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1. Introduction 

1.1. Background 

 The early concepts of nanoscience and nanotechnology were presented by Richard 

Feynman at an American Physical Society meeting at the California Institute of Technology in 

1959. Following the development of scanning tunneling microscope in 1981, these terms 

became widely used [1]. Generally, miniaturization – apart from the size reduction – gives rise 

to phenomena only noticeable at a nanoscale level that are frequently linked to an enhancement 

of functionality, performance or a decrease in energy consumption. This raises the prospect of 

using nanoscale phenomena for spintronics devices [2-3], ultrasensitive sensors [4], detectors 

[5], and thermophotovoltaic generators [6], to name only a few. Furthermore, with recent 

developments in advanced materials, it is becoming increasingly evident that the mechanical 

properties of semiconductors or perovskites (the materials which are examined within this 

thesis) are as equally important as their electrical or magnetic characteristics [7]. 

 The mechanical evaluation of nanomaterials is not an easy task since they are currently 

only available in limited quantities. As a result, the use of nanoindentation equipment can 

provide the researcher with the capability to determine the typical mechanical parameters and 

detect structural changes. Nanoindentation experiments enables the estimation a range of 

relevant mechanical parameters including elastic modulus, hardness, yield stress and strength 

of the investigated material in its near-surface region. Careful analysis of the mechanical 

characteristics obtained allows conclusions to be drawn on a nanomaterials stress-induced 

phase transformation [8], defect-dynamics [9] and crack development properties [10]. 

 The indentation method was first utilized as early as 1898, when Martens constructed 

an indentation device capable of registering the changes in the indentation depth h for different 

levels of the applied load Pmax [11]. Nevertheless, it was not until nanoindentation probing was 

recognized as a unique testing method for nanostructured materials, thin films and ion-modified 

solid surfaces did the technique come to prominence. More recently, the nanoindentation 

technique has been further developed to allow the mechanical properties of nanovolumes in low 

[12] and high temperatures [13], under a dynamic load [14] or combined with in situ electrical 

resistance measurements [8] to be determined. Overall, the method has found application in a 

variety of fields ranging from crystalline materials, such as ceramics [15], metals [16], 

semiconductors [9], through polymers [17] to tissues [18] or biomaterials [19]. 

 In order to more fully understand the deformation mechanisms responsible for the 
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nanoindentation response of stressed nanovolumes, experiments are typically performed in  

parallel with atomistic simulations, which can provide better insights into processes at the 

atomic scale. Over the last twenty years, significant progress has been achieved in this area 

particularly in the areas of finite element methodology (FEM) [20-21], molecular dynamics 

(MD) [21-22] and ab initio [23] calculations. This synergistic relationship between 

experimental and computational methods has proved successful in resolving the question as to 

whether incipient plasticity in semiconductors is determined by dislocation-related phenomena 

or by pressure-induced phase transformations [9]. In addition, the combination of modeling and 

experimental testing has also played a key role in determining how point defects and different 

types of atomic doping influence the onset of nanoindentation-induced plastic deformation in 

many types of materials [24]. 

 

1.2. Research aims and objectives 

This work outlined in this thesis aims to establish new, reliable and accurate approaches to 

obtain the unique mechanical/electronic properties of III-V semiconductors and multiferroics 

from instrumented load-unloading indentation curves and atomistic calculations. It also 

includes the elastic and plastic response of both perfect as well as defect structures, as crystal 

lattice imperfections have been recognized to have an impact on the mechanical properties of 

nano-objects and nanostructured components [25]. The research questions considered as part 

of this thesis include the following: 

- How do the vacancies and impurities affect the mechanical and electronic properties 

of GaAs, InAs semiconductors? Does the type of vacancy play a role? 

- What is the effect of Si-dopants on the onset of the elastic-plastic transition in GaAs 

material during nanoindentation? 

- Which potential is more suitable to describe elastic properties of pure and defect III-V 

compounds: Abell-Tersoff potential [26-29] in a form parameterized by Powell et al. 

[30] or the norm-conserving ultra-soft pseudopotentials provided by the PSLibrary 

[31]? 

- Does nanoindentation allow the structure-dependent mechanical properties of Atomic 

Layer Deposition (ALD) deposited  BiFeO3 multiferroics to be tested? Can it be used 
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as a convenient indicator of the growth process within a material?  

In this thesis, the author presents a number of examples that demonstrate how either 

nanoindentation probing and/or atomistic simulations of nanodeformation contribute to 

materials research and help to answer the questions postulated above. 

 

1.3. Thesis outline 

This thesis includes four main chapters of practical importance based on the author’s findings 

described in four separate scientific papers published in recognized journals in the field. The 

details about the accomplished tasks are presented below: 

PUBLICATION I addresses the effect of vacancy concentration on the elastic and electronic 

properties of GaAs and InAs semiconductors. The conclusions are based on the results of MD- 

and Density Functional Theory (DFT-) calculations while two different potentials were 

employed: namely the parameterized empirical potential of the Abell-Tersoff type and the 

pseudo-potential, respectively. Bulk moduli and elastics constants of perfect and defect 

supercells have been determined from tetragonal and rhombohedral lattice distortions. The 

paper demonstrates the linear relationship between the increase in the vacancy concentration 

and decrease of the elastic and lattice constants. Moreover, outlines how the application of 

pseudopotential enables different vacancies and capture variations in the elastic parameters to 

be distinguished. The influence of the neutral vacancies on the electronic states of the examined 

materials was also established: VGa and VIn vacancies have an acceptor-like character providing 

hole-states near the valence-band, whereas the VAs vacancies are of the donor-like type. 

PUBLICATION II concerns the structure and mechanical properties of ALD-deposited 

multiferroic BiFeO3 thin films. Nanoindentation, grazing incidence X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and energy 

dispersive X-ray spectrometry (EDS) were used to evaluate the structural changes caused by 

nanoindentation during the consecutive stages of an annealing process. The results obtained 

indicated that an increase in the structural homogeneity occurred with longer annealing times, 

the first time that mechanical characteristics ALD-fabricated BeFiO3 were outlined. 

PUBLICATION III focuses on the nanoindentation probing of a Te-doped GaSb thin film 

grown by Molecular Beam Epitaxy (MBE). The results obtained help to explain the elastic-
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plastic deformation of the selected material deformed with a sharp (Berkovich) and spherical 

tip. In addition, the value of “true hardness” (the parameter based on the energy consumed for 

an irreversible deformation) and yield strength – which indicates the origin of the observed 

elastic-plastic transition - were estimated. The singularity registered on the load-depth curves 

(pop-in event) was attributed either to a defect nucleation or a phase transformation. 

PUBLICATION IV is concerned with the effect of doping on the nanoscale elastic-plastic 

transition of GaAs crystal as determined with nanoindentation and ab inito calculations. The 

results explain the relationship between the level of the donor-dopant and the variation of elastic 

constants and equilibrium between two phases of gallium arsenide, both experimentally and by 

means of atomistic calculations. The shear stress required to initiate the dislocation activity was 

found to promote phase transformation in deformed GaAs. 
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2. Materials and methods 

2.1. Atomistic calculations 

2.1.1. Molecular dynamics 

Molecular dynamics is a method used to simulate the trajectory of atoms, which allows atoms 

positions and velocities to be specified by numerically solving Newton's laws of motion. This 

approach was first introduced in 1957 by Alder and Wainwright for many-body systems [32-

33], whilst in 1964 Rauhman [34] proposed a way of simulating atoms in liquid argon utilizing 

the continuous Lenard-Jones potential [35]. Such procedures have evolved considerably and 

nowadays play an increasingly important role in many fields of science and engineering that 

include diffusion modeling [36], phase transformation [8], fluid dynamics [37] or dielectric 

properties of oxides [38], to name a few. Molecular dynamics utilizes the Born–Oppenheimer 

approximation, which assumes a separation of the motion of atomic nuclei and electrons [39]. 

Due to their small mass and fast dynamics the latter are regarded as particles that relax almost 

instantaneous ground-state configuration, compared to the timescale relevant to atomic motion. 

As a consequence, the energies of molecules can be considered to be solely due to nuclear 

dynamics. 

 A schematic illustration of the general MD-algorithm that describes the consecutive stages 

of MD-procedure is shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

Figure 1. The scheme of the classical molecular dynamics algorithm. 
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At the beginning, one has to select the initial positions ri and velocities vi of i - atom within a 

system composed of N atoms. Subsequently, in order to calculate the force Fi acting on each 

atom, it is necessary to determine the potential energy U(rN) defined by an interatomics 

potential. The use of many-body potentials based on the Tersoff function [29] make it possible 

to incorporate mutual and multi-atom correlations into the model. 

 The MD-procedure requires a step-by-step solution of Newton's equations of motion, 

which take the following form: 

                               , where  . (1)     

where the parameters mi, and ai correspond to the mass and acceleration of i-th atom, 

respectively. In order to integrate the equations of motion, the velocity Verlet algorithm based 

on the original method proposed in 1967 by Verlet was used [40]. Amongst numerous other 

widely used formula, as the numerical integration algorithm of Beeman or Leapfrog [41-43] 

the one proposed by Verlet offers simplicity and its use is not computationally intensive. The 

positions ri, velocities vi and accelerations ai of atoms at time t+∆t are defined by the following 

equations: 

                                                              (2)     

                                                                                  (3)                             

                                            . (4) 

The selection of a proper time-increment ∆t plays an important role in MD calculations. In the 

case when ∆t is too long, the simulations are affected by large error and the total energy is not 

conserved, whereas an underestimation of ∆t makes it difficult to match conditions for a large 

systems. The additional limiting factors for ∆t appears to be the period of highest vibrational 

frequency of the molecule, which should not exceed the selected ∆t-value, thus a ∆t on the order 

of 1 fs appears is typically used in MD simulations. Other important issues related to the MD-

modeling of crystalline solids concerns the periodic boundary conditions, which allow the 

surface effects to be minimized and the problem with finite size of a system to be resolved. The 

boundary conditions are such that molecules are confined in a box of a predetermined size, 

which is replicated throughout infinite space by rigid translation in all the three Cartesian 

directions. When a particle moves from one box, an identical particle enters from another one, 

enabling the conservation of the total number of particles in that simulated region. In order to 
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avoid the interactions between defects in the simulation cell, the box size determined by the 

boundaries should be relatively large [44].  

 

2.1.2. MD simulation of the effect of vacancy concentration on elastic properties of 

defected material. 

MD models that utilizes empirical potential to account for the directional characteristics of 

atomic bonding are now routinely used to investigate the physical properties of semiconductors 

intended for micro- and nano-applications [45-47]. In this thesis, the Abell-Tersoff potential 

[26-29] as parameterized by Powell et al. [30] was used to discuss the impact of different 

vacancy-concentrations on the elastic properties of two important semiconductor materials: 

GaAs and InAs.  

 The Tersoff potential is constructed in such a way as to properly reflect the dependence 

of chemical bond strength on the local environment i.e. number and location of neighboring 

atoms. Its general form comprises of the following: 

                                       ,                             (5) 

where  
 and  denote binding energies of the repulsive and attractive terms, respectively.  

The indicated energies are defined as: 

                ,   , ( ) 

where rij, Bij, f(r), D0, S, and βd stays for the distance between i-th and j-th atom, bond order 

parameter, cutoff function, dimer bond energy, flexible parameters, and ground-state oscillation 

frequency of the dimer, respectively. 

The spherical cutoff function (Eq. 7) limits the inter-atomic interactions to those among the 

nearest neighbors: 

                                        . (7) 



18 
 

In turn, the bond-order parameter Bij contains an angular dependent term ij and is written as 

follows: 

                                                               ,   (8) 

 where                        ,   

and                                            , 

θijk is an angle between ij and ik bonds. 

 In order to use the Abell-Tersoff [26-29] potential parameters reported in Powell et al. [30] 

for InAs and GaAs semiconductors, it was necessary to converted these to a LAMMPS (Large-

scale Atomic/Molecular Massively Parallel Simulator) [48] input format as outlined below 

(Table 1). 

 

Table 1. Parameterization of Abell-Tersoff [26-29] potential by Powell et al. [30] used in LAMMPS format 

InAs GaAs LAMMPS format 

1.76845 1.78044  

1.32755 6.96025  

1.49877 1.5665  

2.56931 2.4324  

3.7 3.5  

0.1 0.1  

2.10031 2.16345  

0.827636 0.750147  

0.442115 0.448899  
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2.35072 3.55586  

0.139688 0.257183  

0.140874 

 
0.244341  

1.0 1.0  

3.0 3.0  

 

 The influence of vacancy concentration on elastic properties of zinc- blende (ZB) GaAs 

and InAs structures were investigated by constructing a super-cell composed of 9 × 9 × 9 ZB 

unit cells (5832 atoms) which was subsequently subjected to three different deformation 

schemes commonly known from the theory of elasticity [49]. The procedure was performed 

both for perfect crystal and for super-cells with defects obtained after removal of selected atoms 

from their sites. The data acquired for GaAs provide an example (see Fig. 2) of the general 

trend that also holds for GaAs and InAs materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Energy Etot-Emin of GaAs ZB structure as a function of lattice constant and lattice distortion 

parameters for the three kind of strain volumetric a), tetragonal b) and rhombohedral c). The data refer 

the perfect crystals and these with Ga and As vacancies, which are marked as follow: perfect crystal 

(Circles), Ga vacancies-defects (squares) and As vacancies-defects (triangles). 

 

Since the InAs and GaAs semiconductors focused on crystallize in a ZB cubic structure (space 

group F-43m), three independent elastic constants, namely: C11, C12 and C44, are sufficient to 
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describe their elastic properties. As a consequence, a set of three independent equations has to 

be solved. Furthermore, it is also possible to determine bulk modulus while employing 

volumetric strain: 

                                                            . (9) 

In order to determine the C11 and C12 constants during volume-conserving, tetrahedral 

deformation, the applied strain is defined by means of the tensor ε, with eT strain parameter: 

.   (10) 

Consequently, the total elastic energy is given as: 

                                                                      (11) 

where V0 denotes the volume of an unstrained cell.  

As a result, the strain tensor ε with eR strain parameter yields: 

                                                               , (12) 

while the volume-conserving rhombohedral distortion enables one to determine the C44  

constant and a total elastic energy: 

                                                 .                   (13) 

The obtained cohesive energies can then be used for stability verification of the structures under 

consideration. 

 

2.1.3. Density functional theory 

Density Functional Theory is used to determine the ground state electronic, structural and 

magnetic properties of systems that contain multiple electrons under an external potential [50-

51]. The starting point is the time independent Schrodinger equation approach: 
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                       , (14) 

where Ψ, ħ, m, e and r denote many body wave function, Dirac constant, reduced electron mass, 

electron charge and the electron location, respectively. The Hamiltonian energy operator (Ĥ) 

composed of three components - the electronic kinetic energy , the external potential energy 

(the attraction between the atomic nucleus and electrons), , the internal potential energy 

(electron-electron interactions), , makes it possible to define all the possible states of the 

system ( ) and their related energies ( ).  

 In the 1960’s Hohenberg and Kohn [50-51] replaced a very complicated many-body wave-

function with electron density ( (r)). Their proven theory shows that knowledge of the ground 

state electronic density can be used to determine the total energy, the external potential, or the 

total number of particles. Furthermore, they found that there exists an energy functional  

of the charge density, which attains its minimum if and when the charge density only ( (r)) is 

the exact the ground state density n(r), which yields: 

                                                      , (15) 

where, the external potential does not affect the universal functional – F[ ]. 

In practice, there is no single way to estimate the functional F[ ] and compute the ground-state 

density of a system. Kohn and Sham [51] proposed a method which allows a system of non-

interacting electrons in an external potential that creates the same density as the interacting one 

to be determined. In such a case the universal functional is composed of three terms: 

                                           , (16) 

where Ts[n(r)] denotes the kinetic energy of non-interacting electrons gas, the second term 

stands for electrons electrostatic (Hartree) energy, while the Exc[n(r)] defines the exchange-

correlation energy.  

The minimization of the functional allows the Kohn-Sham equations to be applied (Eq. 15), 

which solution provides the ground state density of the system: 

                                                  , (17) 

where                                , 
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and                                                     .  

These formulas describe a system of non-interacting particles in an effective potential Veff(r), 

which consists of an external imposed potential , electrostatic Hartree interaction and 

exchange and correlation potential. 

 One of the frequently used approximations used to calculate the exchange-correlation 

potential in DFT is the Local Density Approximation (LDA), for which the total exchange-

correlation energy Exc(r) is given in the form of: 

                                                           , (18) 

where εxc is a local exchange-correlation energy.  

Usually, the Exc(r) is estimated from another alternative theoretical method (e.g., Monte Carlo 

simulations) for a homogeneous electron gas of density n [52]. Within this thesis the selected 

Monte Carlo parameterization data proposed by Perdew and Zunger were used [53]. 

 The core-electrons that are highly localized around the nucleus do not have an appreciable 

impact on the bonding of an atom, this is in contrast to the valence electrons, which are strongly 

affected by the environment. Consequently, in order to reduce the computational cost of core 

electron wave-functions representation, it is recommended to introduce the pseudo-potential, 

which allows the interaction between core and valence electrons to be approximated. In this 

thesis the norm-conserving ultra-soft pseudopotentials for Ga, In and As are used, based on the 

Perdew and Zunger self-interaction correction [53] available from the PSLibrary [31]. 

 Although, LDA has been successfully used to describe electronic and magnetic interactions 

in semiconductor materials, it fails to estimate the energy gap of different materials as a result 

of the self-interaction error created by the mean-field treatment of the Coulomb potential. In 

order to overcome this problem, the work outlined here utilized the LDA of exchange-

correlation functional, supplemented by strong Coulomb interaction via a Hubbard-like 

Hamiltonian (U).   

In statistical and condensed matter physics, the density of states (DOS) gives the number 

of allowed electron (or hole) states per volume at a given energy [54]. A high DOS at a specific 

energy level corresponds to a huge number of states available for occupation while a DOS of 

zero means that no states can be occupied at that energy level.  



23 
 

Waves, or wave-like particles in a quantum mechanics system have specific wavelengths, 

propagation directions and each wave occupies a different mode, or state. Therefore many states 

may be available at specified energy level, while no states at other energy levels.  

The probability that a given energy state will be occupied by the identical particles is given by 

the distribution function. The projected (partial) density of states (PDOS) provides more 

information about contribution of the individual atoms and orbitals to the total DOS. The 

decomposition of the total density of states into s,p,d,f states allows to find which state 

contribute at which energy. 

 

2.1.4. The effect of vacancy concentration on elastic and electronic properties of 

defected semiconductors: DFT calculations 

It is already widely recognized that the presence of point defects affect the electronic properties 

of semiconductors [55], which is a crucial issue for contemporary nanoelectronics devices [52]. 

Therefore numerous methods have been developed in order to calculate electronic properties of 

both simple and complex systems. The most frequently used approach is the DFT [56, 57], 

which combines relatively low computational cost with a satisfactory accuracy. DFT is often 

referred to as ‘ab initio’ or ‘the first principles method’, that is capable of providing the physical 

properties of material using either non-empirical or experimental input.  

 In this thesis the ab initio calculations were carried out using Quantum Espresso code 

[58]. In order to obtain acceptable convergence of the evaluated characteristics, this thesis 

outlines the use of two different Monkhorst-Pack meshes (size of 11×11 ×11 and 5×5×5) in a 

reciprocal lattice of perfect and defect containing crystals [59]. The performed simulations 

enabled the resolution of the impact of vacancies on the mechanical and electronic properties 

of the investigated materials, namely GaAs and InAs. This evaluation was accomplished by the 

removal of a single atom located in the center of the 2×2×2 super-cell (64 atoms in total) and 

allowing the subsequent structure-relaxation to occur until the atomic forces decreased below 

the imposed threshold of 10−4 Ry/au3. Comparison of the data obtained for the perfect and the 

defect structure allowed data related to the lattice parameters, elastics constants and electronic 

states to be determined. Nevertheless, the electrical properties of InAs, GaAs were estimated 

using the LDA+U method – where the correct U parameter is determined for the p and d states 

- since LDA is not suitable for strong-correlated systems as it gives rise to an incorrect 

estimation of gap-energy. Subsequently, the relaxed super-cell was subjected to a second 
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relaxation procedure where the LDA+U approximation was employed, while the effect of the 

neutral vacancies on electronic state required application of the projected density of states 

(PDOS) method to the calculations carried out for GaAs and InAs. The visualization of a super-

cell with the central vacancy in GaAs is provided in Fig. 3 and also serves as an example of the 

general trend that holds for all the semiconductors considered here (the position of the 

introduced vacancy VGa is circled in red).  

 

 

 

 

 
the As atom furthest from the VGa -vacancy    

the As atom closest to the VGa-vacancy                                 

 

 

 

 

 

 

Figure 3. The model of GaAs zinc-blende structure 2x2x2 super-cell with a single vacancy (VGa). 

In order to distinguish between a donor- or acceptor-like character for particular vacancies (VGa, 

VIn, VAs)  calculations based on the partial density of states and Fermi-level data can be used. 

 

2.1.5. DFT approach to nanoindentation. 

Nanoindentation is the experimental method that is able to provide the mechanical properties 

of bulk solids and thin films in the near-surface region [8, 60]. In order to understand the 

interaction between the diamond indenter and the surface of a probed material, atomistic 

simulations are nowadays increasingly employed as they are capable of accounting for the 

phenomena that occur in the vicinity of nanoscale contacts [8]. The combination of 

experimental testing and numerical approaches has already provided valuable information on 

the basic problems associated with the nanomechanical testing of crystalline materials, 

including their incipient plasticity.  
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 Since doping is known to have a considerable impact on the structure of GaAs 

semiconductors [61-63] and the information this effect has on nanomechanical properties is 

incomplete, the influence of various Si-dopant concentrations on the onset of plastic 

deformation in GaAs was investigated. In particular, the influence of Si impurities on the elastic 

constants and the equilibrium between GaAs-I (ZB) and GaAs-II (rock-salt - RS) phases was 

studied in detail.  

 The investigation used DFT-techniques commonly utilized for modeling mechanical 

issues within the Quantum Espresso-code domain [8, 64] and the norm-conserving 

pseudopotentials for Ga, In, and As elements - based on the Perdew and Zunger [53] form of 

the exchange-correlation energy functional - were adapted from the PSLibrary [31]. A kinetic 

energy cutoff of 60 Ry was applied and the k-point space was set with a 7x7x7 Monkhorst-Pack 

mesh [59].  

 Firstly, the two 2x2x2 super-cells were modeled to obtain two different silicon 

concentrations - n1 and n2 (n1<n2), for both the ZB and RS structures of GaAs. The simulations 

involved the introduction of a single Si atom into the site with coordinates (0.5, 0.5, 0.5)Ga and 

in the next step - two Si-atoms at locations (0, 0, 0)Ga and (0.5, 0.5, 0.5)Ga, respectively.   

 The elastic constants for the ZB-phase of pure and the defect crystal were determined 

by application of the volumetric, tetragonal, and rhombohedral lattice distortions. Furthermore, 

the calculations targeted critical shear stress τc for nucleation from homogeneous dislocation 

according to the equation: 

                                                   , (19) 

where, G and ν stand for shear modulus and Poisson’s ratio.  

The influence of silicon impurities on equilibrium of ZB and RS phases of GaAs was 

estimated from the EZB(V), ERS(V) relationships while the crossing point of the HZB(V) and 

HRS(V) ground state enthalpy allowed the hydrostatic pressure peq at the phase equilibrium point 

to be determined. This was accomplished by using He = E+pVs (where E, p and Vs indicate 

internal energy, pressure and volume of the system). In order to understand the unique cause of 

the nanoindentation induced plastic deformation of GaAs when doped by silicon the interaction 

of dislocations and point defects need to be considered as described by the following the 

equation [65]: 

                                                                          , (20) 
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where, Eint, β, b, and r, θ defines energy of elastic interaction between the dislocation and point 

defect, geometrical constant, Burgers vector and polar coordinates, respectively (see Fig. 4).  

Thus, the components of the attractive force acting on a dislocation are: 

and  (21) 

where the maximum magnitude F = βG/b is obtained for θ = π/2 and r = b. 

 

 

 

 

 

 

 

 

Figure 4. The schematic of interactions between point-defects and a dislocation within the classical 

theory of elasticity. (a) Geometry of an edge dislocation and a point defect located in the origin of the 

coordinate system. (b) The schematic of pinning phenomenon. Under influence of a shear force the 

dislocation bows out between the obstacles. 
 

In order to release the dislocation line from the pinning Si atom, the external shear stress 

σc should exceed the maximum anchoring force and comply with the relationship: σcbL = βG/b 

(where L denotes average distance between dopants). By neglecting the b and β parameters, the 

relationship can be simplified to the stress ratio: σ1
c/σ2

c = G1L2/(G2L1) which in turn can be 

modified to: σ1
c = 0.5σ2

c, which indicates that shear stress rises with increasing Si concentration. 

 

2.2. Experimental 

2.2.1 Mechanical properties 

With the recent development of nanomaterials, it is becoming increasingly evident that the 

present applications of semiconductors require not only electrical and optical properties, but 
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also satisfactory mechanical characteristics as well [4]. It should be noted that, the investigation 

of the mechanical properties of the nanomaterials is not a simple task due to their small scale 

and associated problems related measurability. Nonetheless, indentation testing appears to be a 

powerful tool to investigate nanostructured materials [14], due to its capability to precisely 

probe an area of interest on a sample. When nanoindentation measurements are performed at 

the nano-scale level, they can also significantly benefit from atomistic simulations which 

provide an important insight into both the nanoscale phenomena and atomic structure evolution 

of the investigated material as the deformation proceeds. 

 When considering a conventional tensile test, it involves the application of a load (P) 

that  typically results in an elongation (  of a standard material sample. In order to obtain the 

stress-strain plot (Fig. 5), which can provide information about mechanical properties of the 

material under investigation, stress  and strain ε are defined as: 

                                                               and     , (22) 

where,  A and L stand for the cross sectional area of the sample and its original length prior to 

being loaded.  

 

 

 

 

 

 

 

Figure 5. A scheme of the engineering stress-strain curve typical for metallic materials. 

In classical mechanics, Young’s modulus is defined as the ratio between the increment 

of stress and the corresponding strain progression (Δσ/Δε), which remains valid as long as the 

relationship is linear (see Fig. 5). The yield strength (σys) is the minimum stress under which a 

material deforms permanently, whereas ultimate tensile strength (σuts) denotes maximum stress 

that a material can withstand while being stretched or pulled.  

 Despite the significant differences between a tensile test and nanoindentation probing, 

it is possible to obtain the same mechanical parameters from both tests, if certain precautions 

concerning the indentation experiment are adhered to. In the case of nanoindentation, despite 
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the similarities between tensile force F (stress σ) and indentation load P (contact stress, see 

section 3.3.2, Eq. 31) that stimulate extension Δl (strain ε) apparently in line with indentation 

depth h, these two methods are different. For example, in a tensile test the stress is uniform 

within the tested sample, which is not the case in nanoindentation. Furthermore, in indentation, 

the deformation does not concern the whole specimen but only a tiny part under the contact 

area that, in turn, is surrounded by virtually unstrained material. Finally, it is the indentation 

unloading curve that provides the essential information, unlike tensile test measurements. As a 

result, numerous researchers are involved in the study of nanoindentation data deconvolution 

in order to evaluate the engineering characteristics of the numerous materials. The mechanical 

properties estimated by nanoindentation make use of the load-depth (P-h) curves that are 

recorded during experiments (see the schematic in Fig. 6). In contrast to the determination of 

elastic properties, which require a fulfillment of several assumptions to be successful, the 

evaluation of plastic parameters by means of nanoindentation is much more straightforward. 

For example, various standardized hardness tests - where a hard tip is pushed onto surface of 

the material under investigation - have been used for decades to estimate the plastic properties 

of metals [66, 67-69]. This is due to the fact that a simple relationship - H=3σy - exists that 

enables engineers to obtain yield stress (σy) via a very convenient, virtually non-destructive 

indentation experiment, which is much faster and cheaper than a tensile test. Nevertheless in 

nano-indentation testing, hardness is evaluated from the penetration depth and there are 

considerable limitations due to, for example, sporadic cracking that can occur in the late stages 

of deformation or the substantial amounts of elastic recovery which can happen during 

unloading. Thus, Pethica et al. [69] were the first to report indentation hardness on the sub-

micrometer scale in nickel, gold and silicon, and it was these results that made nanoindentation 

or nanohardness testing become a new field of research on the edge of mechanics and materials 

science.  

 Initially, the most common use of nanoindentation was to measure so called ‘nano-

hardness’ and elastic modulus [70-71], while the technique has also been utilized to study creep 

[72], residual stresses [73] and adhesion [74] as well as yield stress and strength of materials in 

the near-surface region [72, 75]. In addition, nanoindentation has also been combined with a 

suite of hybrid characterization techniques (nanoDMA, electrical contact resistance, modulus 

mapping, AFM imaging, thermal control or acoustics emission monitoring) and when supported 

by atomistic simulations, the technique has become a powerful tool for the investigation of new 

materials, especially in areas linked to nanostructured technologies and nano-objects.  

Despite the numerous developments in this interesting field, the basis of 
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nanoindentation remains the same, i.e., the typical P-h data presented schematically in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Schematic illustration of typical deformation behavior of: perfectly elastic (a), entirely plastic 

(b) and elasto-plastic deformation (c), in which hr, hp, he, h and Ur stands for finite residual depth, plastic, 

elastic recovery of the indent, current indentation depth and the indentation energy, respectively.  

 

The shape of the P-h curve for perfectly elastic indentation is shown in Fig. 6a. In this case the 

loading and unloading curves coincide and the energy Ur expended for irreversible deformation 

equals zero. For the case of a perfectly plastic material the entire indentation energy is expended 

for an irreversible deformation (Fig. 6b), whereas typically most materials display the elasto-

plastic response illustrated by the P-h curve in Fig 6c. The idea of relating hardness to the 

energy Ur  resulted in the definition of so called “true hardness” Ht within the Energy Principle 

of Indentation (EPI) proposed by Sakai and Nowak [76-77] – as outlined in section 2.2.3.2. 

 

2.2.2. Equipment  

Within this thesis nanoindentation measurements were carried out using a Hysitron TI 950 

Triboindenter (Fig. 7). The instrument possesses a robust control mechanism and a dual head 

system that enables experiments to be performed at both the nano- or micro-scale level. The 

combination of the Hysitron’s numerous nanomechanical testing modes, such as electrical 

contact resistance, creep measurement, modulus mapping, AFM imaging, thermal control or 

acoustics emission monitoring provide a new perspective into nanoscience and nanotechnology. 

In addition the set-up of the device allows it overcome the difficulties associated with thermal 

drift and mechanical vibration, which can have a significant impact on the measurement results. 
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The main unit of nanoindenter is composed of a piezo scanner (TriboScanner) equipped with 

scanning probe microscopy (SPM), transducer and optical microscopy (Fig. 7, Fig. 8b). 

 

             

 

 

 

 

 
Figure 7. Schematic diagram of the indentation experiment performed on a Triboindenter TI-950. 

                                                                                   (b)                                                                                
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Figure 8. The TI 950 Triboindenter: (a) Acoustic enclosure used to minimize the acoustics noise, air 

current and thermal drift, (b) the scanning system and (c) a thin sample prepared for nanoindentation 

test. 
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In a standard nanoindentation test, a diamond tip with known elastic modulus and Poisson’s 

ratio is brought into contact with the surface under test. Then, a force is applied which causes 

the tip to begin to indent the sample and the displacement is recorded as a function of the applied 

load. Displacement is measured by a three-plate (P1, P2, P0) capacitive transducer (see Fig. 7) 

via the voltage amplitude of the center plate (P0) that is calibrated using the relationship between 

the voltage amplitude and the P0 plate position. The applied force can then be estimated from 

the magnitude of the voltage at the bottom plate (P2), where the electrostatic attraction between 

the center plate and the bottom plate draws P0 plate down. 

The TriboScanner provides high resolution movement in the X, Y, and Z directions with 

multiple piezoelectric cylinders. Additionally, the TriboScanner enables in situ SPM imaging 

of the sample surface both before and after the test in the area of interest. This in situ imaging 

measurements on wear volume, crack length or scratch morphology as well as the determination 

of the deformation-mechanism. An example of a SPM image of the residual impression 

produced after penetration of a spherical indenter is presented in Fig. 9. The last element is the 

Electronic Rack that is placed below the optic system and consists of Piezo controller. This 

provides feedback for the piezo scanner and holds the tip on the surface with a constant force 

during the test, while the transducer controller is responsible for the application of noise filters 

and signal data recording 

It is worth noting that the nanoindentation tests may be applied not only to crystalline 

materials [9, 15-16] but also to systems as diverse as polymers [17] and tissues [18] amongst 

others. The primary advantage of this method is the ability to test the material without the need 

to remove a layer from the substrate. The main limitation to the study of samples is that the 

surface of the specimen should be as far as possible free from finger prints, dust, preferably free 

of oxide layers and also relatively flat and smooth (Fig. 8c). 

 In addition to receiving the basic parameters as Young's modulus, hardness enables the 

determination of the energy spent on loading, the energy returned on unloading or the energy 

consumed by irreversible deformation, nanoindentation load-depth curves (Fig. 9b). The yield 

strength indicates the origin of elastic-plastic transition, which may be caused either by a phase 

transition or the nucleation of vacancies within tested materials, as shown in Publication III 

and IV. 
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Figure 9. SPM-micrograph of spherical indentation (a) and the respective P-h curve (b) with the 

singularities registered in the loading part. The arrows indicate “pop in” events that appears at a contact 

pressure of 3.8 and 4.0 GPa  

 

2.2.3. The analysis of nanoindentation: Oliver and Pharr’s method. 

The surface can also deform during the so-called ‘dwell-time’ (Fig. 10), while its unloading is 

assumed to be largely elastic. Experiments may be performed in either load- or depth-controlled 

mode controlled by the adjusted load P or depth h increments, respectively. The loading part 

of the curve provides the response of the material including elastic-plastic behavior while, the 

elastic unloading makes it possible draw conclusions on the elastic properties of the indented 

material.  

 

 

 

 

 

 

 

 

 

 

Figure 10. The schematic indentation load-displacement P-h curve with the defined parameters used in 

the Oliver and Pharr [70] analysis. The hmax corresponds to the maximum indenter displacement at 

maximum load Pmax, hf stands for residual depth and hc is a contact depth dependent on the initial 

unloading slope S.  
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 Several methods have been developed to determine essential mechanical parameters 

such as elastic modulus or hardness from nanoindentation measurements [78-84]. The most 

popular among them is the one proposed by Oliver and Pharr [70] and this is based on the elastic 

solution of the contact problem outlined by Sneddon [85].  As far as elastic properties are 

concerned, the general relationship between indentation load P and penetration depth h for 

elastic material can be determined from [72]: 

,                         (23) 

where, α and m denote constants.  

In particular the m-value varies for different tip-shapes, for example from m=1 for the flat 

punch, 1.5 in a case of a cone-tip to 2 for paraboloid configuration. The Oliver and Pharr 

method, is based on fitting of the P-h curve to with a power law relationship [70]: 

,        (24)                           

where B is the constant dependent on the material elastic properties and the indenter geometry.  

The unloading processes is shown schematically in Fig. 10 and Fig. 11. 

 

 

 

 

 

 

 

 

Figure 11. Schematic diagram presenting cross-section of an indentation with the parameters used in 

the Oliver and Pharr analysis [70]. The displayed profile concerns a sharp indenter.  

 

In order to estimate the elastic modulus by nanoindentation measurements the contact area for 

different indentation depths A = f(hc) needs to be known. As a result, the projected contact area 

A is related to the distance hc from the indenter tip, which is linked to the maximum 

displacement hmax and initial unloading slope S: 

                                                        .                    (25) 



34 
 

where the factor ε is a geometric constant which equals 0.72, 0.75 and 1 for a cone, Berkovich 

and flat punch indenter, respectively.  

The area function A = f(hc) takes the form: 

                                          .                                 (26) 

Furthermore, the stiffness at maximum displacement follows the equation (Eq. 23):  

                                                  . (27) 

Oliver and Pharr [70] assumed the Young’s modulus to be independent of indentation depth 

and as a result proposed the following effective elastic modulus Eeff  (reduced modulus) using 

the Hertz equation [86]: 

                                                      , (28) 

where, ν denotes Poisson’s ratio, νi stands for Poisson’s ratio of a diamond tip, Ei corresponds 

to tip elastic modulus and E is a elastic modulus of the specimen. 

Furthermore, Oliver and Pharr [70] indentation hardness H is defined as the indentation load 

Pmax divided by the projected area A of the indentation mark: 

                                                                    , (29) 

where A stays for the projected contact area. 

Nonetheless, it should be noted that in engineering hardness is not a material constant as it 

depends on the level of applied load [71,76-77]. 

 

2.2.4. In search of the physical foundation of hardness test: EPI method 

In contrast to the hardness H, as defined by Meyers [66] there were early efforts by Sakai and 

Nowak [76-77,87] to define a hardness parameter based on the energy required to create a 

permanent impression of unit volume. Such a characteristic energy would differ for various 

materials and provide an effective estimation of the material resistance to irreversible 

deformation. As a consequence, the new parameter was introduced as “true hardness” and 

labelled by Ht. Indeed, Ht is the physical parameter based on the energy required for irreversible 
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deformation estimated from the area enclosed by the (P-h) loading and unloading curves (see 

Fig. 6, section 2.2.1) [76-77,87]. The geometrical considerations presented in Sakai’s work [77] 

for indentation using a sharp tip (Fig. 12) are outlined in detail in Table 2. 

 

 

 

 

Figure 12. Geometry of the axisymmetric, sharp, elasto-plastic indentation contact utilized in EPI theory 

[86]. 

Table 2. List of selected relation and symbols derived from the energy principle of hardness [76-77,87]  

Perfectly elastic contact: 

 , where,                                                                                            (I) 

Perfectly plastic contact: 

, where,                                                                                               (II) 

Elasto/plastic contact:  

, where, , ,                            (III) 

Constitutive formulas: 

 h=he+hp                                                                                                                                                                                                                     (IV) 

Condition of compatibility: 

   

Relation derived from the tip geometry: 

                                                                                                                                      (V) 

Definition of the indentation work: 

 , where .   (VI) 

Linear relationship between hysteresis loop energy and the maximums indentation load: 

.                                                                                                     

(VII) 

Symbols: 

hr, he, hp, h, - hp, he – a finite, elastic, plastic, current indentation depth 

Ae, Ap, AH,  - a coefficient due to the resistance of a solid to elastic, plastic, elasto/plastic deformation 
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E – Young’s modulus 

ν - Poisson’s modulus 

α0 – geometrical factor associated with shape of the indenter 

γe, γp, γh - geometrical factor corresponding to the surface deflection 

 - semi apex angle of a tip 

 – Indentation work 

V – Indent’s volume performed at the maximum load for elastic/plastic 

 – apparent hardness 

Ht – true hardness 

Ur – Hysteresis loop energy 

 

 

Combination of Eq. I, Eq. III and Eq. VI (Table 2) yields the relationship between hysteresis 

loop energy Ur (see Fig. 6) and the maximum indentation load P3/2 (Eq. VII), which in turn, 

allows to Ht to be determined from the plotted Ur-Pmax
3/2 experimental data (Fig. 13). The 

inverse slope of that line is directly related to the “true hardness”.  

 

 

 

 

 

 

 

 

Figure 13. Relationship between the indentation loop energy (Ur) and the maximum indentation load 

(Ur - P3/2) in terms of the energy principle of indentation. 

 

 It should be noted that the “true hardness” is a physically based parameter which appears 

to be load-independent, in contrast to the conventionally measured hardness H (see section 

2.2.3.). This raises the prospect of using it to also study, for example, machining-induced 

damage, brittle/ductile transition behavior or dislocation process and plasticity of single crystal 

ceramics [76-77,87]. The advantage of the EPI theory lies not only in the theoretical description 

of the phenomena associated with surface deformation of the indented material, but also in the 

convenient form of the derived relation (Eq. VII ) which allows one to separate and estimate 
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the “true hardness”. This EPI approach has been successfully validated by an indentation test 

performed on GaSb semiconductor which is presented in Publication III.  

 

2.2.5. The methods used for morphology and structure investigations 

The phase identification and quantification of the BiFeO3 structure was accomplished using X-

ray diffraction, (PANalytical X’pert Pro diffractometer, Cu Kα, λ = 1.5405 A). In addition, the 

grain size of the materials was also estimated XRD, whilst the microstructure and chemical 

composition of the samples after each annealing process were determined by a Hitachi S-4800 

Scanning Electron Microscope equipped with the energy dispersion X-ray spectroscopy (SEM-

EDS). The quantitative analysis of surface composition was carried out using X-ray 

Photoelectron Spectroscopy with a monochromatized Al Kα source, while Elastic Recoil 

Detection Analysis (ERDA) was performed to ascertain the depth-dependent nature of the 

samples. All the methods mentioned above are described in more detail in Publication II. 
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3. Results and Discussion 

3.1. Elastic and electronic properties of defected semiconductors. 

This work focuses on the effect of vacancy concentration on the elastic and electronic properties 

of GaAs and InAs semiconductors that is of prime importance for the application of nanosized 

semiconductors. The proper example provides ultra-thin cantilevers with resonant 

frequencies modified by a subtle adjustment of their elastic constants [4]. At the nanoscale, the 

properties of materials – mechanical, electrical, optical – differ significantly from their bulk 

behavior, for example, the presence of vacancies do not have any particular influence at macro 

dimensions, whereas they become a dominant on the nanometer scale. These investigation 

detailed here constitutes an initial step towards the ability to numerically forecast the elasto-

plastic nanoindentation properties of materials at a level where the influence of point defects 

are frequently considered to be a critical issue.  

Following the procedures outlined previously for MD and ab initio calculations 

(sections 2.1.2. and 2.1.4), it was possible to calculate the elastic moduli of perfect InAs and 

GaAs crystals. The MD data calculated are in good agreement with those previously reported 

by Powell et al. [30] and lie within the range of 0.16% with exception of InAs, the c44 constant 

of which differed by approximately 2.7%. Moreover, the calculated cohesive energies of EInAs 

= 3.09 eV/atom and EGaAs = 3.25 eV/atom also reflect the results of earlier studies by Dunslan 

(EInAs = 3.10 eV/atom and EGaAs = 3.25 eV/atom) [88] which demonstrates the accuracy and 

validity of this approach. The ab initio simulation also yielded results consistent that were 

consistent with those found in literature [89-90], for example the GaAs elastic constants c11, 

c12, c44 determined by this research differed by 1.7%, 0.7%, 9.0% from theoretically derived 

values [89] and by 1.4%, 1.0% and 8.0% from experimentally determined values [90]. 

After satisfactory results for perfect semiconductor structures were obtained, the next 

step involved the removal of interior atoms from the modeled super-cell to produce a defect 

containing structure with a vacancy concentration range between 6.19×1018 and 1.37×1020 cm−3  

(Table 3). 
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InAs GaAs 

Concentration of 

vacancy [1/cm3] 

a0 [Å] 

In                As 

Concentration of 

vacancy [1/cm3] 

a0 [Å] 

Ga                As 

0 6.031 , 6.011 0 5.614 , 5.614 

6.19 × 1018 6.0586 6.0582 7.61 × 1018 5.6539 5.6538 

1.8 × 1019 6.0586 6.0582 2.28 × 1019 5.6539 5.6540 

7.43 × 1019 6.0586 6.0587 9.13 × 1019 5.6542 5.6541 

1.11 × 1020 6.0588 6.0587 1.37 × 1020 5.6543 5.6544 

5.69 × 1020 5.985 6.002 7.06 × 1020 5.581 5.593 

Table 3. Variation of lattice constants with vacancy concentration of InAs, GaAs materials calculated 

by means of MD (black data) and ab initio method (red data). 

 

The DFT data (Table 3) shows the decrease in lattice parameters with the increase in the  

number of vacancies, which is a consequence of the “size effect”. When the Vegard law is 

obeyed, the variation of lattice parameter depends on either the ionic radii of the dopants and 

substituted host atoms or the vacancies and interstitials. As a result, the values of the lattice 

parameters of crystals with VIn and VGa vacancies are slightly higher than the materials that 

contain VAs.  

 Results of MD and ab initio calculations (Fig 14a and Fig. 14b) reveal the decrease of bulk 

modulus caused by the introduction of vacancies. Changes in the vacancy formation energies 

for In and Ga atoms are insignificant when compared those for As atoms (Fig 14b).  

       (a)                                                                         (b) 

 

 

 

 

 

 

 

 

Figure 14. Bulk modulus as a function of vacancy concentration for InAs (black line) and GaAs (blue 

line) semiconductors calculated by means of molecular dynamics (a) and ab initio (b) simulation. The 

individual vacancies are marked by following symbols: In (black triangles), Ga (blue triangles) and As 

(black and blue diagonal cross, respectively). 
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In addition, the influence of different vacancy concentrations on elastic constants (c11, c12, c44) 

of InAs and GaAs was investigated, utilizing the Abell-Tersoff [26-29] potential parameterized 

by Powell et al. [30] and the norm-conserving pseudopotential (Fig. 15). 

     

  (a)                                                                     (b) 

 

Figure 15. The scheme of elastic constants (c11, c12, c44) as a function of concentration of vacancies. The 

data calculated by means of MD, and DFT methods are marked in blue and red color. The particular 

vacancies are designated as: In, Ga atoms (triangles) and As atoms (circles) (Publication I). 

The rise of vacancy concentration causes a reduction of the elastic constants determined by both 

MD and DFT calculations for InAs (Fig. 15a) and GaAs (Fig. 15b). Nonetheless, the elastic 

parameters calculated by means of the empirical potential does not show any dependency on 

the type of vacancy concentration. In contrast the results obtained with pseudopotenial 

displayed a trend that was similar to the bulk modulus. From these results it could be concluded 

that the parameterized empirical potential did not provide an adequate relaxation of the atomic 

position surrounding the vacancy and thus is not recommended for use in a system containing 

VX (X = Ga, In) and VAs point defects. 

 In order to further investigate the influence of neutral vacancies on the electronic properties 

of the tested GaAs and InAs semiconductors the PDOS was determined using LDA+U 

approximations (Fig. 16), with particular consideration given to the nearest neighbors of the 

neutral vacancy, as illustrated previously in Fig. 3 (section 2.1.4.). 
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(a)                                                              (b) 

                                                        

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. InAs (a) and GaAs (b) PDOS calculated for the nearest neighbors of the neutral vacancy. 

The yellow field represents the newly formed peaks (Publication I). 

 

The PDOS plots for InAs (Fig. 16a) and GaAs as a function of energy (Fig. 16b) enable new 

peaks to be identified at the top of the valence band (yellow area), which correspond to the p-

type orbitals and s-type orbitals, respectively. Since, VGa and VIn vacancies form donor-like 

states, they act as a p-type dopant, as was confirmed by the shift in band gap to the upper Fermi 

energy level. In contrast, the presence of VAs vacancies creates a defect band inside of the 

energy band-gap and consequently acts as n-type dopant, which causes the band gap to shift to 

the lower Fermi energy level. The characteristic PDOS lines for structure containing defects 

were found to be a consequence of the symmetric atomic arrangement around the vacancy and 

the presence of a non-degenerate a1 and three-degenerate t2 energy levels [91-92]. 

 Overall, the presence of vacancies in the crystalline structure of a solid may control many 

physical properties in the material - like conductivity and elasticity - due to their ability to 

modify the lattice structure around the vacancies resulting in a decrease of the lattice parameter 

and lattice softening. These results provide further insight into the behavior of materials during 

nanoindentation testing.   
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3.2. Elastic-plastic transition of GaAs caused by Si doping. 

The results of nanoindentation measurements performed on GaAs thin film with a sharp 

Berkovich indenter are presented in Fig. 17. The elastic plastic transition marked by the “pop 

in” event is observed to occur at lower loads with increased silicon concentration and the contact 

pressure pc also varies with Si-dopant concentration as shown in Table 4. 

 

 

 

 

 

 

 

 
 

Figure 17. Effect of Si doping level on the pop-in event of nanodeformed GaAs, which presents a 

consistent decline in the contact pressure pc with increasing silicon concentration (Publication IV). 

 

Si-dopant 
concentration (1/cm3) 

Contact pressure  
(GPa) 

1x10 +16 13.7±0.4 
1x10 +17 13.6±0.3 
1x10 +18 13.3±0.3 

 

Table 4. Variation of contact pressure with Si-vacancy concentration of GaAs material obtained by the 

nanoindentation method.  

 

 The origin of this change to the elastic-plastic transition could be caused either by the 

homogeneous nucleation of dislocations or the phase transformation and as a consequence 

further investigations were carried out to determine the exact cause.  

In addition to suppressing the formation of dislocations [62], doping with silicon reduces 

the mobility of dislocations under an applied external stress [63] in a rise of a mean contact 

pressure of the elastic-plastic transition, however, the P-h curves shown both in Fig. 17 (and 

previously in literature [9]) display the opposite trend. These findings suggests that the GaAs-I 

→ GaAs-II phase transformation occurs at the onset of GaAs plastic deformation. In order to 
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resolve this, it is necessary to demonstrate that the increase of silicon doping leads to a reduction 

of the pressure of the GaAs-I → GaAs-II phase transformation and an increase of the critical 

shear stress responsible for the dislocation generation. As a result, the effect of doping on the 

elastic constants of GaAs-I and the equilibrium between GaAs-I and GaAs-II phases was 

investigated. Ab initio calculations showed an increase of lattice-parameters of 5.613, 5.619, 

and 5.622 Å for the substitutional SiGa point defect concentrations of n0 = 0, n1 = 7.1×10+20 

and n2 = 1.4×10+21 1/cm3, respectively. On the other hand, the bulk modulus and elastic 

constants of the material decreased slightly towards the values outlined in Fig. 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. The effect of silicon doping on mechanical properties of GaAs semiconductor. The 

volumetric, tetragonal, and rhombohedral lattice distortions of the undoped and silicon doped GaAs 

structure (a). Elastic stiffness c11, c12 and c44 as a function of concentration of Si-vacancies.  

 

Moreover, the calculated shear stress τc for the homogeneous nucleation of dislocations (see 

Eq. 19, section 2.1.5.) decreases with the increase in silicon concentration (Table 5). 
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n (1/cm3) τc (GPa) G (GPa) ν 

0 5.22 48.32 0.23 

7.1×10+20 4.22 40.00 0.26 

1.4×10+21 3.58 31.50 0.30 

 
Table 5. Variation of critical shear stress for the homogeneous nucleation of dislocation τc, shear moduli 

G and Poisson’s ratio ν as a function of concentration of Si-vacancies calculated by means of ab initio 

method.  

 

By following the procedure previously outlined in section 2.1.5., it was found that doping with 

silicon results in a decline of the equilibrium pressures for both the ZB and RS phases of GaAs 

(Fig. 19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Ground state enthalpy as a function of pressure predicted ZB and RS GaAs structures with 

different concentration of SiGa atoms (Publication IV). 

 

The nanoindentation experiments displayed in Fig. 17 show that the contact pressure at the 

onset of GaAs plastic deformation decreases with an increase of Si doping. Unexpectedly, the 

ab initio simulations suggested that this effect can be driven by the phase transformation or the 

homogeneous nucleation of dislocations as both the pressure of ZB  RS transformation and 

the critical stress for homogeneous dislocation nucleation decrease with increasing silicon 

concentration. In view of these findings, the exact cause of the nanoindentation induced plastic 
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deformation of GaAs doped by silicon cannot be determined, however, the dislocation activity 

includes not only homogeneous dislocation nucleation but also the attractive interaction of 

dislocations with the point defects. By following the procedure outlined in section 2.1.5., results 

were obtained that indicate that there is an increase in shear stress for higher silicon 

concentrations, which suggests that there is a non-dislocation characteristic to the elastic-plastic 

transition in a Si doped GaAs semiconducting crystal. 

Although, the effect of silicon doping on the structural, mechanical and optoelectronic 

properties [93] of GaSb material is well understood, its impact on the elastic-plastic transition 

at the nanoscale is much less explored. The combination of nanometre-scale contact 

experiments with atomistic simulations detailed here, prove the non-dislocation character of the 

elastic-plastic transition in Si doped GaAs crystals.  

 

 3.3. An analysis of nanoindentation in crystalline solids. 

3.3.1. Bismuth ferrite 

X-ray diffraction was performed in order to characterize the crystal structure of BiFeO3 film 

after consecutive stages of annealing (Fig. 20). The XRD patterns obtained revealed the 

presence of a hexagonal structure with a R3c (161) space group with the following parameters: 

a = b = 5.5876(3) Å, c = 13.867(1) Å. The specimens that did not undergo the annealing process 

exhibit an amorphous structure (black), while, the samples annealed for 5, 30 and 60 min 

achieved a stable, crystalline BiFeO3 structure.  

 

 

 

 

 

 

 

 
Figure 20. The effect of the annealing on structural changes of bismuth ferrite films deposited on 

Si/SiO2/Pt substrate. The BiFe2O3 and platinum phase are denoted by blue and green squares, 

respectively.  
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The distinct crystalline peaks found in samples annealed for 5 min are slightly broader and 

lower in comparison with those treated with 60 minutes, which is consistent with the behavior 

of annealed polycrystals, whilst the peaks around θ = 39.9º and θ = 46.3º - marked by green 

squares in Fig. 20 - originate from a small amount of Pt in the Si/SiO2/Pt substrate. Mean size 

of the crystallites in the BiFeO3 materials was estimated to be S-5 = 5.58 nm, S-30 = 10.06 nm, 

S-60 = 8.66 nm) using Scherrer’s formula: D = kλ/Bωcosθ [94], where, k, λ, Bω and θ correspond 

to a dimensionless shape factor, X-ray wavelength, line width at half maximum intensity of the 

peak and Bragg angle, respectively.  

SEM-EDS images of the ALD-deposited BFO films are shown in Fig. 21 and outline 

the surface morphologies that result from the different annealing times used, i.e. 5, 30 and 60 

min. The micrographs reveal that all surface are homogeneous, relatively smooth and without 

surface irregularities. These images also clearly show the increase in grain size that is expected 

during the annealing process [95]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Microstructures of the BiFeO3 samples annealed at 823 K for (a) 0 minutes, (b) 5 minutes 

(c) 30 minutes and (d) 60 minutes. The insets (c, d) show the differences between the BFO structure (d) 

and the other materials (a, b, c) (Publication II). 

 

Interestingly, beyond the annealing time-threshold of 30 min, no further changes in the surface 

morphology were observed (Fig. 21) and the structure appeared to be already well stabilized. 

EDS analysis found that the Bi/Fe content ratio of the non-annealed, 5, 30, and 60 min treated 

specimens were 1.07 ± 0.02, 1.03 ± 0.02, 1.04 ± 0.02 and 0.97 ± 0.02, respectively. Thus, the 

expected stoichiometry for BiFeO3 was confirmed only in the case of the S-60 material. 
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 Results from XPS present a main core level spectra of Fe2p, Bi4f and O1s and confirm the 

presence of C, F, and Si in the sample structures (see Fig. 22). 
 

 

Figure 22. XPS Fe2p (a), Bi4f (b), and O1s (c) spectra of BiFeO3 thin films obtained using the Al Kα 

source (Publication II). 

 

The presence of characteristic spectral lines for Fe2p core levels (Fig. 22a) proved that FeO 

with a binding energy of  = 709.9 eV and Fe2O3 (  =710.8 eV) are included among the main 

components within the film. The same applies to the Bi4f (Fig. 22b) core level and consequently 

to the BiFeO3 phase (  = 158.95 eV). The satellite peak for Fe3+ (Fig. 22a) located at 719 eV 

suggests a partial oxidation of the samples, which is in accordance with the observations by Li 

et al. [99]. Despite considerable difficulties in detection of the contribution from the Fe and Bi 

oxide from the O1s core level (Fig. 22c), the binding energy of 529.85 eV for both Bi and Fe 

oxides was successfully determined using the NIST database. Furthermore, the presence of a 

SiO2 signal from the underlying substrate was also detected which highlights the ultrathin 

nature of the deposited films. Overall, these results from XPS confirmed the presence of the 

pure BFO phase in the material. 

Typical examples of depth-sensing indentation curves registered for non-annealed (S-0) 

and annealed for 60 min (S-60) samples and related SPM micrographs of the tested areas are 

depicted in Fig. 23. For the sake of clarity the results displayed are limited to the 

nanoindentation experiments for the non-annealed (S-0) and annealed for 60 min (S-60) 

samples only. SPM analysis revealed a significant difference in the BFO surface roughness for 

different annealing times (Fig. 23a, Fig. 23b). The nanoindentation measurements were carried 

out on carefully selected areas of the samples that displayed similar levels of roughness – this 

was made possible due to the nanometer-scale contact area induced by our indenter. As a result, 
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the nanoindentation results can be considered to virtually unaffected by the displayed surface 

features (Fig. 23a and Fig. 23b) and this was confirmed by the marked consistency and 

repeatability of the nanoindentation results obtained (Fig. 23c). As can be seen, the results show 

a considerable change in the mechanical properties of the BFO specimen when annealed for a 

longer time (black and red curves in Fig. 23c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Scanning probe micrographs of (a) non-annealed (S-0) and (b) annealed BFO samples and 

(c) the associated nanoindentation experiments. The P-h curves were obtained under the various 

maximum loads Pmax of 200, 400, and 1000 μN, for both S-0 (black) and S-60 (red) thin films (c). 

 

A closer inspection of the data obtained (Fig. 23c) surprisingly indicates that the material that 

was not subject to thermal treatment (S-0) is softer than annealed one, a finding that is in 

contrast to what has previously been observed in the literature [95]. This material hardening is 

most likely as a result of structural changes in the samples during the annealing process. The 

analysis of the nanoindentation P-h data is supported by classical hardness and elastic modulus 

measurements which confirm that the heat treatment resulted in increase of these two. Hardness 

(Young’s modulus) of the annealed samples was found to be almost twice that measured for the 

non-annealed version H = 4.5 GPa (E = 95 GPa). Moreover, it was found that a reduction of 

the penetration depth results in an increase of hardness, according to the expected indentation 

size effect [100]. In addition the results of the nanomechanical testing were compared with 



49 
 

those in the literature, obtained both for different deposition methods with various kinds of 

measurements and those that were predicted theoretically (Table 6). 

 

 
Method E (GPa) H (GPa) 

Atomic layer deposition  111.11–118.31 7.50–7.96 
Radio frequency magnetron 

sputtering [95] 
131.4–170.8 6.8–10.6 

Sol-gel [96] 26-51 2.8-3.8 
Pulsed laser deposition [97] 100 - 

First-principles calculation [98] G-AFM - 142.19 
C-AFM - 144.87 

- 

 
Table 6. Elastic moduli and hardness of BFO material reported in literature.  

 

These results confirm that nanoindentation is an accurate and efficient tool that can be used to 

detect structural changes in nanoscale semiconductor materials. Furthermore, measurements of 

either hardness or Young’s modulus appear to be a sensitive detector for the structural variations 

induced during applied thermal treatments. In addition, the results shown here - and discussed 

in more detail in Publication II - consist of the first published nanoindentation results reported 

for an ALD-deposited BFO structure. 

 Overall, the nanoindentation method is an excellent tool to examine multiferroic material 

formation during the fabrication process and the results obtained agree with data acquired by 

other methods (Publication II). This work clearly demonstrates that nanoindentation can be 

successfully applied in the area of multiferroic research, even though this nanomechanical 

approach has so far been underutilized. Moreover, the combination of nanoindentation with 

atomistic simulations helped to provide further insight into the behavior of these complicated 

and interesting multiferroic material structures. 
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3.3.2. Gallium antimonide 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. (a) The load-displacement curves registered for different maximum loads of 1000, 3000 and 

4700 μN deformed with a sharp indenter and (b) the Ur- Pmax
3/2 diagram for GaSb thin film. 

 

Following the procedure described in section 2.2.3., the classical Meyers hardness of a GaSb 

thin film was estimated to equal H = 5.19 +/- 0.25 GPa (Eq. 29) and Young’s modulus E = 

83.07 +/- 1.78 GPa (Eq. 28) and the results obtained agree with those previously reported by 

Plaza et al. from micro-indentation experiments [101]. In order to estimate the “true hardness” 

of the GaSb crystal, the indentation data (Fig. 24a) was analyzed in terms of EPI (as outlined 

in section 2.2.3.2.). This method allowed the energy expended for irreversible deformation (Ur), 

expressed as an area engulfed by the loading and unloading curves to be determined (see Fig. 

24a). From the Ur - Pmax
3/2 (Fig. 24b) graph and based on the Eq. VII (Table 2) a depth-

independent hardness HT = 5.73 +/-0.04 GPa was calculated. This value of HT has a physical 

basis, in contrast to the depth-dependent values of hardness that do not relate to any material 

constant. Moreover, the selected plot (Fig. 24b) confirms the linear Ur - Pmax3/2 relationship of 

the data and displays a satisfactory fit (coefficient of determination 0.99985) which proves that 

the application of the EPI method is appropriate for MBE-grown GaSb crystal materials. 
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Figure 25. The nanoindentation data of GaSb thin film recorded with the spherical tip. (a) Pop in effect 

marking the onset of the plastic response and (b) tress-strain graph indicating the yield strength point. 

(Publication III). 

 

In order to obtain a complete picture of the nanodeformation of the semiconducting GaSb 

crystal, regular contact stress induced by a spherical indenter was applied. Use of this highly 

symmetrical, spherical tip reduces the anisotropic effects and makes it possible to determine 

the exact location of the point which indicates the limit of the elastic region of the sample (pop-

in effect). Based on the P2/3 – h plot (Fig.  25a) and the respective equation: 

                                                          , (30) 

where R stands for radius of spherical tip, a critical load (Pc = 1290μN) was found.  

Furthermore, the stress-strain relation for GaSb was estimated using (Eq. 31) [72, 102-103] and 

gave a value of yield strength for the material of σY = 3.8 GPa. 

 

                                    , ,  (31) 
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where ps, a and hc correspond to the contact stress, radius of the contact and the distance from 

the contact to the maximum depth of penetration. 

The exact position of the pop-in phenomenon was based on spherical indentation data 

that was recorded for a variety of maximum loadings (Pmax) between 100 - 5000 μN) which 

allowed the moment when the elastic-plastic transition occurred to be determined with relative 

precision (Fig. 25a).  

In summary, stress–strain curves generated from nanoindentation measurements 

performed with indenters of different geometries have proved to be a useful method for the 

complete mechanical characterization of thin films. These measurements allowed the 

characterization of the complete mechanical behavior of GaSb thin film in elastic, elastoplastic, 

plastic and fracture deformation regimes. Although, nanoindentation is a well-established 

technique for studying mechanical response, it is clear that it needs to be supported by atomistic 

calculations which would have led to greater insight into the nanoscale deformation mechanism 

occurring under nanoindentation testing. 
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Conclusions and perspectives 

With the rapid development of nanomaterials and nanostructures, an understanding of 

their physical properties is a common goal across a number of different disciplines. As a result, 

the simultaneous and complementary use of concepts typical for physics and materials science  

approach that encompasses both experimental and computational methods is presented in this 

study. 

 This thesis contributes to the knowledge of the mechanical and electrical properties of 

pure and defect containing GaAs, InAs, GaSb semiconductors and multiferroics with a BiFeO3-

type structure. The first part of thesis concerns atomistic simulations of the mechanical and 

electronic properties of pure and defect containing GaAs, InAs (Publication I) semiconductors.  

Molecular dynamics and density functional theory calculations were based on two type of 

potentials, namely the empirical Abell-Tersoff [26-29] form parameterized by Powell et al. [30] 

and the norm-conserving ultra-soft pseudopotentials taken from the PSLibrary. Although both 

approaches indicate the linear relationship between elastic properties (B, c11, c12, c44) and point 

defects concentration, the pseudopotential-based approach was found to be better able to 

distinguish among particular kinds of vacancies. The decline of elastic parameters with an 

increasing amount of defects was also correctly predicted. Furthermore, ab initio simulations 

revealed the donor-like character of VGa, VIn vacancies and the acceptor-like character of Vas, 

respectively.  

 In the next section the effect of silicon doping on the origin of elastic-plastic transition 

of GaAs crystal was investigated (Publication IV). Results from the nanoindentation 

measurements and ab initio calculations reveal that the introduction of Si dopants resulted in a  

reduction in the pressure of GaAs-I → GaAs-II phase transformations and a rise in the critical 

shear stress, which indicates non-dislocation characteristics for the plastic response of GaAs.  

 In the following section the research focused on the nanoindentation testing of GaSb 

material, as the chosen technique has been proved to be a powerful tool to investigate 

mechanical properties of nano-sized films. In addition to receiving the basic parameters as 

Young's modulus and hardness, nanoindentation results enable the determination of the yield 

strength indicating the origin of elastic-plastic transition, which may be caused either by phase 

transition or defect activity in the tested materials (Publication III). Additionally, the value of 

a depth-independent parameter, such as “true hardness” was determined. 

 To the best of the author’s knowledge, the nanoindentation evaluation of ALD-

deposited BeFiO3 has been reported for the first time in Publication II. The applied sequence 
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of nanoindentation experiments after the consecutive stages of annealing proved 

nanomechanical testing to be a fast, convenient and accurate tool to monitor a material’s 

structure evolution. Independent examination of BFO structure and chemical composition by 

means of Scanning Electron Microscopy, Energy Dispersive X-Ray Spectroscopy and X-Ray 

diffraction positively verified the conclusions that were based solely on mechanical testing. 

This clear demonstrates that the nanoindentation is a method to examine the processes a 

material can undergo during an ALD-growth process (Publication II). 

 In conclusion, a set of further investigations is required to investigate the possibility of 

structure control by creating high stress in the investigated nanovolume of multiferroics. 

Moreover, it could be expected that external pressure would allow a change to the physical 

properties of this class of materials leading towards a new field of the external-pressure-

controlled electronic devices. Furthermore, as the parameterized empirical potential of the 

Abell-Tersoff  [26-29] type failed to account for the different types of vacancies present, more 

research is needed to find an appropriate methodology to properly describe the elastic properties 

in defect containing semiconductors. 
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