it is found out that deformation mechanism in crystals is 

mainly determined by the crystalline structure even though these crystals have different 

the mechanical properties such as hardness. So the study on ZnO crystals with different 

facets also gives us a chance to explore the deformation mechanism in non-polar GaN 

crystals. 
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CHAPTER 5 

EFFECT OF INTRODUCING ANTIMONY ON MICROSTRUCTURE OF 

GAINNAS THIN FILMS  

This chapter describes a comprehensive study on the effect of introducing 

antimony (Sb) during the GaInNAs epitaxial growth. This work was carried out in 

collaboration with professor Ryuji Oshima and his colleagues at university of Tokyo. 

The samples were growth by atomic hydrogen-assisted molecular beam epitaxy in Tokyo; 

and the X-ray diffraction (XRD) results were provided by professor Oshima. My role in 

this work mainly involved the micro-structural characterization of the quaternary films 

using electron microscope and the analysis of chemical composition distribution in the 

films using scanning transmission electron microscopy (STEM) and energy dispersive X-

ray (EDX) spectroscopy. The major results of this study have been published. * 

 

 

 

 

 

 

 

 

 

 

(*)R. Oshima, J. Y. Huang, N. Miyashita, K. Matsubara, Y. Okada, and F. A. Ponce, 

“Transmission electron microscope study of GaInNAs(Sb) thin films grown by atomic 

hydrogen-assisted molecular beam epitaxy”, Appl. Phys. Lett. 99, 191907 (2011). 
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5.1 INTRODUCTION 

The quaternary GaInNAs is a promising material system for the use in next 

generation multi-junction photovoltaic devices, such as solar cells,[1] because this 

material can be lattice matched to GaAs and Ge substrates, and they have a band gap in 

the 1.0 eV range that is complementary to those of other III-V and elemental 

semiconductors (Ge: 0.7 eV, GaAs: 1.4 eV, and GaInP: 1.8 eV).[2] Nowadays, lattice-

matched AlInGaP/GaAs/GaInNAs/Ge monolithic tandem solar cells are desired in order 

to achieve conversion efficiency exceeding 45%.[3] However, the main roadblock to the 

development of these devices is the poor minority carrier diffusion lengths in GaInNAs, 

generally less than 0.1 µm, [4] well below the 3 µm desired for solar cells.[5] Therefore, 

it is necessary to achieve accurate control of the growth condition in order to improve 

compositional homogeneity and to prevent phase separation.[6–13] Furthermore, use of 

atomic hydrogen (H),[14] antimony (Sb),[15, 16] or bismuth[17] as a surfactant in 

molecular beam epitaxy (MBE) has been shown to be effective in obtaining better 

electrical and optical properties. This chapter reports a correlated study of the structural 

and compositional properties of GaInNAs(Sb) films using transmission electron 

microscopy (TEM). 

5.2 EPERIMENTAL DETAILS 

The GaInNAs thin films used in this study were grown on GaAs(001) substrates 

in an atomic H-assisted MBE with a nitrogen radiofrequency (rf) plasma source.[18] 

Figure 5.1 shows the schematic diagram of the sample structure. After a deposition of 

250 nm thick GaAs buffer layer at 580 °C, 100 nm thick Ga0.92In0.08N0.013As0.987 film and 

a 100 nm thick GaAs capping layer were grown at 520 °C. Two samples were grown 
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respectively, with/without adding the Sb beam flux during the 100 nm thick GaInNAs 

layer growth. The Sb beam flux was 3×10
-8

 Torr, which resulted in ~1% of Sb 

incorporation as determined by secondary ion mass spectroscopy (SIMS).[15] High-

resolution x-ray diffraction (HR-XRD), TEM, and energy dispersive X-ray (EDX) 

spectroscopy were used to determine the degree of compositional uniformity. Cross-

sectional TEM specimens were prepared by conventional mechanical polishing and 

dimpling followed by argon ion-beam milling at liquid nitrogen temperature with low 

energy of 3.5 keV in a precision ion polishing system. Before the sample milling was 

finished, lower-energy of ~2 keV ion beams were briefly used to clean the surface. The 

TEM characterization was carried out using a JEM-4000EX high-resolution electron 

microscope operated at 400 kV with a structural resolution of ~1.7 angstrom. And the 

STEM and EDX were carried out using a JEOL 2010FX electron microscope. All 

samples were prepared for observation along <110> zone axis projections. 

 

 

Fig. 5.1. A schematic illustration of the MBE-growth of the quaternary GaInNAs sample 

overall structure. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 X-RAY DIFFRACTION  

Figure 5.2 shows the XRD spectra around (004) reflection in a ω-2θ geometry 

measured for (a) GaInAs, (b) GaInNAs, and (c) GaInNAsSb, respectively. The solid 

lines are the experimental results while the dashed lines are the simulated ones. The main 

peak observed at 33.01° is the (004) peak from the GaAs substrate. The other dominating 

peak position for each spectrum, which is around 32.6 ~ 32.9, is from the 

corresponding GaInAs and GaInNAs expitaxy. The peak position for (b) was shifted to a 

larger angle of 32.86 compared to (a) of 32.64 according to the incorporation of 

nitrogen, while the shift toward smaller angle of 32.61 for (c) is due to the incorporation 

of antimony into the layer. The full width at half maximum (FWHM) of these peaks are 

(a) 152.2 sec, (b) 162.9 sec, and (c) 148.9 sec,  in which the smallest FWHM for (c) 

indicates the best crystalline quality that is mainly due to the incorporation of Sb into the 

layer. The lattice mismatch is less than 1.1% for all these three samples, which indicates 

that the active layer does not exceed the critical thickness for generation of 

dislocations.[19] The experimental curves with well defined fringe peaks are well fitted 

to simulated curve for all samples. In addition, the streak patterns in reflection high 

energy electron diffraction, which was observed during growth, strongly support two 

dimensional layer-by-layer growths even though under the relatively high growth 

temperature of 520 °C compared to other reports.[12, 13] 
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Fig. 5.2. Colored lines are symmetric (004) X-ray diffraction patterns for (a) GaInAs, (b) 

GaInNAs, and (c) GaInNAs(Sb). The dashed lines are simulated curves for each sample. 

 

 

5.3.2 MICROSTRUCTURAL CHARACTERIZATION  USING TEM 

To investigate the effect of introduction of Sb on the GaInNAs growth, a series of 

microstructural characterization using transmission electron microscope was exerted on 

the sample (b) GaInNAs, and (c) GaInNAsSb. Figure 5.3 shows the bright-field cross 

sectional TEM images taken with diffraction condition of g=(002). No dislocations have 

been observed in both samples, but it reveals strong striation features and contrast 

fluctuations throughout the GaInNAs layer in Fig. 5.3(a). While GaInNAs layer grown 

with antimony exhibits uniform contrast throughout as shown in Fig. 5.3(b). Two-

dimensional growth with striation is associated with compositional fluctuation on the 
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growth front. Especially, horizontal striations indicate elemental segregation during 

growth and abrupt incorporation into a layered structure.  

 

 

Fig. 5.3. Bright-field cross sectional TEM images of (a) GaInNAs, and (b) GaInNAs(Sb) 

taken with g=(002). 

 

The similar phenomenon was also observed in Fig. 5.4, which is high-resolution 

lattice image taken along the [110] zone axis of (a) GaInNAs and (b) GaInNAsSb layer, 

respectively. Figure 5.4(b) exhibits uniform contrast throughout, in contrast with clearly 

strong contrast variation in Fig. 5.4(a). The strong contrast variation in the HR images in 

(a) can be attributed to strain variations due to local compositional fluctuations caused by 

elemental segregation of indium and gallium (bright and dark regions), in agreement 

with the diffraction contrasts. 
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Fig. 5.4. High resolution lattice images of (a) GaInNAs, and (b) GaInNAs(Sb). 
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5.3.3 COMPOSITIONAL PROPERTIES  

A series of correlated study on the compositional properties of these two 

GaInNAs samples was done by high-angle annular dark-field (HAADF) STEM imaging 

and EDX line scan spectra, as shown in Fig. 5.5. 

 

 

Fig. 5.5. STEM images and EDX line scan spectra of (a) GaInNAs, and (b) 

GaInNAs(Sb). 
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From the STEM images on the left, GaInNAs film grown without Sb shows a 

strong undulation at the upper heterointerface with GaAs cap and contrast variation 

throughout the film, while the GaInNAs film grown with Sb exhibits abrupt interface and 

uniform contrast in the film. Meanwhile, the EDX profile on the right (In and Ga signals) 

obtained by the vertical line scan marked in the STEM images clarifies the character and 

the degree of the compositional fluctuation existing in the epilayer. The EDX curve for 

(b) GaInNAs(Sb) exhibit steady In and Ga counts. But the EDX curves for (a) GaInNAs 

shows some local counts fluctuations, reflecting the local elemental distribution 

fluctuation which is in agreement with the results from the contrast modulation. Also, 

both curves follow an opposite trend, i.e. positions with high In intensity correspond to 

low Ga intensity and vice versa.  

In a quaternary alloy, the nearest-neighbor bond configuration is determined by 

minimizing the alloy free energy. The local strain is produced by the difference in bond 

lengths between the corresponding III-V atom combinations. During the epitaxial growth, 

the adatoms are able to relieve local strain toward the free surface. Therefore, the 

development of nearest neighbor configuration is theoretically more driven by 

maximizing the cohesive bond energy than minimizing the local strain.[20] The cohesive 

energy of the respective binary solids follow the sequence GaN>InN>GaAs>InAs (2.24, 

1.93, 1.63, and 1.55 eV per bond, respectively),[21] so the formation of Ga-N and In-As 

bonds should be preferred. Kong et. al. have confirmed these consideration 

experimentally by using electron energy-loss spectroscopy.[12] These composition 

fluctuations are the driving force for the morphological instabilities at the interface. 

Further, higher growth temperature is responsible to the enhancement of surface 
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mobilities of adatoms, resulting in a severe compositional fluctuation.  However, 

exposure of Sb, during the growth, results in a reduction of the adatom mobility due to 

lowering the barrier for chemical bonding, which is responsible for a lower probability to 

generate the favorable bonds.[22] This is why exposure of Sb dramatically improves 

compositional uniformity within the film.  

5.4 CONCLUSION  

In summary, the effect of Sb exposure during growth on the structural properties 

of GaInNAs alloy has been systematically investigated in this chapter. For the growth of 

all samples, H-MBE has been employed. Both (S)TEM and EDX results confirm that 

introduction of antimony during growth of GaInNAs enhances overall compositional 

uniformity because adding antimony could reduce the adatom mobility due to lowering 

the barrier for chemical bonding, which is responsible for a lower probability to generate 

the favorable bonds. These enhancements of structural properties of GaInNAsSb thin 

film encourage the feasibility of 1.0 eV range subcell in four junction solar cells. 
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CHAPTER 6 

COMPOSITIONAL INSTABILITY IN INALN/GAN LATTICE-MATCHED 

EPILAYERS 

This chapter describes a comprehensive study on some fundamental issues 

commonly existing the in group III nitride alloys, such as the compositional fluctuation, 

extensive dislocation, etc. This work was carried out in collaboration with Professor T. 

Egawa and his colleagues at Nagoya Institute of Technoogy in Japan. They provided the 

InAlN samples grown by metal organic chemical vapor deposition in Japan. My role in 

this work mainly involved the micro-structural characterization of films using electron 

microscope and the analysis of chemical composition distribution in the films using 

scanning transmission electron microscopy (STEM) and energy dispersive X-ray (EDX) 

spectroscopy. The cathodoluminescence results were provided by a previous group 

member Dr. Ti Li and the Rutherford back-scatting spectrometry results were provided 

by a previous group member Dr. Qiyuan Wei. Some results of this study have been 

published. * 

 

 

 

 

 

 

(*)Q. Y. Wei, T. Li,  J. Y. Huang, Z. T. Chen, T. Egawa, and F. A. Ponce, 

“Compositional instability in InAlN/GaN lattice-matched epitaxy”, Appl. Phys. Lett. 100, 

092101 (2012). 
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6.1 INTRODUCTION 

 The ternary-alloy material system mainly consisting of three Group III nitride 

materials - GaN, InN and AlN, are widely used in electronic and optoelectronic devices. 

However, because of the discrepancy of the optimum growth temperature for these three 

nitride materials, it is challenging to grow thick, uniform, and high quality ternary films 

due to the tendencies towards spinodal decomposition.[1,2] Particularly, growing thick 

group III nitride ternary alloys is extremely difficult by conventional growth 

technologies such as MBE and MOCVD due to difficulties in maintaining uniform film 

morphology, good crystalline structure, as well as device-quality optical and electrical 

properties.[3] Compositional instabilities in InGaN/GaN and AlGaN/GaN systems have 

been reported and explained by a compositional pulling effect where, during the initial 

deposition of InGaN or AlGaN on GaN, the incorporation of In or Al atoms is impeded 

by lattice mismatch strain.[4,5] Therefore, considering the lattice mismatch effect, 

InxAl1-xN alloy with x~18% has recently received much attention because they are lattice 

matched to GaN, that is usually introduced as a buffer layer. Minimizing the lattice 

mismatch is expected to provide better structural characteristics and the possibilities to 

grow thick InAlN layers for distributed Bragg reflectors and optical waveguides.[6,7] So, 

in this chapter, I will report a study on the compositional instability in a lattice matched 

thick InAlN epilayer grown on GaN, triggered by the presence of threading dislocations.                                   

6.2 EPERIMENTAL DETAILS 

The InAlN epilayers described in this chapter were grown on GaN at ~800 °C by 

MOCVD using a Taiyo Nippon Sanso SR2000 system.[8] We studied two samples with 

different thickness (140 nm and 500 nm) to investigate the effect of thickness on the 
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structural and optical properties of InAlN films on lattice-matched GaN substrates. The 

microstructure of these samples was studied by TEM, in a Philips CM200 instrument 

operating at 200KV and a JEOL 4000 EX instrument operating at 400KV. The chemical 

composition of the epilayers was tested by RBS and STEM, in a JEOL 2010F instrument 

operating at 200KV. The TEM specimens were prepared by mechanical wedge-polishing, 

followed by ion milling in a cold stage to minimize indium diffusion and phase 

separation. Cathodoluminescence spectra were acquired at near liquid-helium 

temperatures in a scanning electron microscope. 

6.3 RESULTS AND DISCUSSION 

Figure 6.1 shows the RBS spectra of InAlN/GaN samples. The expected He 

scattering energies by indium and aluminum atoms in our measurement are 1.741 and 

1.105 MeV, respectively, and are identified in the figure with vertical lines. These values 

are calculated based on the energy and momentum conservation during the Rutherford 

backscattering process. Because for a fixed experimental setup, the chemical 

composition of element A and B in the same layer can be determined by their scattering 

yield as  
  

  
 

    
 

    
  ; Bring the yield ratio of Al/In (~0.320) obtained from the RBS 

spectrum of 140nm-thick InAlN epilayer, the indium content has been calculated to be 

18.0% using the equation. However, there is no single value of the In/Al yield ration due 

to a step profile appearing in the RBS spectrum of 500 nm-thick InAlN epilayer. It 

indicates that for the thick InAlN epilayer, the chemical composition has an abrupt 

change at certain depth, above which the indium content decreases from ~18% to 10%. 



110 

 

Fig. 6.1. Rutherford backscattering spectra of InAlN epilayers with thickness of 140nm 

and 500nm. Solid lines are experimental data and dashed lines are simulated ones. 

 

The energy-dispersive X-ray (EDX) spectroscopy acquired from different region 

shown in Fig. 6.2 also displays the compositional difference in the thick InAlN epilayer. 

The EDX spectroscopy acquired from the bottom part of the 500 nm-thick InAlN layer 

gives the indium content of 11.4%, which is larger than 8.96% that is obtained from the 

top of the layer. The absolute value of composition is different from the RBS results and 

maybe not accurate, due to the lack of standard samples with known composition for 

calibration. The trend of this compositional change is consistent with the RBS results. 
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Fig. 6.2. Energy-dispersive X-ray spectroscopy acquired from different regions in the 

500nm-thick InAlN epilayer as marked with cross, as shown in the images on the right.  

 

 

Cross-sectional TEM study also shows the existence of sub-layers in the 500nm-

thick InAlN film but not in the 140 nm-thick InAlN film. Figure 6.3 is g/3g dark-field 

images for the 140 nm and 500 nm thick InAlN samples. The image for the 140nm-thick 

layer in Fig. 6.3(a) exhibits relatively uniform contrast, while the image for 500 nm-thick 

layer in Fig. 6.3(b) exhibits an abrupt contrast change on the top. Both images display 

some threading dislocations in the epilayer. However, in the 140 nm-thick layer, these 
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threading dislocations distribute relatively uniform with an average density of 

~2×10
9
/cm

2
 and open up at ~80nm above the InAlN/GaN interface. In the 500 nm-thick 

layer, the defect density increase rapidly beyond a thickness of ~200nm.  

 

Fig. 6.3. Cross-section g/3g dark field TEM images of InAlN epilayers grown on GaN, 

with different thickness (a) 140 nm, and (b) 500 nm. 

 

To fully understand the formation of the sub-layers in the 500 nm-thick InAlN 

sample, a series of microstructure analysis was tested as shown in Fig. 6.4. Figure 6.4(a) 

and (b) are dark field TEM images taken with two different standard diffraction 

conditions for hexagonal structure at low magnification, showing the whole structure 

including the GaN buffer layer and the 500 nm-thick InAlN layer.  These two images 

demonstrate that most of the dislocations are visible under g = [0002] condition, 

indicating the predominance of screw and mixed type dislocations. They have Burgers 
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vectors c and c+a, respectively, where a and c are the unit cell vectors in the wurtzite 

structure. [9] The ratio of mixed type to pure screw type dislocations is found to be ~1:1 

from the diffraction contrast analysis. Figure 6.4(c) and (d) are bright field images taken 

with similar diffraction conditions at higher magnification mainly showing the 

microstructure of the 500 nm-thick epilayer. Dislocations in the 500 nm-thick InAlN 

layer were observed to open up laterally within the first ~ 100 nm above the InAlN/GaN 

interface, forming V-grooves with a divergence angle of ~ 36°, which is close to         

facets. Similar dislocation openings were also observed at the tip of some threading 

dislocations in the 140 nm-thick InAlN layer in Fig. 6.3(a). The fan-like regions 

originating from other dislocations in the vicinity but not contained in the thin TEM foil 

in Fig. 6.4 (of estimated cross-section thickness of ~ 80 nm) coalesce at a distance of ~ 

200 nm above the InAlN/GaN interface. Selected area diffraction pattern acquired from 

the top part of the 500 nm-thick layer, in Fig. 6.4(e), displays two distinct sets of 

diffraction patterns – a set of small diffraction spots and a set of bigger disks. The spot 

and disk can be seen more clearly in the magnified inset. We believe that the small spot 

set is corresponding to the bottom sub-layer with uniform composition, while the larger 

disks is corresponding to the top sub-layer that constitutes the largest fraction of the area 

selected for diffraction. It is noticeable that the large disk is elongated along the         

axis indicating various lateral dimensions of the crystallites responsible for this reflection. 

Also the large disk is displaced from the small spot along the [0001] direction, indicating 

the lower indium content in the top sub-layer than in the bottom sub-layer, which is 

consistent with the RBS and EDX results. 



114 

 

Fig. 6.4. Cross-section TEM images of 500 nm-thick InAlN epilayers grown on GaN, 

with different diffraction conditions and magnifications (a)-(d), and selected area 

diffraction pattern acquired from the top part of this epilayer (e). 

 

Optical characteristics of these two samples were assessed by CL spectra, in Fig. 

6.5, using an electron accelerating voltage of 2.5 keV. The purpose of using such 

relatively low voltage is to let the electron beam interact mostly with the near-surface 

region where the InAlN epilayer instead of the GaN substrate is. From the spectra, 

emission of InAlN from the 500 nm-thick layer is observed to be much broader than that 

from the 140 nm-thick layer. It indicates that the thicker InAlN layer has more degraded 

crystal quality and/or higher density of defects. Also, the center of the InAlN emission 

from the 500 nm-thick layer is red-shifted from the one from the 140 nm-thick layer, 

indicating the overall indium content in the thicker layer is lower. 
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Fig. 6.5. Cathodoluminescence spectra from InAlN epilayers with different thickness. 

(the black one is from 140 nm-thick layer; the red one is from 500 nm-thick layer) 

 

So, from the micro-structural analysis as well as the optical characteristic 

described above, the compositional variation in the 500 nm-thick InAlN layer can be 

summarized as follows. InAlN film with indium composition of ~18% was firstly grown 

on GaN in which threading dislocations open up during growth due to the strain energy 

associated with the large Burgers vector, developing         facets.[10, 11] After the 

threading dislocation opening, crystallites with a lower indium composition of ~ 10% 

nucleate heterogeneously at the inclined facets of the open-core dislocations. The 

compositional change of indium content has been verified by the RBS and EDX results. 

No indium precipitates were detected. We attribute the drop in indium content to the 

sequential growth on an inclined facet of wurtzite structure. More specifically speaking, 

the compositional pulling effect requirs an Al-rich gas phase for c-plane growth, but as 
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the film grows thicker, the screw threading dislocations open up due to the local strain 

generated by random-alloy fluctuations, and these steady opening present inclined facets 

that allows higher Al incorporation and an increase in growth rate. These observations in 

InAlN films are consistent with a model proposed by Northrup et al. for the formation of 

pits in GaN and its effect on indium incorporation during growth of InGaN.[12] 

Comparing out results with the study by Zhou et.al. [13] on the InAlN thin film 

with thickness of ~50 nm grown by MBE on GaN, they observed the formation of a 

vertical honeycomb structure due to the lateral phase separation. But materials grown by 

MBE typically exhibit higher dislocation density, and growth happens at lower 

temperatures (465-480 ºC) while the MOCVD gowth happens at around 800 ºC. 

6.4 CONCLUSION 

In InAlN/GaN lattice-matched epitaxy, compositional instability has been 

observed when the InAlN epilayer is grown thick enough. This compositional variation 

is found to be triggered by the presence of threading screw dislocations that open up into 

a faceted inverted pyramidal shape. InAlN crystallites with lower indium content 

nucleate heterogeneously on the facets of coreless dislocations. Thus, two regions with 

distinct chemical composition and micro-structural features are formed. The degraded 

crystal quality results in a defect-related broad optical emission. The overall lower 

indium content leads to a red-shift of the InAlN emission center. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

7.1 SUMMARY 

In this dissertation, the microstructural and optical properties of some common II-

VI and III-V compound semiconductor materials have been systematically investigated 

using transmission electron microscopy (TEM) and cathodoluminescence (CL) as well as 

some other techniques. 

In chapter 3, the microstructure of (001) InP singe crystals scratched with a small 

diamond tip in an atomic force microscope has been studied as a function of applied 

normal force and crystalline directions. It is found that within the plastic deformation 

range, the scratch surface of the InP crystal conforms the tip shape by the formation of 

crystal slip steps along {111} planes. The slip of {111} planes produces dislocations 

deep in the bulk of the material. The onset of dislocation nucleation was observed to be 

different along the <100> and <110> scratch directions. And the plastic flow is always 

deeper when scratching along the <110> direction for a given normal force. This has 

been explained by the interplay between normal and lateral forces in the <110>{111} 

slip system. High strain fields observed in <100> scratches indicate hardening due to 

locking of dislocations gliding on different slip planes. Reverse plastic events have been 

observed in <110> scratches with a normal force of 120 µN, that manifest themselves in 

the form of pop-up events that result from recovery of stored compressive elastic strain. 

In chapter 4, nanoindentation-induced plastic deformation has been studied in c-, 

a-, and m-plane ZnO single crystals; and c-plane GaN crystals, to investigate the 

deformation mechanism in hexagonal structures. TEM results reveal that the prime 
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deformation mechanism is the nucleation of slip on basal planes for indentations on non-

polar ZnO crystals, and on pyramidal plus basal planes for c-plane ZnO and GaN. The 

stain field induced by this deformation is built along particular directions. Dislocations 

generated are mostly of the screw-type; they are perfect dislocations with Burgers vector 

of           . No evidence of phase transformation or cracking was observed in these 

materials. CL imaging reveals a quenching of the near band-edge emission due to 

deformation-produced defects that act as non-radiative recombination centers. 

In chapter 5, the effect of introducing antimony during the growth of GaInNAs 

has been discussed. With the exposure to minute levels of antimony during growth, 

GaInNAs epilayers exhibit uniform chemical composition. While the one without 

antimony exposure show two-dimensional growth with striation features associated with 

compositional fluctuation and nanometer scale elemental segregation. It is found out that 

antimony atoms can suppress the surface mobilites of adatoms resulting in a lower 

probability to generate the favored bonds, such as Ga-N and In-As, then improving 

compositional uniformity within the film. 

In chapter 6, compositional inhomogeneity in ternary InAlN epilayers with 

different thickness has been presented. It is found that the lattice-matched InAlN epitaxial 

films grown on GaN exhibit chemical instability when the InAlN layer is grown beyond a 

certain thickness. In a 500nm thick InAlN film on GaN, two sub-layers with different 

indium content were observed, and their interface is associated with the generation of 

threading screw dislocations. The screw dislocations open up into a faceted inverted 

pyramidal shape that allows higher Al incorporation. The top sub-layer tends to have 
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lower indium than the bottom layer due to elemental segregation (so-called pulling 

effects). 

7.2 FUTURE WORK 

In this dissertation, we have reported on the mechanical deformation in several 

semiconductor single crystals. This work has been done on materials that were 

controllably deformed by nanoindentation, In actual practice, however, there are always 

films and epilayers involved and substrate in a real device structure. The stress field 

between the substrate and the different layers, can change the deformation response to the 

external load. So it is also essential to study the mechanical deformation in films and 

multilayer structure rather than just in single crystals. Additionally, non-polar and semi-

polar growth of GaN is being used in industry. It thus becomes necessary to learn the 

mechanical behaviors and deformation mechanisms of the non-polar and semi-polar GaN 

crystals. On the other hand, nanoindentation (nanoscratching) created pits (grooves) have 

been proved to be selective sites for nanocrystals growth and the structure of the 

nanocrystals is related to the defect structure under the pits (grooves). It would be very 

interesting to grow such nanocrystals in a controllable manner using controllably 

introduced defects. But I understand that this is a very challenging task. 
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