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ABSTRACT 

Gallium Manganese Arsenide (Ga1-xMnxAs) is a p-type ferromagnetic material with 

high conduction charge carrier concentration compared to doped silicon and whose spin 

conductivity is dependent on temperature. The energy gap of the spin-based transistors 

increases with an increase in temperature. High temperature induces thermal stress which 

produces thermal strain in the forbidden region. Repeated and prolonged thermal stress at 

temperatures above the room temperature weakens the spin injector material. The weakening 

of the spin injector material by induced thermal stress develops creep failure at high 

temperature and at particular exposure time. The energy gap increases at high temperature 

and spin conductance is inhibited at fracture point of spin injector. The study determined 

storage modulus and loss modulus at temperature range of 45 °C ≤ T ≤ 70 °C for different 

Manganese Doping Levels (MDLs). It also determined the Young’s moduli, creep 

compliance and creep recovery at 30 °C and 40 °C for all MDLs using DMA 2980. 

Furthermore, it determined the optical absorbance and Hall effect parameters at 30 °C for all 

MDLs using OSA Spectro 320 and Van der Pauw experiments respectively. The samples 

were prepared using the RF Magnetron Sputtering Deposition Technique. The storage 

modulus of MDLs of 0 %, 1 % and 10 % decreased with increase in temperature while for 

20% and 50 % it increased with increase in temperature. There was also a general reduction 

in loss moduli as temperature was increased at all MDLs suggesting a reduction in heat 

dissipation within the temperature range of 45 °C ≤ T ≤ 70 °C. The Hall mobility in the range 

0 % ≤ MDLs ≤ 20 % was of order of 10-7 m2V-1s-1. For MDL of 50 %, Hall mobility was of 

order of 10-9 m2V-1s-1 and MDL of 10 % and 20 % was appropriate for use in making high 

speed data processing spintronic devices. The MDL of 1 % recorded a percentage creep 

recovery of 100 % at 30 °C and 95.42 % at 40 °C. MDL of 10 % recorded creep compliance 

of 9.8072 μm2/N at 40 °C and Young’s moduli of 2.4397×107 Pa and Initial Strain Jump of 

8.1818×10-4 %. Lastly MDL of 20 % recorded the highest optical energy band gap of 0.69 eV 

compared to GaAs as a control sample that has optical band gap of 1.43 eV. The information 

obtained from DMA 2980 and Quantum Hall Effect experiments were compared and the 

variation of carrier concentration with environmental temperature determined. The results 

provided information for the spintronic device designers in terms of temperature, device size 

and application.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

 Ferromagnetic Ga1-xMnxAs is a semiconductor material that injects spin polarized 

carriers into a non-magnetic semiconductor heterostructure such as GaAs. This material has 

spintronic properties similar to those of silicon but more advantageous in the sense that it 

produces less heat and high charge carrier concentration during spin conduction (Kohda et 

al., 2006). Ga1-xMnxAs, which is p-type semiconducting material, can be made by doping 

GaAs substrate with manganese atoms at elevated temperatures through the method of 

Molecular Beam Epitaxy (MBE) (Xu et al., 2007). Alternatively, it can be made by 

Sputtering Deposition Technique using Magnetron Sputtering System on GaAs substrate 

(Yadav et al., 2006; Pereira and Dias da Silva, 2008). The Mn atom replaces Ga atom in the 

host substrate to form MnAs that has ferromagnetic characteristics with local magnetic 

moment. 

 The spin-based transistors made of Ga1-xMnxAs can be put to use in the form of 

integrated circuits in a memory chip that produces a high computing capacity and high 

processing speed that is twice faster than electrons based integrated circuits. When such 

transistors are used in integrated circuits, EI (emitter current), CI  (collector current) and BI  

(base current) all depend on BEV  (base–emitter voltage) such that the current transfer ratio is 

given by 0.8 to 0.95C

E

I

I
    and the current gain C

B

I

I
   , is of order of 10 (Neamen, 

2003; Mizuno et al., 2007). This implies that Ga1-xMnxAs based transistors used in 

integrated circuits amplify currents. Thus, Ga1-xMnxAs compound can be used to make spin 

based Field Effect Transistors (FET) that are used for signal amplification (Long, 2001). 

 Ga1-xMnxAs is compatible with existing semiconductor technologies based on GaAs 

with high Curie temperature, CT
 
> 173 K and is dependent on the concentration of the spin 

for spin current conduction (Fucheng et al., 2006; Jung and Misiuk, 2007). The existence of 

spin charge carriers make the material useful for spin polarized currents, thus, Ga1-xMnxAs 

becomes a spintronic material which is used in advanced spintronic technology (Sadowski et 

al., 2006; Xu et al., 2007). 
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 The electrical properties of a thin film material made from Ga1-xMnxAs are dependent 

on its structural and physical features such as thickness, residual stress and impurity 

concentration (Jeon et al., 2011). The impurity concentration varies inversely with thermal 

resistivity so that at high temperature, impurity concentration is low (Fucheng et al., 2006). 

This also develops thermal stress due to a high temperature gradient that enhances thermal 

conductivity. This is true because an increase in thermal stress due to an increase in 

temperature reduces thermal conductivity (Long, 2001; Murugaraj et al., 2008; Russo et al., 

2010). 

 The concentration of spin carriers in the transistor is enhanced by illuminating the p-

type Ga1-xMnxAs layer with light whose energies can be varied according to the desired 

concentration, by generating electron-hole pairs. In GaAs semiconductor, the generated holes 

rapidly lose their spin and their polarization can be ignored. Thus, the predominant charge 

carriers are electrons (Sarma et al., 2001; Xu et al., 2007). The net spin polarized electrons in 

the p-type layer pump the spin into the n side of the p-n junction diode and the resulting 

current is spin polarized. 

 Heat is dissipated during the electrical conductivity of integrated circuits because of 

joule heating. This has limited the memory chip makers on how closely they can integrate 

circuits together to avoid overheating, optimize space, increase storage capacity and 

processing speed. This study investigated the effects of thermal stress on the thermal strain, 

temperatures on creep compliance and manganese doping levels on hall mobility and optical 

energy gap of Ga1-xMnxAs spintronic material. The results obtained will enable the integrated 

circuit chip manufacturers to design smaller chips that operate more efficiently.  

1.2 Statement of the problem  

 Excess heat generated by transistors and high energy photo irradiation interferes with 

the electronic conductivity of transistors in integrated circuits. The heat results in the 

development of a schottky barrier that obstructs the electrons from flowing through the 

circuit and high energy photo irradiation influences the density of charge carriers at the 

conduction band. High temperatures weaken the spin injector material of the transistor 

through thermal degradation. Currently, joule heating and thermal degradation poses a threat 

to the lifetime of memory chips. These factors are expected to produce thermal strain in the 

forbidden region and their recurrence can result into the breakage of spin injector material of 

a transistor. Hence, there was need to study the mechanical properties, optical band gaps and 
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hall parameters of GaAs and Ga1-xMnxAs at varied Manganese Doping Levels (MDLs) and 

elevated temperatures. 

1.3 Objectives 

1.3.1 General objective 

The main aim of this study was to investigate the mechanical properties, optical band 

gaps, Hall parameters and the amount of heat dissipated by GaAs and Ga1-xMnxAs thin films 

at varied manganese doping levels and elevated temperatures. 

1.3.2 Specific objectives 

(i) To determine storage modulus, loss modulus and loss factor for pure and Mn-doped                 

GaAs at elevated temperature range of between 45 °C and 70 °C. 

(ii) To determine the optical energy band gap of GaAs and Ga1-xMnxAs Dilute Magnetic 

Semiconductor (DMS) thin films with regard to conduction of spin current at 30 °C.  

(iii) To determine the thermal Young’s modulus and creep compliance of Ga1-xMnxAs spin 

injector material at 30 °C and 40 °C at varied MDLs. 

(iv) To determine the Hall effect parameters of Mn-doped and undoped GaAs thin films to 

predict the data processing speed of GaAs based transistors. 

1.4 Hypotheses 

(i) The storage, loss moduli and loss factor are constant with MDLs at temperatures 

between 45 °C and 70 °C. 

(ii) The optical energy band gap of GaAs and Ga1-xMnxAs DMS thin films is less than 

1.42 eV at 30 °C. 

(iii) Young’s modulus is less than 1.0 107 Pa and creep compliance less than 0.0300 

μm2/N at 30 °C and 40 °C at varied MDLs. 

(iv) The Hall mobility Hall Effect parameters are significantly less than 10-7 m2/Vs and 

shows the films can be used to make high speed data processing transistors. 

1.5 Justification 

 The study provided a basis for the determination of the strain deformation of Ga1-

xMnxAs based transistors at elevated temperatures. Since some spintronic transistors and 
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integrated circuits are based on Ga1-xMnxAs ferromagnetic semiconductor, it was important to 

study Ga1-xMnxAs so as to examine its performance in device application. The mechanical 

fatigue and degradation of Ga1-xMnxAs semiconducting material at high temperature occurred 

following a repeated creep due to thermal stresses that determined the spintronic properties. 

This helped to establish the relationship between its thermomechanical and spintronic 

properties such as the effect on mechanical memory and induced thermal deformation. It was 

also important to establish the relation amongst the Hall effect parameters, optical energy 

band gap and damping factor on MDLs when subjected to heat treatment. The overall 

information about the four relations will aid in the design of spintronic devices for optimal 

conditions in Ga1-xMnxAs materials. It also assisted in designing minute-sized electronic 

equipment that performs better than the current large-sized ones due to the spin polarized 

charge carrier concentration. This also minimizes the risk of heat damage to the electronic 

devices used in different environments. The study may also lead to a reduction in 

environmental electronic pollution because of the larger thermal life time of device.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Dynamic mechanical properties of thin film materials 

Materials such as thin films have unique mechanical properties which vary with temperature, 

pressure, photo irradiation and other environmental parameters. Thermal forces generate 

thermal strain which produces thermal stress. Resilience occurs when thermal forces are 

withdrawn and its recurrence produces mechanical creep which is a function of time. The 

stress relaxation and viscoelastic moduli arise during the development of mechanical creep. 

Subject to environmental conditions, the materials may decay and the decay factor is 

measured in form of loss factor that comprises loss moduli and storage moduli. 

2.1.1 Creep Compliance 

 From Boltzmann classical approach, the equation of linear viscoelasticity considers 

elastic ‘after-effect’ under a strain d  for a short time dt  (Ward, 1983). The after-effect at a 

later time t, associated with stress which is proportional to the original strain and a decreasing 

function of time lapse, can be calculated (Djavanroodi, 2008; Abd El-Khalek, 2009). 

Although the application of a driving force (stress, temperature) causes time-dependent 

deformation, it can still be assumed that each increment in the driving force makes its 

contribution independently. These changes can be investigated separately through changes in 

the reduced volume caused by temperature and stress. According to Boltzmann, strain 

response (creep) to an applied force is given by,                                                                             

                                                 ( ) ( )

t

t D t d   


                (2.1) 

where ( )D t   is the creep compliance function, ( )   is stress as a function of the 

retardation time,   (Ward, 1983; Majda and Skrodzewicz, 2009). The immediate elastic 

contribution to the compliance is given by 
E


 which can be added to Eq. (2.1) to give Eq. 

(2.2) where E  is the creep compliance modulus; 

                                    
 

( )

t d
t D t d

E d

 
  




   
      

  
                                              (2.2)                            
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The integral is called hereditary integral (or Duhamel integral) because the interval of 

integration is from   to a later time, t, which depends on all elements of the loading history 

(Ward, 1983). For example, let us consider two specific cases: 

(i) Single-step loading of a stress 
0  at time 0  . For this case, the creep compliance 

function in Eq. (2.1) becomes    0( ) ( ) and D t D t t D t     . 

(ii) Two-step loading of a stress 0  at time 0  , followed by an additional stress 0  at 

time
1t  . For this case;  1 0 D t  and

2 0 1( )D t t   . These give the creep deformations 

produced by the two loading steps. Hence, the effective creep becomes; 

  1 2 0 0 1( ) ( ).t D t D t t          

2.1.2 Stress relaxation modulus 

 Stress relaxation modulus can be represented using the Boltzmann superposition 

principle. Consider a stress relaxation course in which incremental strains 1 2 3, , ,...e e e    are 

added at times 1 2 3, , ,...  
 

respectively. The total stress at time t is then given 

by   1 1 2 2 3 3( ) ( ) ( ) ...,t e E t e E t e E t           which can be rewritten in the form 

identical to Eq. (2.2) as; 

                       

 

     
( )

,

t

r

d
t E E t d

d

 
   




 
    

 


                                  

           (2.3) 

where   is the strain, rE  is the stress modulus and ( )E t   is the stress relaxation modulus 

(Ward, 1983). 

2.1.3 Viscoelasticity modulus 

Consider an elastic material subjected to a sinusoidal tensile strain ( )t  at a frequency 

below resonance frequency. The induced stresses are out of phase with the strain by an angle 

θ. Thus, ( ) cosot t    and ( ) cos( )ot t     cos cos sin sino ot t        where ω 

is the angular frequency, t  is time, o  is amplitude of stress and o  is amplitude of strain (Wu 

et al., 2009; Kim et al., 2010). This is as shown in Fig. 1. The stress-strain relationship can be 

written as; 

                       ' ''( ) cos sin .o ot E t E t                                                                 (2.4)                                                                                  
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                               σo                                                 θ 

                     σ    εo 

                      ε                                                                   Time                                                                

                                                                                                                                                                      

Fig. 1: Response of a viscoelastic material 

where the component moduli 'E  and ''E  are given by; 

                                          

' coso

o

E





  and '' sino

o

E







                                   

           (2.5)  

The strain and stress responses are represented by the real parts of * expo i t    and 

* exp ( )o i t      respectively and from Eq. (2.4), tensile modulus can be expressed in 

complex form, *E as,               

                     

*
*

*
E




  or 

* expo

o

E i





 (cos sin )o

o

i


 


 

         

                                 (2.6)                                             

Using Eq. (2.5) in Eq. (2.6), Eq. (2.6) can be expressed as ' ''E E iE    which is a complex 

modulus where 'E  is the real part and ''E is the imaginary part as represented in the Argand 

diagram in Fig. 2 (Lee-Sullivan and Dykeman, 2000). The real part is referred as storage 

modulus and the imaginary part is the loss modulus. The tangent of the angle between storage 

and loss moduli is called the loss factor and measures the degradation of an elastic material 

(Bosze et al., 2006; Garcia-Barruetabena et al., 2011).  

 
                                                                                   

 

                             
*E   

           ''E              θ                       

                                   'E  

Fig. 2: Storage modulus ( 'E ), Loss modulus ( ''E ) and Loss factor (tan θ) 
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2.2 Theory of Dynamic Mechanical Analyzer (DMA) equipment 

Oscillatory experiments of measuring elasticity of materials were first done by Poynting 

in 1909. These measuring techniques were reviewed later by applying oscillatory deformation 

by various means to study metals. Early commercial instruments included Weisenberg 

Rheogoniometer (1950) and the Rheovibron (1958). In 1966, Torsional Braid Analyzer was 

developed which laid the foundation for development of the modern DMA equipment. In 

1967, substantial information on dynamic mechanical analysis and (Dielectric Analysis) DEA 

was collected. Later in 1971, DMA equipment to measure normal forces that brought forth 

Rheometrics Corporation was developed (Lee-Sullivan and Dykeman, 2000).  In 1976, 

commercial DMA equipment was developed and Bohlin Rheologia was started. These 

instruments were difficult to use, slow and limited in their ability to process data (Kevin, 

1999). At this time thermal and rheological companies introduced dynamic mechanical 

analyzes. Polymer Laboratories in early 1980s offered the Dynamical Mechanical Thermal 

Analyzer (DMTA) using an axial geometry which was then followed by an instrument from 

Du Pont. Perkin Elmer developed a controlled stress analyzer based on their 

Thermomechanical Analyzer (TMA) technology designed for low end sensitivity. Market 

competition between vendors led to easier to use, faster and cheaper instruments. This was 

accelerated by the revolution in computer technology. This revolution has changed the latter 

and Dynamic Mechanical Analyzer of all types became more user friendly as computer 

software evolved (Kevin, 1999). 

2.2.1 Dual and Single Cantilever Clamp modes 

DMA instruments designed for material characterization at low and elevated 

temperatures use a variety of clamps depending on the geometry and crystal composition of 

the material. One of them is the dual/single cantilever clamps (Lee-Sullivan and Dykeman, 

2000). This clamps the ends of the specimens in place and introduce a shearing component to 

the distortion and increase the stress required for a set of displacement (Qing and Pearl, 2000; 

Deng et al., 2007). Both clamp geometries require the specimen to be loaded with clamps 

perpendicular to the long axis of the sample and in rectangular 3-D shape. Here the specimen 

needs to be clamped evenly with similar forces and not to introduce twisting or distortion in 

the clamping (Kevin, 1999). 
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2.2.2 Time and Temperature Scanning in Dynamic Mechanical Analysis 

Temperature scan is performed when a material is at a very low temperature which is 

then increased as the material oscillates at a set frequency. Time scan is performed when the 

material is held at a set temperature as it oscillates to determine how its properties change 

with time (Deng et al., 2007). A thicker sample shows large temperature gradient across it 

and can result in anomalies such as dual glass transitions. In this case, large samples require 

very slow heating rates. A smaller sample allows a smaller heating system that is essentially 

more controllable as it permits the sectioning of the specimens to see how properties vary 

across it (Kevin, 1999). It is difficult to examine one specimen across the whole range of 

interest with only one experiment or one geometry. Materials are very stiff and brittle at low 

temperatures and soft near the melting point therefore very different conditions and fixtures 

may be required (Schmidt et al., 2005). 

 2.2.3 Material transitions 

Material transitions are described in terms of either free volume changes or relaxation 

times. The free volume change can be monitored as a volumetric change in the material; by 

absorption or release of heat associated with the change; the loss of stiffness; increased flow; 

or by change in relaxation time (Sakaguchi et al., 2002). The free volume, defined as the 

space a molecule has for internal movement, is related to the viscoelasticity, aging, 

penetration by solvents and impact properties (Kuelpmann et al., 2005). Consider a material 

at very low temperature where the molecule is tightly compressed and the temperature is 

increased gradually. As this advances, the material heats up and expands. The free volume 

increases so that localized bond movements (bending and stretching) and side chain 

movements occur. This is called the gamma transitions. As the free volume and temperature 

continue to increase, the whole side chains and localized groups begin to have enough space 

to move and the material starts to develop some toughness. This is called beta transition. As 

heating continues, we reach the Tg or glass transition where the chains in the amorphous 

regions begin to coordinate large scale motions (Lee-Sullivan and Dykeman, 2000). 

Continued heating brings us to Tα* and T11 (Rubbery plateau). The former occurs in 

crystalline and semicrystalline materials and is a slippage of the crystal planes past each 

other. The latter is a movement of coordinated segments in the amorphous  phase that relates 

to reduced viscosity. Finally the melt point is reached where large scale chain slippage occurs 

and the  material flows. This is the melting temperature Tm.  
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2.3 Spintronic properties of dilute magnetic semiconductor (DMS) 

The conductivity of the dilute magnetic semiconductor relies on the spin as the state 

variable. The spin current flowing between the spin injector and spin detector depends on the 

size of the energy gap and spin carrier concentration. The energy gap and the variability of 

the spin concentration determine the applicability of the spintronic devices since heat being a 

major inhibiting factor is dissipated. 

2.3.1 Energy band gap 

 In an electronic device there is at least one energy barrier whose purpose is to regulate 

the flow of electrons. The significant properties such as width of the barriers, determine the 

crucial operating factors such as device size, processing speed and energy dissipation (Cavin 

and Zhirnov, 2006; Dalpian et al., 2006). These factors can be studied on the basis of the 

concept of distinguishable electronic states. When there is a very low probability of 

spontaneous transitions to alternate state, the position of the electron is said to be 

distinguishable. Similarly, if the probability of spontaneous transition to an alternate state is 

0.5classic  (probability of transition), the distinguishability property is said to be lost. The 

distinguishability condition for tunnelling transition can be applied to determine the smallest 

barrier width mind . 

 If mind  is very narrow, it will allow spontaneous tunnelling through the barrier which 

will destroy the binary information. Spontaneous tunnelling conditions can be approximated 

on the basis of the Heisenberg uncertainty principle ( x p   ). This can be used to 

determine the uncertainty in position corresponding to momentum as 
min

2 e v

d
p M E

 


 

where p p  , minx d   and vE
 
is the potential energy of the barrier. The minimum time 

taken by the electron to pass through the barrier is determined from the uncertainty relation 

for energy and time as 
ln 2

p

v BE k T

 
  


. For an electron to pass through the integrated 

circuit the potential barrier should be reduced a great deal by application of an electric field 

that provides energy equivalent to the barrier energy. This is given by 
2

2

V
E C where C  is 

the capacitance and V  is the applied voltage. The energy is the dissipated heat. 
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2.3.2 Spintronic devices 

 Future electronic switches are expected to have the ability to be switched between two 

states and must be stable in a particular state with high probability until activated to change 

state. This should hold irrespective of the choice of state variable, whether it is a charge, spin 

state, molecular orbital or any other variable. 

 For a spin state to be distinguishable the external magnetic field should be large enough 

so that the magnetic energy of interaction with spin is at least close to 
Bk T (Kim et al., 2005; 

Cavin and Zhirnov, 2006). The external magnetic field can be switched from B  to B  if 

the switching is due to electric current and the energy dissipated is given by 
2

2

LI
E   where 

L  is the magnetic inductance and I  is the electric current. This shows that for spin 

conductance, some work is done in transporting spin across the energy barrier whose energy 

is equivalent to 
2

2

LI
. 

2.3.3 Spin conductance 

 To make a spintronic device, the following requirements are considered: First is a spin 

injector; a system that generates a current of spin polarized electrons consisting of more of 

one spin move-up or down-than the other. Second, is a spin detector which is a separate 

system sensitive to the spin polarization of the electrons. Between the spin injector and the 

spin detector, electron spin is transported by spin precession in the presence of external 

magnetic fields (Kervalishvili and Lagutin, 2008). The problems associated with modern 

computers such as overheating, low processing speed and size are encountered due to charge 

based-integrated circuits used in making the memory chips. In such integrated circuits, a lot 

of energy is dissipated in form of heat to counteract the energy of the barrier as an electron is 

being conducted through the electric circuit.  

 The memory operates in a binary state such that when an electron passes the circuit 1s 

is stored and in absence of an electron 0s is stored. These problems can be solved partially by 

the shift from electronics to spintronics (Valentin et al., 2008). The spin is transported 

through the transistors with little energy dissipated irrespective of the operating condition of 

the associated integrated circuits. The processing speed is twice faster than the charge based 

integrated circuits due to the data storage procedure. This implies that for every electron 
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conducted through the spin-based integrated circuits two data types are stored unlike the case 

of charge based-integrated circuits where the system stores data only if an electron is present. 

2.4 Hall Effect 

 The number of conduction electrons, measured in terms of concentrations, determines 

the electrical conductivity of an electronic device. The electrical conductivity is based on the 

type and concentrations of the charge carriers. In dilute magnetic semiconductors (DMS) 

such as Ga1-xMnxAs, the manganese atoms are doped into GaAs substrate whose melting 

point is 1238 °C and Ga atoms are displaced to form MnAs which has local magnetic 

moments. The resulting Ga1-xMnxAs compound is a p-type semiconductor whose majority 

charge carriers are holes (Sarma et al., 2001; Ogawa et al., 2004; Lawniczak-Jablonska et al., 

2011). The concentration of spin polarized charge carriers in DMS provides the basis for the 

evaluation of spintronic conductivity of a spintronic device. The Van der Pauw configuration 

is used to determine the hole concentration with Quantum Hall Effect (QHE) experiment. It 

gives the average of the parameters for hole concentration determination for uniform and non 

uniform semiconductor materials in presence of low magnetic field (Xu et al., 2007). 

 The sample sheet resistance SR , is determined from the two characteristic resistances 

for positive and negative magnetic fields namely, AR and BR as   

 21,34 12,43 43,12 34,21

4
A

R R R R
R

  
  and

 32,41 23,14 14,23 41,32

4
B

R R R R
R

  
 .                    (2.7) 

SR  is related to AR and BR by Van der Pauw equation 

                                               exp exp 1A B

S S

R R

R R

     
    

   
.                                           (2.8) 

Eq. (2.8) can be simplified to solve for SR . For sample thickness d , the bulk resistivity is 

given by, SR d  . The Hall voltage 
HV  is determined and then sheet carrier density is given 

by,                   

   

                                              

                                                       S

H

IB
p

e V
                            (2.9)  

and the bulk carrier density is given by,  

                                                 Sp
p

d
 (units of cm-3),                               (2.10) 
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where B , is the applied magnetic field and I  is the applied direct current. From the sheet 

resistance 
SR  and sheet carrier density

Sp , Hall mobility is given by the equation                                                                                                                                                              

1

S Sqp R
  (in units of cm2V-1s-1)                                                                      (2.11) 

2.5 Photoluminescence 

 Spin conductivity varies with the intensity of photoluminescence, duration of photo 

illumination with the UV light and spin polarization (Neamen, 2003; Vali and Salehi, 2010). 

A polarized light irradiated on a DMS develops a means of governing spin orientation and 

spin transportation between the spin injector and the spin detector (Bosco et al., 2006; Schulz 

et al., 2008). Its intensity affects the energy gap by increasing it at temperatures below the 

Curie temperature CT of the DMS and otherwise for temperatures above CT . Also at 

temperatures below 
CT , photo irradiation of Ga1-xMnxAs DMS affects its magnetization and 

magnetic anisotropy. For wavelength range of 532-850 nm under a constant magnetic field 

and varying temperature conditions, magnetic response occurs at λ = 633 nm (Medvedkin et 

al., 2005; Xu et al., 2007). 

2.6 Optical properties of Ga1-xMnxAs thin film 

 The spin conductivity of DMS is affected by the intensity of the illuminating light. 

Light in the range of visible, infrared and UV, polarizes the spin by guiding the orientation of 

the spin in a certain direction depending on the angle of illumination (Sarma et al., 2001). In 

most cases, the spintronic devices interact with the UV light. Therefore, UV light rather than 

visible and infrared light, cause photo degradation of the spin injector. Photo degradation is 

dependent on the ability of DMS to allow light to pass through it. Transmittance, absorbance 

and reflectance, as the optical parameters, provide the basis of the variation of photo 

degradation with temperatures. In this work optical measurements were obtained by using the 

OSA-Spectro 320 with the help of IS−Spec Win software for data analysis and mercury 

fluorescent lamp or sodium spectral lamp as the source of photons. OSA-Spectro 320 

provides spectral analysis of transmission and reflection spectra as coefficients of incident 

photon. The absorption coefficient is determined from the transmission and reflection 

coefficients using Eq. (2.12). 

                                                     
 1A T R  

                                                              (2.12) 
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where A is the coefficient of absorption, T is the percentage transmission and R is the 

percentage reflection. Eq. (2.12) provides information that determines absorbance of any 

photo irradiation within the wavelength range of 200 nm – 1500 nm at room temperatures. 

2.7 Relation between mechanical and spintronic properties of DMS  

 The mechanical creep develops in the charge based integrated circuits due to repeated 

joule heating at high temperatures and long exposure times. This mechanical anomaly can be 

reduced by using heat sinks. Heat is dissipated by the integrated circuits as the applied 

voltage reduces the energy of the depletion layer and allows the passage of the electrons 

(Misiuk et al., 2006). Heat causes impairment of the electric circuit by slowing down its 

operation and reducing its lifetime at environmental temperatures above 35 °C. In spin based 

integrated circuits, the spin precesses as it tunnels through transistor and precession is 

enhanced by the flipping of the spin whose orientation is influenced by photoluminescence. 

This process reduces the amount of energy needed to tunnel through the barrier.       

 The on-state resistance of an integrated circuit increases with environmental 

temperature. When the load is a constant current, the power loss leads to generation of more 

heat. If heat control measures are unable to keep the heat low enough, the junction heat rises 

drastically resulting in the destruction of the device (Russo et al., 2010). At high 

temperatures, repeated mechanical creep impacts negatively on the conduction of the charge 

carriers by increasing the on-state resistance of the spin-based integrated circuit. This 

increases the potential energy of the barrier of the p-type spin injector. The reduced 

conductivity of charge carriers during the repeated creep, at high temperature, gives a 

relationship between spintronic and mechanical properties of DMS. As the Ga1-xMnxAs thin 

film attempts to regain its original size and dimensions after thermal expansion, magnetic and 

thermal effects arise from thermal stress due to induced thermal forces (Cui et al., 2007). 

Therefore, the lifetime of the DMS based integrated circuits is highly affected by thermal 

effects that can lead to the impedance of spin charge carriers. Hence, the need to study the 

mechanical properties, optical band gaps and Hall effect parameters of GaAs and Ga1-xMnxAs 

thin films at varied MDLs and various elevated temperatures. 
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CHAPTER THREE 

STORAGE MODULI, LOSS MODULI AND DAMPING FACTOR OF GaAs AND 

Ga1-xMnxAs THIN FILMS USING DMA 2980 

3.1 Introduction 

3.1.1 GaAs and Ga1-xMnxAs DMS samples 

GaAs thin films are prepared by direct reactions of the elements of Gallium and Arsenic 

in three similar industrial processes namely; 

a) Vapour Phase Epitaxy (VPE) reaction of gaseous gallium metal and arsenic 

trichloride as shown in the chemical equation. 

2Ga+2AsCl3                    2GaAs + 3Cl2 

b) Metal Organic Chemical Vapour Deposition (MOCVD) reaction of trimethylgallium 

and Arsine as shown in the chemical equation. 

Ga(CH3)3 + AsH3                        GaAs + 3CH4 

c) Molecular Beam Epitaxy (MBE) of gallium and arsenic as represented by chemical 

equation. 

4Ga + As4                          4GaAs or 2Ga + As2                            2GaAs 

GaAs has a direct band gap and can be used to manufacture devices such as microwave 

frequency integrated circuits, monolithic microwave integrated circuits, infrared light 

emitting diodes, laser diodes and solar cells. The band gap, electron mobility and electronic 

conductivity of GaAs can be modified by addition of impurity atoms of manganese to form 

Ga1-xMnxAs. This is better in device application in nanotechnology. 

 

Fig. 3: Ga1-xMnxAs in 2-D. The green spheres with an arrow represent manganese atoms 

which replace Gallium atoms (blue spheres) in the host substrate 

The Ga1-xMnxAs is an anisotropic material consisting of three elements, combined 

chemically by Molecular Beam Epitaxy (MBE) or Reactive magnetron sputtering technique. 
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Manganese atoms are added to the GaAs host substrate as impurities that create conduction 

charge carriers with magnetic spin moment. The dopant manganese atoms substitute for Ga 

site in the host semiconductor, GaAs, as shown in Fig. 3 (Xu et al., 2007). 

3.1.2 Dynamic Mechanical Analysis   

Storage modulus, loss modulus and damping factor tests are performed using DMA 

2980 instrument (of TA instruments). The instrument is equipped with an environmental 

chamber that precisely controls temperature changes with the following features: 

(i) It operates over a temperature range of -145 °C to 600 °C using heating rates up to 50 

°C/Minute. 

(ii) It determines changes in sample properties resulting from changes in five experimental 

variables; temperature, time, frequency, stress and strain. 

(iii) It uses samples that could be bulk solid, film, fibre, gel or viscous liquid form. 

(iv) It employs interchangeable clamps allowing measurements of many properties 

including                                                      modulus, damping, creep, stress relaxation, 

glass transition and softening points (Rao et al., 2000).  

 The DMA instrument is as shown in Fig. A1 in appendix. As indicated earlier, the 

instrument allows for interchange of clamps which includes Dual/Single cantilever clamp, 

compression clamps, shear sandwich clamp, tension/fibre film clamp and three point bending 

(small and large) clamps. The clamps are chosen depending on the geometry of the specimen 

and its nature in terms of material composition (DMA 2980 User Manual).  

Storage modulus represents the stiffness of a viscoelastic material and shows the 

amount of energy stored. Stiffness Ks of a specimen is defined as the applied force divided by 

the amplitude of deformation.  The stiffness of a material is an extrinsic property that is 

dependent on its geometry and is related to the storage modulus through the expression; 

 
L

E K   GF K   ( )
A

s s s     where Es is the storage modulus and GF is the Geometrical 

Factor obtained from the dimensions of the sample. For a sample of rectangular cross-section, 

GF is given by, 

GF  = 
Length

.
Cross Sec tional Area

 

During the experimental runs, the DMA 2980 measures the raw signals of force, amplitude of 

deformation, and phase angle (θ). The driving force for this apparatus ranges between 0.0001 

N and 18 N. DMA uses the amplitudes of deformation to compute the complex stiffness, K* 
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which together with the phase angle (θ) will be used to calculate the storage stiffness, 'K  and 

loss stiffness, ''K . The instrument then calculates the storage and loss moduli. It determines 

the energy dissipated during the loading cycles in form of heat by multiplying the raw 

stiffness measurements by the appropriate GF (Lee-Sullivan and Dykeman, 2000). 

Storage modulus decreases as the molecules gain more free volume resulting in more 

molecular motion as temperature increases. The unusual peak on the storage modulus directly 

preceding the drop corresponds to the Tg (glass transition temperature) (Kiyotaka et al., 

2009). This corresponds to the rearrangements of the molecules to relieve stresses frozen in 

below the Tg by the processing method. These stresses are trapped in the material until 

enough mobility is obtained at the Tg to allow the chains to move to a lower energy state. 

Often the material will be annealed by heating it above the Tg and slowly cooling it to remove 

the effect (Lee-Sullivan and Dykeman, 2000). The FET and diodes made of manganese 

doped GaAs DMS suffer from fatigue due to rising heat on their depletion layer. The extent 

of fatigue is inversely proportional to the mechanical strength of the spin injector. Therefore 

there was need to study the storage moduli, loss moduli and damping factor of GaAs and Ga1-

xMnxAs thin films at elevated temperatures of 45 °C ≤ T ≤ 70 °C. 

 3.2 Methodology: Ga1-xMnxAs preparation 

Ga1-xMnxAs samples were prepared using the sputtering technique in the Laboratory 

of Semiconductor Films−UNESP−Bauru Campus, Sao Paulo State University, Brazil 

courtesy of Advanced Materials Group. The manganese target was fixed in the target slot of 

the Reactive magnetron sputtering system and amorphous silica (SiO2) substrate fixed 

directly opposite of the manganese target at a distance of 50 mm as shown in the Fig. A2 in 

appendix. The Argon inert gas was accelerated by an electric field of energy 15 KeV towards 

the manganese target at a chamber temperature of 250 °C. The heavy positive argon ions 

bombarded the manganese target and dislodged manganese atoms. Manganese atoms were 

then accelerated by the kinetic energy of the argon atoms (15 KeV) directly opposite and 

deposited on the GaAs substrate to form Ga1-xMnxAs thin film. The thin films of thickness 

~500 − 1000 nm were then removed from the chamber and cut into rectangular shapes of 

length 12.96 mm and width 0.99 mm. 
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3.3 Experimental procedure 

The prepared samples were found to be of shorter lengths than what the DMA clamps 

could hold. In this case the samples were modified by mounting them, at the centre, on longer 

microscope slides of dimensions equivalent to those of the standard DMA clamp. A control 

sample was also prepared to correct the error due to microscope slides by mounting 

SiO2−microscope slides of the same thickness and lengths as the GaAs and Ga1-xMnxAs. The 

Dual/Single cantilever mode was chosen and single cantilever clamp used because of the 

rectangular nature of the samples of dimensions 39.81 mm  12.7 mm  0.99 mm as shown 

in Figs A3 and A4 in the appendix. 

DMA Multifrequency mode was used with frequency of 1 Hz and amplitude of 40 

μm. Heating rate of 3 oC/min equillibrated at 40 oC in a frequency sweep was also chosen. 

The samples were heated from 45 °C to 70 oC at a sampling interval of 0.2 Sec/pt 

3.4 Results and discussions 

For each sample under study the storage modulus (E’), loss modulus (E’’), and loss 

factor (tan θ), as a function of temperature were generated by the TA Thermal Solutions 

Version 1.2 software. The study was conducted at the temperature range of 45 °C to 70 °C. 

Generally, the storage modulus for MDLs of 0 %, 1 % and 10 % were observed to decrease 

with an increasing temperature. For MDLs of 20 % and 50 %, storage modulus increased 

with increase in temperature as shown in Table 1 and Fig. 4. This was an anomalous 

observation as it was expected that the material would degrade (undergo damping) as 

temperature was increased (Kevin, 1999 and Rao et al., 2000).  

Table 1. Storage modulus of Ga1-xMnxAs with defferent MDLs and temperatures 

 Storage Modulus, E’ (×103 MPa) for MDLs 

Temp (°C)  0 %     1 % 10 %  20 %  50 % 

45.00 37121.31 48524.59 57786.89 50768.88 88120.79 

50.00 36636.07 48491.80 57377.05 51183.54 88663.93 

55.00 35825.68 48311.48 56754.10 51893.92 89514.67 

60.00 35017.49 48081.97 55934.43 52617.81 90101.81 

65.00 33997.00 47918.03 55016.39 53525.55 90582.83 

70.00 33142.62 47737.70 54147.54 54047.57 90531.06 
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MDL of 50 % had the highest storage modulus of between 88120.79 MPa at 45 oC to 

90531.06 MPa at 70 oC. MDL of 20 % followed the trend with storage modulus between 

50768.88 MPa at 45 oC to 54047.57 MPa at 70 oC as shown in Fig. 4. This showed that Ga1-

xMnxAs with MDL of 50 % was much stronger as it seemed to store large amount of energy. 

The MDLs of 50 % was sufficient to offset the thermodegradation caused by an increase in 

temperature and thus added up to the energy stored rather than contributing to the energy 

dissipation. As determined by Dakhlaoui and Jaziri (2005), manganese has magnetic moment 

with spin that has little or no heat dissipation. Thus as temperature increased MDLs of 50 % 

supplied more energy to be stored in Ga1-xMnxAs than the energy lost through 

thermodegradation by Ga1-xMnxAs. This observation was significantly similar to the MDL of 

20 % though the value was smaller (50768.88 MPa at 45 oC to 54047.57 MPa at 70 oC). 

 

Fig. 4: Storage modulus against temperature for MDLs of 0 %, 1 %, 10 %, 20 % and 50 %  

Therefore, it was apparent that MDLs at ≥ 20 % added up magnetic energy to Mn-doped 

GaAs which offsets the expected thermodegradation. For MDLs of 0 %, 1 % and 10 % 

thermodissipation through heat was significant. This can be observed from Table 1 and Fig. 

4. The storage modulus curves fall as temperature advances. This implies that the temperature 

generates thermal energy very significant to weaken the bonding structure and the fabrics of 

GaAs and GaAs doped with manganese less than 20 %. The amounts of manganese atoms in 

these cases were not enough to provide sufficient energy to add up to or offset the 

degradation by thermal energy. 
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Table 2. Loss modulus of Ga1-xMnxAs for different MDLs and temperatures 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Loss modulus versus temperature for MDLs of 0 %, 1 %, 10 %, 20 % and 50 % 

From Fig. 5 and Table 2, it is apparent that the energy dissipated by MDLs ≥ 20 % decreases 

as temperature increases. This is observed from a decreasing trend in loss modulus with 

temperature increase as shown in Fig. 5. They have the least loss moduli amongst the five 

samples under study over the temperature span of between 45 oC and 70 oC implying that 

they do not undergo thermodegradation. 

For MDLs of 0 %, 1 % and 10 %, their loss moduli seem to level with averages of 

2809.95 MPa, 1192.63 MPa and 1590.83 MPa respectively represented in Fig. 5. Pure GaAs 

dissipates the most heat shown by its large average loss modulus of 2809.95 MPa. From Fig. 

5, MDLs of 20 % has the least loss moduli values than MDLs of 50 %. 

 

 

 

 Loss Modulus, Eʺ (MPa) for MDLs 

Temp (°C) 0 % 1 % 10 % 20 % 50 % 

45.00 2843.93 1222.45 1547.53 481.14 993.44 

50.00 2788.19 1214.56 1542.79 311.47 878.68 

55.00 2788.85 1208.21 1594.48 336.06 777.04 

60.00 2797.37 1198.09 1621.42 295.08 739.34 

65.00 2801.96 1175.50 1608.84 281.14 703.27 

70.00 2839.34 1136.95 1629.89 304.09 655.73 
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Table 3. Loss factor (tan ) of Ga1-xMnxAs for different MDLs and temperatures 

 

 

 

 

 

 

 

 

Fig. 6: Loss factor (tan θ) versus temperature for MDL of 0 %, 1 %, 10 %, 20 % and 50 % 

According to Fig. 6 and Table 3, pure GaAs has the highest loss factor (tan θ) with a 

relatively increasing order from 76.61 10-3 to 85.67 10-3 at 45 °C and 70 °C respectively. 

MDL of 20 % has the lowest loss factor with a relatively decreasing order from 9.48 10-3 to 

5.63 10-3 at 45 °C and 70 °C respectively. MDL of 50 % follows MDL of 20 % with loss 

factor of 11.27 10-3 at 45 °C and 7.24 10-3 at 70 °C which is in a relatively increasing order. 

 tan θ ( 10-3) for MDLs 

Temp ( °C)  0 %  1 % 10 % 20 % 50 % 

45.00 76.61 25.19 26.78 9.48 11.27 

50.00 76.11 25.05 26.89 6.09 9.91 

55.00 78.84 25.01 28.09 6.48 8.68 

60.00 79.89 24.92 28.99 5.61 8.21 

65.00 82.42 24.53 29.24 5.25 7.76 

70.00 85.67 23.82 30.10 5.63 7.24 
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3.5 Conclusion 

From the results pure GaAs was likely to dissipate much more of the stored energy 

through thermodissipation than Mn-doped GaAs. The MDLs of greater or equal to 20 % 

showed significantly large amount of heat dissipation, as seen in Fig. 6. GaAs related 

electronic devices need to be strong and suffer minimal thermal degradation at room 

temperature and at higher temperatures of upto 70 °C. This is in order to take into account the 

high temperatures of varoius parts of the world during summer. Hence if such electronic 

devices are to be used during summer then the appropriate MDLs is in the range of between 1 

% and 10 %. This  can be observed from Fig. 5 where MDL of 50 % has higher loss moduli 

than MDL of 20 % and in Fig. 6 where MDL of 50 % has an average loss factor of 11.27 10-

3 at 45 °C and 7.24 10-3 at 70 °C. 
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CHAPTER FOUR 

OPTICAL ABSORBANCE (%) AND HEAT DISSIPATION ON UV-VIS REGION OF 

Ga1-xMnxAs WITH OSA SPECTRO 320 

4.1. Introduction 

4.1.1 Photo induced ferromagnetism in DMS 

The mechanism for photo induced ferromagnetism is photo excitation that generates 

carriers (holes) which mediate the ferromagnetic disorder. When light radiation is incident on 

a DMS film, the resulting photo generated holes induces an exchange interaction that creates 

ferromagnetic order. This results in a hysteresis curve which is a clear indication of 

ferromagnetism and magnetization. The energy gap of GaAs is below the energy range of 

visible radiation which makes Ga1-xMnxAs appropriate for the manufacture of efficient 

optical devices. This phenomenon is guided by the spin exchanges in the system. 

4.1.2 Addition of manganese atoms into the GaAs host and its effects on hole 

concentration 

Manganese contributes holes and localized magnetic moments to the system and 

determines the magnetic properties of Ga1-xMnxAs which arises from Mn spin system (SMn = 

5/2 for Mn2+ charge state). During growth excess arsenic, approximately 1 %, is incorporated 

into the GaAs lattice (Fig. 7) in the form of arsenic antisites, AsGa, arsenic interstitials, AsI 

and gallium vacancies, VGa (Fucheng et al., 2006) 
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Fig. 7: Gallium Arsenide lattice structure (Fucheng et al., 2006) 

These defects particularly AsGa establishes the electronic configuration of GaAs. Manganese 

atoms replacing the Ga lattice sites in GaAs host, MnGa, operate as acceptors with an impurity 

binding energy of approximately 0.11 eV (Fucheng et al., 2006). This results in a higher hole 

density that plays a fundamental role in the hole-enhanced ordering of Mn spins. Also, 

manganese atoms residing in interstitial sites of the crystal lattice, MnI, act as double donors 

in GaAs (Yastruback, 2012). Together with the local AsGa donors, they partially balance 

MnGa acceptors, thus leading to valuable drop of hole concentration in the Ga1-xMnxAs films. 

Increasing the manganese content increases the hole concentration and Curie temperature in 

the as-grown Ga1-xMnxAs films to approximately MDL of 6 % above which both drop 

gradually. This is attributed to the development of the Mn interstitials as shown in Fig. 8. 
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Fig. 8: GaAs lattice structure doped with Mn atoms showing Manganese interstitials, MnI and 

Arsenic antisites, AsGa (Fucheng et al., 2006) 

Electronic configuration of metallic Ga1-xMnxAs can be explained based on two 

theories. Firstly, it consists of persistence of the MnGa related impurity band on the metallic 

side of the Metal Insulator Transition (MIT) with the Fermi level, Ef within the impurity 

band. Here mobile holes maintain their impurity band nature (Sato et al., 2010; Vali and 

Salehi, 2010). The second theory assumes that mobile holes that exist in almost unperturbed 

valence band of the GaAs host which play a significant role in p-d zener model of 

ferromagnetism in DMS. In DMS, the hole spin and Mn spin subsystems couple through p-d 

exchange, thus modification of either of these subsystems results in a considerable control on 

the whole system (Sato et al., 2010). The latter is achieved by a carrier spin injection through 

the adequate inter band optical excitation by which, Ga1-xMnxAs optical absorption is known 

to occur in visible range (Vali and Salehi, 2010). 

4.2 Photo induced exchange coupling energy  

This can be discussed in view of the interaction Hamiltonian and the second order 

perturbation with the induced light (Amente and Singh, 2010). Let the interaction 

Hamiltonian be, 

            I B x xH g H S                                                                                              (4.1)                                                                                                      

 where g  is the Landau g-factor, B is the Bohr magneton and xH is electromagnetic field 

expressed as 
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is the x-

component of spin of the localized Mn d-shell electrons (magnetic spins) and is given by,  
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1

2
xS S S                                                                              (4.3)           

Here it can be assumed that there is no direct interaction between the localized moments. This 

is because the interaction is weak and there are no free carriers without the incident light (Xu 

et al., 2007). The system becomes paramagnetic in the absence of light and ferromagnetic 

only through the indirect interaction with the photo induced carriers. Eqns. (4.2) and (4.3) can 

be substituted into Eq. (4.1) to get;    
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is the magnon−photon coupling constant, 
 q

cq 
 

is the 

frequency of the electromagnetic radiation, c  is the speed of light in the free space and 0  
is 

magnetic permeability of the vacuum. By using the second order energy correction and Eq. 

(4.4), the photo induced exchange coupling energy can be obtained as;  
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where '

'

E E 



  is the transition frequency due to the Zeeman splitting that might be 

from 
2


 (down) to 

2


(up) spin state (Dhakhlaoui and Jaziri, 2005; Fucheng et al., 2006). 

From Eqns. (4.4) and (4.5), the energy operator is obtained and is given by,  
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The term 
n mS S  appears from the commutation relation 2, 2n m nmS S iS        from spin 

state S. The delta function vanishes because the spin wave is propagated between different 

arbitrary states n and m and not a spin flip at the site. nmJ  is defined as the photo induced 

exchange coupling energy for 1qn   and is given by  
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where  ( )nmcos qR gives the oscillating character of the exchange coupling energy and 

q
n defines the number of photons.   
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4.3 Photons absorbed by semiconductors 

If the energy of an individual photon is greater than the semiconductor band gap, the 

photons can be absorbed, transferring their energy to an electron (Dholakia et al., 2003). This 

process pumps up the electron from the valence band to the conduction band. The absorption 

process thus creates an electron-hole pair as it results in an electron in the conduction band 

and a hole in the valence band (Liping et al., 2010; Vali and Salehi, 2010). Another 

representation of the electron-hole pair generation is to view the valence band electron as part 

of a covalent bond. When the covalent bond is broken, the electron is set free to move in the 

crystal lattice of the semiconductor. The energy required to break the covalent bond is the 

energy band gap that provides the size of band gap (Budiman et al., 2012). If the photon 

energy is less than band gap energy, it does not carry enough energy to break the covalent 

bond and free an electron for conduction. Since the electrons cannot occupy the forbidden 

states between the valence and conduction bands, a photon with energy less than the band gap 

energy, cannot be absorbed and will pass through the study sample. In order to study the band 

gap of a semiconductor, light with variable photon energy near the band gap energy can be 

used. The photon energy at which transition between absorbing and non-absorbing behaviour 

takes place will correspond to the band gap energy. 

For higher energies there is no transmission because all the light is absorbed. 

Destructive interference can be observed at those higher energies (Pereira and Dias da Silva, 

2008). This is observed from the absorption tail of the photon absorption-photon energy 

curve. For energies above the absorption edge, R T  gets very low because in the spectral 

range most photons are absorbed by the sample. In a rough approximation, we can calculate 

the absorption coefficient   according to the equation, dR T e    where d is the sample 

thickness. 
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Since  
2

1 R
 
is approximately unity as the reflectivity is negligible and insignificant near 

the absorption edge (Dholakia et al., 2003 and Ishu et al., 2006), Eq. (4.7) can be reduced to 
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4.4 Transmittance, Reflectance and Absorbance relations: An experimental view 
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Electromagnetic (EM) radiation interacts with matter and depending on its energy it can 

be transmitted, reflected or absorbed by the matter. The energy of the incident EM radiation 

is quantized and given by,  

                                    

hc
E


                                                                                      (4.9)                                        

where c  is the speed of light,   is the wavelength of incident radiation and h  is the Planck’s 

constant. According to Eq. (4.9), higher energy is obtained from UV region and other short 

wavelengths region such as VIS region. The transmission, reflection and absorption of light 

depend on the thickness of the target material. The SPECTRO 320 with IS-Spec Win 

software generates transmittance and reflectance spectra for the whole EM spectrum. The 

absorbance is determined from the relation in Eq. (2.12) where T is transmission in % and R 

is reflection in %. The absorbed part of incident radiation is used to pump electrons from 

ground state to an excited state. Electrons at the higher energy levels fall back as they seek 

stability and emit energy in form of heat sometimes through a process of fluorescence 

(Derkaoui et al., 2009; Hsieh et al., 2011). With regard to Eq. (4.9), it is apparent that the 

short wavelength EM radiations are likely to have enough energy to excite the electrons to 

the highest energy levels. Therefore, materials with high absorbance values, with respect to 

the EM radiation, absorb the most heat while materials with low absorbance values absorb 

less heat.  

4.4.1 Energy band gap determination 

Band gap is the main property of semiconductors that determines their special 

electronic and optical properties and wide device applications (Tan et al., 2005). The optical 

band gap of the semiconducting film is determined by applying the Tauc model, 

                      ,
n

opt

ghv D hv E                                                                             (4.10)                                                                            

where hv  is the photon energy, 
opt

gE
 
is the optical band gap, D is the band tailing parameter 

and n=1/2 for direct band gap semiconductors such as GaAs (Ishu et al., 2006; Liping et al., 

2010; Yastruback, 2012). The study of the dependence of the absorption coefficient   in 

terms of the direct and indirect transitions is most often performed with the help of the 

formulae derived for 3-D crystals shown by Tauc model (Dholakia et al., 2003; Budiman et 

al., 2012). Optical transmission is a very complex function and is strongly dependent on the 

absorption coefficient. The oscillating nature of the spectrum shows that the films are having 
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uniform thickness. From a graph of  
2

hv with ,hv  optical band gap 
opt

gE
 

can be 

determined by extrapolating the best line of fit between  
2

hv  and hv  axis (Ishu et al., 2006 

and Lee et al., 2009).  

4.5. Materials and Methods 

The spectrometer used to carry out the experiment calculated and analysed the data 

obtained and presented it in form of a spectrum (reflection spectrum). The samples were 

fixed at the aperture in the SPECTRO 320 to let in light. Portion of light that penetrated the 

sample was collimated and directed to the OSA 320 using a fibre optic cable inside it for 

analysis. A similar process was followed to obtain the transmission spectrum at the 

transmission window. Transmission and reflection spectra for each sample were obtained 

over the same UV-VIS-IR wavelength range. From such spectra, absorption data for each 

sample was determined using Eq. (2.12) at particular wavelengths in percentages. The optical 

wavelengths were converted into optical energies using Eq. (4.9) and are presented in Table 

4. The data obtained was used to generate an absorption (%) spectra spanning over the entire 

UV-VIS-IR wavelength range. Using Eq. (4.10) and values in Table 4, optical absorption 

coefficients were determined and then graphs of absorption coefficient versus photon 

energies were plotted. Straight lines of best fit were drawn in all graphs and by extrapolation, 

the optical band gaps were determined.  

4.6. Results and discussions 

Table 4: Photon energy (eV) and absorbance (%) of Ga1-xMnxAs for different MDLs 

Energy, 

E (eV) 

Absorbance (%) 

0% 

Eg
opt=1.43eV 

1% 

Eg
opt=0.34eV 

10% 

Eg
opt=0.60eV 

20% 

Eg
opt=0.69eV 

50% 

Eg
opt=0.67eV 

0.83 90.74 48.03 36.65 30.61 14.99 

0.89 47.06 54.12 41.66 7.12 21.66 

0.96 62.43 38.41 31.66 25.30 40.83 

1.04 47.09 46.11 39.17 23.19 30.00 

1.13 35.42 56.32 40.83 46.51 35.00 

1.24 30.61 42.09 51.67 21.51 19.17 
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At wavelength λ ≤ 700 nm or E ≥ 1.76 eV, Ga1-xMnxAs became porous and 

transparent to incident light. The maximum transmittance was observed to vary with respect 

to the doping levels that also dictated the maximum absorbed photon wavelength. Otherwise, 

it became opaque as the transmittances were of low values of 7.62 % for GaAs at λ ~ 1300 

nm; 29.17 % for MDL of 50 % at λ ~ 1300 nm; 28.33 % for MDL of 10 % at λ ~ 1000 nm; 

18.00 % for MDL of 1 % at λ ~ 1500 nm and 27.27 % for MDL of 20 % at λ ~ 1100 nm. In 

this spectral region, some photons are reflected and the amount of reflectance slightly 

surpasses that of transmittance such that by applying Eq. (2.12), the absorbance is 

approximately zero for all samples under study. At wavelength λ > 700 nm or E < 1.76 eV, 

the samples became more opaque such that the transmission and reflection of photons are T ≤ 

50 % and R ≤ 48 % respectively for all the samples. By application of Eq. (2.12), the 

absorbance was determined to be A ≠ 0. As indicated earlier, absorbance is zero at E ≥ 1.4 eV 

but at E ≤ 1.4 eV, Ga1-xMnxAs for MDL of 50 %, absorbs 47 % of the illuminated photons as 

shown in Fig. 9. The region of photon absorption defines the energy band gap of the 

ferromagnetic dilute magnetic semiconductor. At this region, absorbed photons with higher 

energies can generate electron hole pairs by excitation or stimulation (Pereira and Dias da 

Silva, 2008). Any excess energy will be lost perhaps through fluorescence and the generated 

pairs are sufficient to produce electric current. The energy band gap behaves as schottky 

barrier. Thus, it becomes difficult for the pairs to be transported through it and energy that is 

more than Eg (energy gap) is required to enhance the possibility of pair transportation 

(Kulbachinskii et al., 2006). As a result of the generated current and the load (barrier), heat is 

generated due to joule heating in the energy gap. 

1.38 21.18 29.13 41.66 39.84 47.50 

1.55 15.44 14.23 0.00 6.51 17.50 

1.76 12.69 12.35 0.00 0.00 1.66 
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Fig. 9: Absorbance (%) spectrum of Ga1-xMnxAs with MDL of 50 %  

Thus, large absorbance suggests large amount of pair generation. In all samples under 

investigation, it occurs at low Eg or narrow gap DMS depending on the doping levels 

(Kervalishvili and Lagutin, 2008).  Heat dissipated is dependent on the photon absorption 

coefficients of the Ferro-DMS. In view of the absorption spectra, it is apparent that doping 

levels vary proportionately with the photon absorption coefficients. It shows that the 

incorporation of manganese atoms into the GaAs film alters its’ crystal structure and narrows 

its energy band gap. For pure GaAs, the photon absorption energy range is Eg ≤ 1.4 eV with 

maximum photon absorbance peak of 66 % as shown in Fig. 10. 

 

Fig. 10: Optical absorbance with the optical energy band gap for pure GaAs 
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Comparing with the case of MDL of 50 %, pure GaAs generates more electron-hole pairs 

than the former when illuminated with UV-VIS-IR light without filters, particularly at the IR 

region, λ ≥ 1300 nm or E ≤ 1.0 eV. At 20 % manganese doping level, optical transmittance 

and reflectance approach each other seemingly to overlap such that the optical absorbance 

decreases. This shows that it can generate little heat as compared to other doping levels under 

study. The optical destructive interference is observed at the beginning of the optical tailing 

parameter that defines the optical absorption edge at E ≥ 1.6 eV as in Fig. 11 according to 

Pereira and Dias da Silva (2008). 

 

  Fig. 11: Absorbance (%) spectrum of Ga1-xMnxAs with MDL of 20 %  

From Table 4, and using Eq. (4.8), Table 5 was generated which shows the absorption 

coefficient as a function of optical energy gap and the incident photon energy. A plot of 

 
2

h  versus h  provides a wavy-linear graph which can be used to determine the optical 

energy band gap for each doping levels and are shown in Figs. 12, 13, 14, 15 and 16. For 

MDLs of 0 %, 1 %, 10 %, 20 % and 50 % energy band gap were 1.43 eV, 0.36 eV, 0.61 eV, 

0.69 eV and 0.67 eV respectively as in Table 4. 

Table 5: Absorption coefficient and incident optical energy 

h (eV) 
( h  )2 1013 (eV)2 m-2 

0 % 1 % 10 % 20 %      50 % 

0.83 6.10 4.13 3.57 3.23 2.02 

0.89 4.70 5.04 4.41 1.22 2.99 

0.96 6.30 4.88 4.40 3.85 5.09 

1.04 6.42 6.34 5.82 4.28 5.00 
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1.13 6.50 8.28 7.03 7.53 8.24 

1.24 7.20 8.59 9.57 5.79 5.36 

1.38 7.10 8.64 0.00 10.34 11.35 

1.55 7.20 0.00 0.00 0.00 0.00 

1.76 8.00 0.00 0.00 0.00 0.00 

 

 

Fig. 12: Absorption coefficient versus incident photon energy for GaAs 

  

Fig. 13: Absorption coefficient versus incident photon energy for MDL of 1 % 
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A plot of ( )opt

gE eV versus MDLs (%) as shown in Fig. 17 shows a drastic drop in 

opt

gE when manganese atoms (1 %) are incorporated into GaAs host. This is the case at an 

energy gap of approximately 0.36 eV beyond which it increases until 0.61 eV for MDL of 20 

%. Beyond this point it becomes almost constant (an increase in MDL does not cause a 

significant change in the optical band gap). The initial drop in optical energy band gap 

correspond to a reduction in carrier concentration and this is attributed to the establishment of 

manganese interstitials according to Yastruback (2012) as shown in Fig. 18.  

 

Fig. 14: Absorption coefficient versus incident photon energy for MDL of 10 % 

 

Fig. 15: Absorption coefficient versus incident photon energy for MDL of 20 % 
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Fig. 16: Absorption coefficient versus incident photon energy for MDL of 50 % 

This is observation is attributed to the presence of holes in the impurity band instead of the 

valence band. Here, an initial addition of manganese impurities created an impurity band 

which lies between conduction band and valence band. Photons of light incident on the band 

generated a hole-electron pair and the holes were excited into the conduction band with ease 

since the gap had been reduced by the initial impurities. This is why the optical band gap 

reduces to 0.36 eV when impurity of 1 % was added into the GaAs lattice structure. A further 

increase of the impurities appears to compress the impurity band close to the valence band, 

thus increasing the energy gap as the impurity band seems to overlap with the valence band. 

Generated holes, upon impingement by the incident photons, experience difficulty in jumping 

to the conduction band since the gap has so far been increased. This is observed by an 

increase in the energy gap to 0.61 eV in Table 4 and in Fig. 17. 
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              Fig. 17: Optical energy gap with MDLs of Ga1-xMnxAs 

 

Fig. 18: Charge carrier concentration versus MDLs obtained from Van der Pauw experiment 

Any further increase in the impurity concentration increases the stress between the 

impurity band and the valence band. This continues until the bands almost overlap. This is 

observed by an optimum curve between 20 % ≤ MDLs ≤ 50 % in Fig. 17. Wavy-linear 

graphs, Figs. 12, 13, 14, 15 and 16, show that the absorption coefficient increases with the 

incident photon energy. The wavy behavior of the graph shows that the thin films are 

uniform. The wavy line in the graphs shows the experimental results and the straight lines 

show the theoretical ones. An increase in doping levels implies higher dopant density. The 

increasing density exerts some stress on the valence band and the impurity band seems to 

overlap with the valence band. Due to a near band overlap, the gap between the conduction 

band and impurity band increases. If the photons are directed into the bands, hole-electron 

pairs are generated in the near  band overlap but on the impurity band side. The holes are 

excited into the conduction band over a wider energy space. This suggests an increased 

energy band gap. 

The overlap increases until an optimum limit or yield point where the applied stress 

due to impurity density cannot be exceeded. At this point, any increase in the incident photon 

energy does not cause any effect on the optical energy gap of the semiconductors. This is the 

case with the direct band gap semiconductors. In indirect band gap semiconductors like 

pentavalent doped silicon, the holes are not in the impurity band but in the valence band. In 

this case, an increase in impurity density does not affect impurity valence interband gap as 

charge carriers are always in the valence band. If such semiconducrors are illuminated by 
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incident photons of varied energies, as impurity densities are increased, their gaps decrease 

linearly until the conduction band and valence band nearly overlap. In view of this, 

manganese impurity at 1 % absorbs photons over a wide range of optical energies of E ≤ 2.2 

eV. For pure GaAs absorption optical energy range occurs at E ≤ 2.0 eV as in Figs. 19 and 20 

respectively. Taking the case when MDL was 0 % as the control set up, it was observed that 

manganese impurity (1 %) increases optical absorption range by 0.2 eV.   

 

 

Fig. 19: Absorbance (%) spectrum of Ga1-xMnxAs with MDL of 1 %  

 

Fig. 20: Absorbance (%) spectrum of Ga1-xMnxAs with MDL of 10 % 



38 
 

For manganese doping at 10 % as in Fig. 20 the optical absorption range reduces to E 

 1.60 eV showing that the absorption optical energy range reduces by 0.40 eV. From Fig. 9 

and 11, optical absorption ranges reduce by 0.20 eV and 0.10 eV for MDLs 20 % and 50 % 

respectively. These observations show that small amounts of impurities of manganese atoms 

have large photon absorption cross section and the electron-hole pair generation increases. 

This is observed for small optical energy gap of 0.36 eV. Otherwise, the photon absorption 

surface area decreases as shown in Figs. 9, 11 and 19. In this case, beyond manganese 

impurity doping levels of approximately 6 %, according to Yastruback (2012), the optical 

energy band gap increases to 0.61 eV for MDL of 10 %, 0.69 eV for MDL of 20 % and 0.67 

eV for MDL of 50 %. At 50 % manganese impurity concentration, the situation is degenerate 

and the reduction in optical absorption range reduces to 0.10 eV which corresponds to optical 

energy gap of 0.67 eV with a reduction of 0.02 eV from that at MDL of 20 %.  

4.7. Conclusion  

The study of the optical band gap of GaAs and manganese doped GaAs provides vast 

information for device applications. The optical device advancement in optoelectronics is of 

great importance especially in designing optical transistors and optical diodes for making 

sensors. Compound semiconductors with direct band gap such as GaAs are best suited for 

this application. Here optical band gap of GaAs and its manganese doped counterparts have 

been determined. The optical band gap of GaAs is 1.43 eV. The optical band gap, for doped 

GaAs, drops significantly to 0.36 eV for 1 % manganese doping level. The reduction in the 

optical energy gap shows that the photo generated electron-hole pairs can jump to the 

conduction band easily. The heat dissipated during such excitations is minimal for narrow 

band gaps as compared to GaAs with optical band gap of 1.43 eV. This is agrees with Ishu 

(2006) who ascertained that the addition of impurity into a semiconducting crystal lattice 

reduces its energy gap and dissipates little heat. Manganese doping levels in the range 1 % ≤ 

MDL ≤ 10 % is the most appropriate for device applications. It is dissipates little heat during 

spin current conduction as compared to undoped and highly doped GaAs. It is also observed 

that at MDL ≥ 20 % the optical band gap becomes almost constant despite an increase in the 

impurity doping density. 
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CHAPTER FIVE 

YOUNG’S MODULUS AND CREEP COMPLIANCE OF Ga1-xMnxAs UNDER 

THERMAL STRESS USING DMA 2980 

5.1 Introduction 

5.1.1 Creep –recovery testing 

Deformation of a material occurs when a load is applied to it. Plastic deformation of a 

material under applied stress is dependent on the strength of intermolecular forces (Senthil 

Pandian et al., 2008b and Senthil Pandian et al., 2012b). After an initial deformation, the 

material attains a constant rate of change that can be plotted against time and temperature 

(Mourad et al., 2009 and Legghe et al., 2011). More precisely, representative samples of 

materials can be tested for creep. The sample is loaded with a very low stress level just 

enough to hold it in place and allowed to stabilize. The testing stress is then applied very 

quickly, with instantaneous application being ideal, and changes in the material response are 

recorded as % strain (Venkata et al., 2010 and Zoorob et al., 2012). The material is then held 
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at this stress for a period of time until it reaches equilibrium. Creep tests can be used in two 

ways; to obtain information about the material or to investigate the material response under 

the real use conditions (Kevin, 1999 and Jeon et al., 2002). 

5.1.2 Creep –recovery Analysis 

Creep-recovery data can be interpreted in three ways: a plot of strain versus stress can 

be done and data fitted to the model (four element model) or a plot of strain versus stress and 

analysis done quantitatively in terms of irrecoverable creep, viscosity, modulus and 

relaxation time (Nirmal, 2009). Lastly, a plot of creep compliance versus time (temperature) 

can be drawn. The creep compliance is a mechanical property that measures the tendency of a 

material to respond to deformation and confirms material softness above Tg (Kevin, 1999). As 

stated earlier, there is an immediate response of a material to an applied stress (load) and the 

time at which stress is applied is when time is zero for the creep experiment. For the recovery 

portion the time zero point is when stress is removed. The initial jump is equivalent to the 

applied stress divided by the spring constant (
1E


) which is envisioned as an immediate 

stretching and locking into its extended condition. Practically this region is very small and 

could be difficult to see but the strain time derivative may be used to locate it. After the 

spring is extended, the independent dashpot and the Voigt element can respond. When the 

load is removed there is an immediate recovery of the spring which is equivalent to 
1E



 

(Lijie, 2010 and Rao et al., 2011). This can be observed as the elastic deformation of the 

material chains. The slope of the straight equilibrium region of the creep curve gives the 

strain rate. Initial and recoverable strains can be determined and the region of constant strain 

rate can be obtained (Bouzakis, 2000; Sinha et al., 2003 and Legghe et al., 2011). Percentage 

recovery and the relaxation times can also be calculated as they account for the recovery 

cures (Abd El-Khalek, 2009). Percentage recovery indicates how much a material comes 

back (resilience) after the stress (load) is released while the recovery time provides the 

amount of time required for strain to recover to 36.79 % of its original value (Khodaii and 

Mehrara, 2009). A plot of creep compliance with temperature can be done to observe where 

the properties degrade as temperature increases. Temperature can be raised and lowered so as 

to simulate the effect of an environmental thermal cycle (Nirmal and Shorna, 2011). As the 

stress on the sample is increased the material may creep under the applied load and when the 
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load is removed the sample may attempt to recover its original dimensions (property of stress 

relaxation) (Lijie, 2010 and Rao et al., 2011). 

5.2 Materials and Methods 

The complex compliance and Young’s moduli were important parameters in this 

study since they represent the stiffness of the material and how a material responds to all sorts 

of deformation due to changes in stress amplitude, strain amplitude and temperatures. DMA 

2980 instrument from TA instruments was used to carry out these studies. The DMA creep 

mode was used with single cantilever clamp equilibrated at 30 °C and elevated temperatures 

of 40 °C on a displace  recover programme of 10 minutes  10 minutes respectively. The 

same procedure was used for all study samples and the actual tensile parameter values were 

determined from the deviations recorded in Tables 6 and 7. The thermal stress-thermal strain 

relationships for GaAs and Ga1-xMnxAs were plotted following similar process as for creep 

compliance. The Young’s moduli were calculated from the slopes of the linear regions of 

thermal stress thermal strain graphs at 30 °C and 40 °C. The Young’s moduli were tabulated 

as functions of the amount of MDLs.  

 

 

5.3 Results and discussions 

5.3.1 Creep Compliance at 30 °C 

Fig. 21 shows creep compliance−MDLs relationship at 30 °C and 40 °C drawn from 

data in Table 6. From the two its apparent creep compliance is in an increasing trend with the 

MDLs. GaAs has the smallest creep compliance value of 0.0304 μm2/N and GaAs doped with 

50 % manganese atoms recorded the highest of 0.7864 μm2/N. The creep compliance for 

MDLs of 1 %, 10 % and 20 % were 0.0896 μm2/N, 0.4704 μm2/N and 0.5614 μm2/N 

respectively.  

Table 6. Creep compliance and MDLs 

MDLs Creep Compliance (μm2/N) 

30 °C 40 °C 

0 % 0.0604 4.0394 

1 % 0.0996 4.3750 
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10 % 0.4704 5.2501 

20 % 0.5614 5.2530 

50 % 0.7864 5.8512 

 

 

Fig. 21: Creep compliance versus MDLs at 30 °C and 40 °C 

From MDLs of 0 % to 10 %, the increase in creep compliance is drastic but beyond 10 % 

creep compliance increases but at a slower trend. This means that the manganese impurity 

atoms have a significant effect on the creep compliance of the Dilute Magnetic 

Semiconductor (DMS). It is believed to cause a profound alteration of the GaAs crystal 

structure that makes it porous and softer. This is such that the molecules/atoms have enough 

space to accommodate the changes due to deformation; in this case temperature (Kevin, 

1999). The imperfections beyond MDL of 10 % increases slowly. So, generally at 30 °C the 

Ga1-xMnxAs at MDLs of 20 % to 50 % provides the best results because of their respective 

high creep compliance compared to the others. 

Intrinsically, the mechanical behaviour of the material is closely related to their 

structures including bond strength. However, the mechanical behaviour of the crystalline 

materials is also controlled by imperfections such as vacancies and interstitials (Senthil 

Pandian and Ramasamy, 2010 and Senthil Pandian et al, 2012a). Therefore, here the higher 

creep compliance implies that the material is not on the verge of breaking as it responds well 

to the imperfections and deformations.  



43 
 

5.3.2 Creep compliance at 40 °C 

From Fig. 21 and Table 6, MDLs of 50 % recorded the highest creep compliance of 

5.8512 μm2/N which is 44.85 % increase in reference to pure GaAs with creep compliance of 

4.0394 μm2/N. MDLs of 0 % and 10 % recorded the least creep compliance of 4.0394 μm2/N 

and 4.3750 μm2/N at 40 °C.  

At these MDLs (0 % and 1 %), the Ga1-xMnxAs is on the verge of breaking as they do 

not respond easily to the temperature deformation. This is attributed to the reduced 

interatomic spacing (free volume) that reduces allowance for expansion or molecular 

movements upon 

deformation (Zhao et al., 

2010 and Rao et al., 

2011). At MDL of 10 

%, the manganese 

underfills becomes saturated as it creates excess atoms with more space for 

interatomic/molecular movements. Hence, the creep compliance increases to 5.2501 μm2/N. 

Beyond MDL of 20 %, the creep compliance increases up to 5.8512 μm2/N at MDL of 50 %. 

In this region the manganese atoms offset the equilibrium and create extra space for 

movements. Otherwise, MDL of 50 % has more molecular motions than MDL of 20 % as 

shown by the differences in creep compliance of 5.8512 μm2/N and 5.2530 μm2/N 

respectively. This implies that at 40 °C, MDLs of 50 % softens the GaAs crystal lattice much 

more than other MDLs by creating more interatomic spacing that allows the material to 

respond well to the deformation.  

Generally, the effect of temperature on the creep compliance was noticeable. By 

considering Fig. 21, it can be seen that at MDL of 0 %, creep compliance is 0.0304 μm2/N at 

30 °C and 4.0394 μm2/N at 40 °C. This shows that temperature of 40 °C destroys the 

crystalline structure of GaAs. It thus allows for more molecular motions by creating more 

free volume.  

5.3.3 Young’s modulus, MDLs and 30 °C Temperature effects 

Young’s modulus is the measure of mechanical strength of a material given as a ratio of 

stress to strain. The mechanical parameter gives the tendency of a material to resist 

deformation.  

Table 7. Young’s moduli and MDLs 

MDLs Young’s Modulus (×107 Pa)  
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Fig. 22: Young’s modulus versus MDLs at 30 °C and 40 °C 

In Fig. 22 plotted from Table 7, the Young’s modulus drops to 3.2870×107 Pa for MDL 

of 1 % from 4.1875×107 Pa for MDL of 0 %. The trend decreases to 3.2430×107 Pa for MDL 

of 50 %. Between MDLs 10 % and 20 % the Young’s modulus becomes relatively constant 

then increases gradually up to 3.2430×107 Pa for MDL of 50 %. The addition of manganese 

atom impurity into the pure GaAs up to 1% causes a sporadic increase in thermal strain and a 

reduction in thermal stress. The reduction in thermal stress implies that the cross sectional 

area increases as the thermal forces are relatively constant. The increase in thermal strain 

implies that the longitudinal linear change in length is large. This means that at 30 °C the 

final linear length becomes very large. Thus, there are two parameters that change 

interactively: the change in linear length and the cross sectional area. As MDLs is increased 

from 1 % to 10 %, the cross sectional area reduces as the change in longitudinal length 

reduces too. Thus, as Young’s modulus decreases the change in linear length rises as well as 

30 °C 40 °C 

0 % 4.1875 3.5331 

1 % 3.2870 2.7970 

10 % 3.1375 2.9196 

20 % 3.1745 3.0062 

50 % 3.2430 3.0106 



45 
 

the cross sectional area which means the tendency of the material to stretch is enhanced. 

Temperature of 30 °C causes a decreased mechanical strength up to 3.2430×107 Pa with 

MDL of 50 %. 

5.3.4 Young’s modulus, MDLs and 40 °C Temperature effects 

 Further from Fig. 22 plotted from Table 7 at 40 °C, the change in mechanical 

strength with MDLs take a monotonically decreasing behaviour of higher magnitude than at 

30 °C. Pure GaAs is the strongest with 3.5331×107 Pa which then drops upon addition of 1 % 

MDLs to 2.79730×107 Pa. At MDLs of 10 % to 50 % Young’s modulus increases from  

2.9196×107 Pa to 3.0106×107 Pa respectively which are equally smaller than 3.5331×107 Pa 

for MDL of 0 %. At MDL of 20 %, Young’s modulus increases to 3.0062 107 Pa. These 

shows the Mn-doped GaAs, at MDL of 1 % and 10 % were not strong to resist breakage due 

to thermal straining forces. 

5.3.5 Creep recovery and initial deformation analysis at 30 °C 

According to Fig. 23 and Table 8, the initial strain jumps at 30 °C was observed to 

decrease with increase in MDL. At MDL of 1 %, there is an increase in strain jump from 

1.6578 10-4 % to 1.7368×10-4 % for pure GaAs. This implies that the applied stress at 30 °C 

with manganese impurity dopants of 1% creates more space (free volume) for internal 

molecular motions (chain slippage) and the material becomes softer and amorphous.  Beyond 

this point (1 %) to 10 % the manganese atoms occupy intermolecular spaces and reduce space 

for internal movements. Thus, the material becomes rigid. Otherwise, the trend persists 

gradually to 1.1569×10-4  % at MDL of 50 %. In Fig. 24 and Table 9 at 30 °C, it was observed 

that the material recovers upon withdrawal of stress at MDL of 1 % with 100.00 % creep 

recovery. This shows that the GaAs doped with 1 % manganese at 30 °C becomes more 

amorphous that upon withdrawal of stress it recovers fully to its original state. This implies 

that the material becomes softer (more compliant) and plastic. 

Table 8. MDLs and Initial Strain Jumps 

MDLs 
Initial Strain Jumps (×10-4 %)  

30 °C 40 °C 

0 % 1.6578 3.9737 

1 % 1.7368 3.3750 
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Fig. 23: Initial Strain Jumps versus MDLs at 30 °C and 40 °C 

Beyond MDL of 1 % the percentage creep recovery drops to 95.54 % at MDL of 20 

%. During this phase, the material becomes harder and the internal motions are reduced 

significantly. Here, the irrecoverable creep increases and shows an increased lost stored 

energy due to internal friction (Trojanova et al., 2006; Zhou et al., 2007; Zhao et al., 2010; 

Rocio et al., 2012). Beyond MDL of 20 % the creep recovery percentage rises gently to 100 

% at MDL of 50 %. This shows that at MDL of 50 % there is total creep recovery and no heat 

is lost through thermodegradation. 

Table 9. Creep percentage recovery with MDLs 

10 % 1.3026 3.5625 

20 % 1.2763 3.3125 

50 % 1.1569 3.1875 

MDLs 
Creep Percentage Recovery  

30 °C 40 °C 
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Fig. 24: Creep percentage recovery versus MDLs at 30 °C and 40 °C 

5.3.6 Creep recovery and initial deformation analysis at 40 °C 

At 40 °C, according to Fig. 23 and Table 8, MDL of 1 % causes a reduction in the 

initial strain jump which in contrary to the situation at 30 °C. This suggests a reduced free 

volume for chain slippage (Sinha et al., 2003). So, a 10 °C temperature increase suppresses 

the manganese of 1 % and causes an increase of creep percentage recovery to 97.42 % as in 

Table 9. Beyond MDL of 1 %, the creep percentage recovery decreased to 97.40 % at MDL 

of 20 % then rises to 97.43 % at MDL of 50 %. The reduction in creep percentage recovery 

implies that a lot of stored energy is being dissipated by internal frictions as a result of chain 

slippage which has been restricted by a reduced free volume (Zhao et al., 2010; Celauro et 

al., 2012; Shirodkar et al., 2012 and Patankar et al., 2013). This makes the Mn-doped GaAs 

more rigid. This reduction trend is similar to a situation at 30 °C where the creep percentage 

0 % 97.98 % 95.33 % 

1 % 100.00 % 97.42 % 

10 % 100.00 % 97.33 % 

20 % 99.82 % 97.40 % 

50 % 100.00 % 97.43 % 
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recovery increases beyond MDL of 20 % to 97.43 % at MDL of 50 %. The initial reduction 

in the initial deformation was followed by an increase to 3.5625×10-4 % at MDL of 10 %. 

Beyond MDL of 10 %, initial strain jump dropped to 3.3125×10-4 % at MDL of 20 % beyond 

which it decreased to 3.1875×10-4 % at MDL of 50 %. These are observed in Fig. 23 and 

Table 8 which were similar to observations made at 30 °C. 

Generally, the two different observations at 30 °C and 40 °C show that temperature 

variation has an impact on the compliance of Mn-doped GaAs to the deformation stress. 

Temperature variation also has a significant effect on the creep percentage recovery as shown 

in Fig. 24. In this Fig. 24 the trend of creep percentage recovery with MDLs is similar to the 

smallest error. The effect of deformation stress causing varying initial deformation is purely a 

function of temperature that is responsible in increasing and reducing free volumes at 

different MDLs. 

It is also apparent that MDLs have effect on deformation stress at a given 

temperature. At some points, the manganese levels lock the intermolecular spaces and reduce 

the free volume that cannot be offset by the energy from temperature increment. The 

presence of lattice defects also influences its mechanical strength. A qualitative explanation 

for the composition dependence of hardness is in terms of two contributions. One is lattice 

contribution and another one is due to the presence of defects like vacancies, impurity-

vacancy pairs and dislocations (Senthil Pandian and Ramasamy, 2010 and Senthil Pandian et 

al., 2011). In spintronic device designing the material to use ought to recover fully from 

deformation stresses and extend or increase in free volume (softens) at relatively high 

temperature. This is to appropriately operate in hotter geographical regions of the world and 

increase its mechanical stability. An increased mechanical stability will have significant 

effect on the fabrication and processing such as easy to polish and less wastage due to 

cracking while polishing (Senthil Pandian et al., 2008a and Senthil Pandian and Ramasamy, 

2012). 

 

 

5.4 Conclusions 

Electronic devices such as transistors and diodes made using GaAs and Ga1-xMnxAs 

should be used at environmental temperatures of approximately 30 °C and with MDLs of 
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between 10 % and 50 %. This is because the Ga1-xMnxAs spin injector is not in any danger of 

breakage as observed from high creep compliance of 0.7864 m2/N at 30 °C and 5.8512 

m2/N at 40 °C and high creep percentage recovery of 100 % at 30 °C and 97.43 % at 40 °C. 

Thus it can stretch and recoils without breaking and without creating an obstruction to the 

flow of spin charge carriers responsible for the conduction of spin current. The electronic 

devices made of Ga1-xMnxAs are not advisable for use at environmental temperatures of 

approximately 40 °C and above as this has been shown to be defective. This is because there 

is danger of breakage of the spin injector which thus cuts the path for flow of spin current. At 

elevated temperatures (40 °C), pure GaAs is stiff to comply with any strain deforming forces 

shown by 97.98 % creep recovery at 30 °C and 95.33 % at 40 °C. GaAs doped with MDL of 

10 % recorded the smallest Young’s modulus of 3.1375 107 Pa at 30 °C and 2.9197 107 Pa 

at 40 °C.  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER SIX 

HALL EFFECT PARAMETER TESTS OF GaAs AND Ga1-xMnxAs BY VAN DER 

PAUW GEOMETRY AT ROOM TEMPERATURE  

6.1. Introduction 
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Semiconductors are materials whose energy gap lies precisely between that of insulators 

and metals. The electrical characteristics of semiconductors can be altered easily by addition 

of tiny impurities from their initial intrinsic state. The impurity atoms added into the crystal 

lattice act as sources of free charge carriers (Sawicki, 2004; Sadowski et al., 2006). Desired 

electrical properties of semiconductors can be engineered by controlling the type of the 

impurity and its concentration. The determining factor for conduction in semiconductors is 

the nature of the energy gap between the valence band and the conduction band. The valence 

bands are filled completely and cannot conduct significant current as the electrons are located 

on the orbitals according to Pauli Exclusion Principle.  

6.1.1 Charge carrier conduction (electrons and holes) 

GaAs is an intrinsic compound semiconductor that can be doped with manganese atoms 

to generate free conduction charge carriers. GaAs has paired electrons and all its orbitals are 

completely filled and thus do not have intrinsic magnetic moment. Upon incorporation of Mn 

atoms, the Mn ions replace Ga ions in the GaAs crystal lattice sites and they act as single 

electron acceptors (Sadowski et al., 2002) each contributing one hole as a free charge carrier 

to the lattice for conduction of electric current. If manganese ions in the formed Ga1-xMnxAs 

are in substitution positions, the carrier concentration is equivalent to the manganese 

concentrations of approximate order of 1025 m-3 (Johnson et al., 2010). The Ga1-xMnxAs, thus 

shows ferromagnetism due to the half filled d shells of manganese atoms. The heat 

dissipation in relation to the Hall resistance, memory effect and applied magnetic field of 

Mn-doped GaAs at different doping levels ought was studied. The results of the study are 

anticipated to provide the basis for the fabrication of miniature electronic devices 

(Kervalishvili and Lagutin, 2008). It could lead to advancement in nano-technology and high 

speed processing electronic devices. There are several designs for studying Hall effect. Some 

of these are: rectangular, cyclic, square and Van der Pauw. Since the films under 

investigation were thin (nano scale), they were studied using Van der Pauw technique as it 

provides the most average Hall measurements than the other forms (Poggio et al., 2005; 

Matsumura and Sato, 2010).  

6.2 Materials and Methods   

 Teslameter in mT scale, coils (600 turns), digital multmeter, digital nanoammeter and 

power supply with ranges of 0 ≤ I ≤ 5 A, 0 ≤ V ≤ 18 V (DC) and 0 ≤  I ≤ 5 A, 2 ≤  V ≤ 15 V 
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(AC) were used in the Van der Pauw geometry (Fucheng et al., 2006; Xu et al., 2007 and 

Matsumura and Sato, 2010). Applied magnetic field of 0.9 mT was used together with a 

direct current of 1.19 A passed through the middle of opposite ends of each sample. The 

carrier density and Hall mobility were calculated from the data obtained from the set up 

represented in Fig. 25 using the following relations for 
CV ,

DV  ,
EV and 

FV , that is, 

24 24C P nV V V   ,
42 42D P nV V V  , 

13 13E P nV V V   and 
31 31F P nV V V   where p and n  refers 

to the positive and negative magnetic field recorded values of voltages respectively. The Hall 

voltage was obtained from the algebraic sum of the measured voltages. The determined Hall 

voltage was then used for the determination of the sheet carrier density
SP , and consequently, 

bulk carrier density P, and Hall mobility from Eqns. (2.9, 2.10 and 2.11) respectively. Hall 

resistivities were determined from Fig. 26 (a) and (b) using the following procedure: The 

current 21I  was applied and voltage 34V
 
measured. The current was then reversed, that is 

12I and 43V  was measured. Similar steps were followed to measure 41V , 14V , 12V , 21V , 23V and 32V .  

 

 

 

 

 

 

 

 

Fig. 25: Van der Pauw geometry for Hall voltage measurements 
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(a) 

(b) 

Fig. 26: (a) and (b) Van der Pauw experimental circuit diagrams for measuring AR  and BR  

 Ohm’s law and the data obtained were then used to determine Hall resistances for 

each corresponding sets of voltages and currents for example, 34

21,34

21

.
V

R
I

  Eq. (2.8) was used 

to determine the sheet resistances, RS with characteristic resistances ( AR and BR ) that were 

obtained from Eq. (2.7). Hence, Hall resistivity was determined using SR d   where d was 

500 nm.                                                                                               

6.3. Results and discussions 

When MDLs was increased from 0 % to 20 %, Hall resistivity decreased from 78.14 

Ω.m to 2.37 Ω.m. At MDL of 50 %, Hall resistivity increased drastically to approximately 

2569 Ω.m, for an applied magnetic field of B = 0.9 mT. The drastic rise in Hall resistivity at 

MDL of 50 % shows that the semiconductor properties of the Ga1-xMnxAs DMS changed to 

almost metallic. This is the approximate doping level beyond which the DMS loses its 

semiconducting properties. Below MDL of 50 %, manganese dopants increase GaAs 

electrical conductivity. This is seen by the decrease of Hall resistivity from 78.14 Ω.m for 

pure GaAs to 2.37 Ω.m for MDL of 20 % as shown in Table 10.  
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Table 10: Applied magnetic fields and Hall resistivity of Ga1-xMnxAs at different MDLs 

 0 % 1 % 10 % 20 % 50 % 

B (mT) ρH (Ω.m) ρH (Ω.m) ρH (Ω.m) ρH (Ω.m) ρH (Ω.m) 

0.9 78.14 23.31 10.89 2.37 2569.36 

1.8 42.16 25.34 42.78 77.43 1397.89 

2.7 56.28 44.59 33.27 55.70 1608.17 

3.6 23.36 71.63 10.16 46.74 1817.35 

An increase in magnetic field from 0.9 mT to 1.8 mT alters the electronic transport of 

GaAs. At this point (1.8 mT), the magnetic field is sufficient to perturb the GaAs lattice 

structure that results into splitting (Zeeman Effect) and the charge carriers are set free to 

move (Matsukura et al., 2002).  This is shown by a reduced Hall resistivity from 78.14 Ω.m 

to 42.16 Ω.m which suggest an increase in electron conductivity. Otherwise for MDLs of 1 

%, 10 % and 20 %, Zeeman Effect does not play a significant role. This implies that the 

electronic conductivity dependence of GaAs on the concentration of Mn is inhibited by the 

magnetic energy provided by B = 1.8 mT; as it is not enough to support GaAs atomic 

splitting. At degenerate doping (MDL of 50 %), magnetic field of B = 1.8 mT produces 

magnetic energy enough to set the charge carriers free hence, enhances carrier transport. This 

can be seen from the reduction of Hall resistivity as magnetic field is increased to 1.8 mT for 

MDL of 50 %. As magnetic field is increased further to B = 3.6 mT, GaAs (MDL of 0 %) 

generates more free charge carriers. This eventually increases the charge carrier conductivity 

and transport as shown by a further reduction in Hall resistivity. At this point, perturbation of 

the crystal structure was increased by a further rise in magnetic energy. When GaAs was 

doped with 1 % manganese impurity atoms and magnetic field strength increased to 3.6 mT, 

there was a steady increase in Hall resistivity. This corresponded to a drop in the conductivity 

of the resultant Dilute Magnetic Semiconductor (DMS). Therefore, it suggested that the 

charge carrier concentration has been reduced or the amount of charge carriers set free 

declined as magnetic field was increased. The incorporation of Mn atoms alters the GaAs 

lattice structure and since the amount of Mn atoms is low (1 %), an increased magnetic field 

does not generate more charge carriers but localises them: as MnGa acceptors become single 

donors rather than double donors (Vali and Salehi, 2010).  
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Fig. 27: Hall resistivity versus magnetic field of Ga1-xMnxAs with MDL of 20 % 

In Fig. 27, it can be observed that the Hall resistivity increased steadily with an 

increase in applied magnetic field. The maximum peak is at B ~ 1.90 mT. It is also observed 

that beyond this peak value, the Hall resistivity decreases. The maximum Hall resistivity at 

the peak point is H  
≈ 79.0 Ω.m. At the maximum peak there is a change of state. The Ga1-

xMnxAs became more of a metal than a semiconductor. The increase in B field beyond B ~ 

1.85 mT produces an extra magnetic energy sufficient to engage more free charge carriers in 

electron conduction. Their concentration increases from that of 1 % and Hall resistivity 

decreases from that at 1 %. At this region, the conductivity rapidly increases. The increased 

free charge carriers are attributed to the perturbation of the crystal by the B field energy. 

Otherwise at B > ~ 2.7 mT, the drop in Hall resistivity is low. Here the conductivity increases 

slowly. This implies that the charge carriers become localised on the valence band and they 

are few in the conduction band. This is due to a further splitting of the bands that increases 

the band gap further and most of the conduction charge carriers reaching the conduction band 

decreases (Kulbachinskii et al., 2006). At B < ~ 1.85 mT, the Hall resistivity is seen to 

increase uniformly from zero to approximately 79.0 Ω.m. This increase suggests a decrease 

in conductivity and it shows that the charge carriers available for conduction of Hall current 

decrease as B field increases. At this region, the MnGa acceptors are delocalised  and the 

pertubation from the increasing B field is insufficient to dislodge more charge carriers from 

their lattice positions. The Mn atoms at 20 % attach themselves intact on the Ga sites whose 

proportion decreases to 80 %. So, Mn acceptor dopants of 20 %, has maximum Hall 
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resistivity of approximately 79.0 Ω.m and the Hall resistance is also maximum at a similar 

point (B ~ 1.85 mT). At this point, the heat dissipated through joule heating is maximum.  

Table 11: Charge carrier concentration, Hall mobility and Hall voltage of Ga1-xMnxAs at 

different MDLs for applied current of 1.19 A and applied magnetic field of 0.9 mT 

MDLs 
Carrier concentration 

(×1025 m-3) 

Hall mobility 

(m2V-1s-1) 

VH (mV) 

0 % 0.638 0.13×10-7 -2.10 

1 % 1.673 0.16×10-7 0.80 

10 % 0.361 1.59×10-7 3.71 

20 % 0.498 5.29×10-7 2.70 

50 % 0.050 4.5×10-9 0.025 

In Table 11, Ga1-xMnxAs with MDL of 20 %  was tested to be a p type extrinsic 

semiconductor shown by a positive Hall voltage. The Hall mobility also appears to have 

increased drastically to 5.29×10-7 m2V-1s-1 suggesting abundant free conduction charge 

carriers which are due to high doping level as compared to others at MDL of 10 %.  

 

Fig. 28: Hall resisitivity versus applied magnetic field of Ga1-xMnxAs with MDL of 10 % 

In Fig. 28, the peak point is almost similar to the case in Fig. 27 (at B ≈ 1.9 mT) but 

the Hall resistivity peak value is approximately 44.0 Ω.m which is a reduction from 79.0 Ω.m 

for Ga1-xMnxAs with MDL of 20 %. Significantly, the variations of Hall resistivity with 

applied magnetic field are similar for MDLs of 10 % and 20 %. As applied B field is 
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increased, the state of disorder in the crystal lattice of Ga1-xMnxAs with MDL of 10 % 

increases due to increasing magnetic energy. The Hall resistance increases while the carrier 

conductivity decreases until the maximum peak is reached (saturation point). The saturation 

point is a point at which the Hall resistance is constant with respect to an increasing applied 

magnetic field. Beyond, the saturation point, the charge carriers become many and more free 

therefore, the carrier current density and hence conductivity increases. This region shows 

electrical properties similar to that of a metal. Further, the variation of Hall resistivity over 

the peak point falls in curvilinear manner to approximately its initial Hall resistivity showing 

a hysteric behaviour.  

 

Fig. 29: Hall resisitivity versus applied magnetic field of Ga1-xMnxAs with MDL of 1 % 

In Fig. 29, there was no saturation point and the behaviour of the curve for 0.9 mT ≤ 

B ≤ 3.6 mT is not similar to those of MDLs of 10 % and 20 %. Here, the Hall resistivity 

varies almost linearly with the applied magnetic field. At initial state, 0.9 mT < B < 1.8 mT, 

the Hall resistivity is constant but beyond this point it increases almost linearly with magnetic 

field. The increase suggests reduced conductivity. Here, there was no hysteric behaviour and 

does not show a memory effect. This shows that the charge carriers present in the Ga1-

xMnxAs with MDL of 1 % seem to be few and has a lower conductivity. The state of disorder 

due to 1 % Mn doping and applied magnetic field energy is minimal. It is not sufficient to 

generate more free charge carriers.  GaAs being an intrinsic compound semiconductor shows 

odd properties from those disordered by imperfections of Mn atoms as in Fig. 30. It shows 

metallic properties as applied magnetic field increases from 0.9 mT to 1.9 mT. This variation 
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is linear and it shows that the Hall conductivity is increasing which further suggests 

increasing free charge carriers.  

 

Fig. 30: Hall resistivity versus magnetic field of GaAs 

The Hall current increases drastically as magnetic field energy increases. This 

observation is attributed to the splitting of the energy bands by the magnetic field energy that 

excites the crystal lattice into releasing the negative charge carriers. These shift to the 

conduction band as shown in Table 11. The transition energy is facilitated by the increased 

applied magnetic field. This shows the effect of Mn atoms on the conductivity of GaAs (Sato 

et al., 2010). In comparison to the doped cases, Mn atoms tend to suppress or localise the 

charge carriers into the valence band of Ga1-xMnxAs lattice structure at low magnetic fields. 

Thus, the imperfections caused by Mn are defective to the conductivity of GaAs at lower 

fields but at higher B-fields, the energy from the applied fields generates the conduction 

charge carriers (majority and minority). The incorporation of Mn atoms renders GaAs an 

insulator at low B fields and can become good conductors at higher B fields. The maximum 

hall resistivity is approximately 78.0 Ω.m and its minimum is approximately 42.0 Ω.m. Here, 

two phases are observed: metallic, semiconducting then metallic. In considering, the 

saturation points, it is seen that for GaAs the minimum saturation point coincides 

approximately with the maximum saturation points for the GaAs Mn-doped cases.  

At B > 1.9 mT, the GaAs turned out to be semiconducting as the Hall conductivity 

decreased with increasing B field up to another maximum saturation point at B ≈ 2.7 mT 
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beyond which the charge carriers increase again. During, semiconducting phase, the charge 

carriers are frozen into their localised states. This phenomenon assumes a step-like structure 

or quantization of states.  Ga1-xMnxAs with MDL of 50 % was the highly doped GaAs of the 

films under study. At this doping level the process can be described as degenerate. This 

implies that the resultant extrinsic semiconductor behaves as a metal as a whole at all times 

irrespective of the applied magnetic field energy. The charge carriers are excessive and very 

free to move in the conduction band. The band gap narrows greatly that the charge carriers 

can easily jump from the valence band to the conduction band even with little applied 

magnetic field. 

 

Fig. 31: Hall resistivity versus applied magnetic field for Ga1-xMnxAs with MDL of 50 % 

In reference to Fig. 31, the Hall resistivity was generally very high. This is in analogy 

with the case of a metal whose conductivity behaviour is explained by Drude theory for 

conduction charge carriers considered as a sea of electrons. In metals, any introduction of 

external energy releases free electrons which vibrate vigorously. This increases the rate of 

collisions. This makes the resistance of a metal higher and its conductivity lower. The 

conductivity also appears to be affected by applied magnetic field but within the metallic 

phase. The maximum Hall resistivity is observed to be approximately 2596 Ω.m at B ≈ 0.9 

mT. This is the point of minimum Hall conductivity for 50 % Mn doped GaAs at B ≈ 0.9 

mT. The least Hall resistivity is approximately 1350 Ω.m at B ≈ 2.0 mT. Beyond B ≈ 2.0 mT, 

the conductivity decreases linearly with the applied magnetic field. The behavior assumes a 

hollow curvature at an equillibrium position of approximately 1350 Ω.m and approximately 
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2.0 mT and does not show a hysteric response to the magnetic field. The B-field of about 2.2 

mT produces enough energy to freeze the charge carriers into their localised positions in the 

lattice crystal and it becomes difficult for them to be free to conduct (Kervalishvili and 

Lagutin, 2008). In Table 11, it is observed that Ga1-xMnxAs with MDL of 50 % has the lowest 

Hall mobility of the order of 10-9 m2V-1s-1. Generally, the Hall currents during the study was 

measured to be in the order of 10-9 A (nA scale) whose value was observed to be highest for 

50 % Mn-doped GaAs. The Hall voltages were obtained in the order of 10-3 V (mV scale) 

except for the degenerately doped GaAs which recorded Hall voltage in the zeroth order (100 

V). These  are observed in Tables 12 and 13.  

 

 

Fig. 32: Variation of Hall mobility with the MDLs for GaAs 

  

In reference to Fig. 32, the Hall mobility was observed to increase almost linearly 

with the increase in the manganese impurity atoms upto 20 % of μ = 5.2×10-7 m2V-1s-1. This 

showed that the electron transport speed increases. Thus, if diodes and transitors can be 

fabricated using compound semiconductor, GaAs doped with Mn at 20 %, it can produce 

electronic devices that can process data at a very high speed. Otherwise, beyond 20 % doping 

level the Hall mobility is seen to decline drastically. At 50 % doping level, Hall mobility is 

approximately 4.5×10-9 m2V-1s-1 which is a very small value compared with the others less 

than 20 %. This means that the doping levels beyond 20 % are not suitable in electronic 

fabrication as it suggests devices operating at low speed. 
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Table 12: Voltages for positive p, applied magnetic field and negative n, applied magnetic 

field of Ga1-xMnxAs with different MDLs 

MDLs 

 0 % 1 % 10 % 20 % 50 % 

p n p n p n p n p n 

V
o
lt

a
g
es

 (
m

V
) V13 0.50 1.30 0.40 0.30 1.19 0.20 0.70 0.30 37 29 

V31 0.60 0.80 0.30 0.10 1.19 0.15 1.30 0.20 244 233 

V24 0.60 1.30 0.50 0.20 2.75 1.60 0.20 0.10 141 142 

V42 0.20 0.60 0.30 0.10 2.52 1.99 1.20 0.10 144 137 

 

Table 13: Currents for positive p, applied magnetic fields and negative n, applied magnetic 

fields of Ga1-xMnxAs with different MDLs 

MDLs 

 0 % 1 % 10 % 20 % 50 % 

p n p n p n P n p n 

C
u

rr
en

ts
 (

n
A

) I24 0.03 0.06 0.45 0.06 0.35 0.05 0.03 0.21 1.44 1.80 

I42 0.06 0.06 0.23 0.05 0.22 1.12 0.62 0.26 1.34 3.06 

I13 0.03 0.05 0.05 0.03 0.22 0.26 0.04 0.24 2.28 3.29 

I31 0.07 0.03 0.03 0.05 0.31 0.20 0.11 0.11 5.72 5.14 

The results of variations of Hall resistivity for doped and undoped GaAs were recorded as 

shown in Tables 16 and 17. The Hall resistivity of Ga1-xMnxAs at B ≈ 0.9 mT and direct 

current of I ≈ 1.19 A were also determined from the measured values recorded in Tables 14 

and 15.  
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Table 14: Voltages for the determination of Hall resistivity of Ga1-xMnxAs with different 

MDLs, B = 0.9 mT and I = 1.19 A 

 MDLs of Ga1-xMnxAs  

0 % 1 % 10 % 20 % 50 % 
V

o
lt

a
g
es

 (
m

V
) 

 
V32  0.50 4.00 0.60 0.60 90 

V23  1.60 3.00 0.30 0.55 180 

V41  0.30 4.00 0.80 0.60 350 

V14 0.70 3.00 0.50 0.40 320 

V43 0.50 5.00 0.17 0.20 120 

V34 0.70 3.00 0.30 0.10 90 

V12 2.10 4.00 0.14 0.30 0.30 

V21 2.30 0.30 0.13 0.40 0.20 

 

Table 15: Currents for the determination of Hall resistivity of Ga1-xMnxAs with different 

MDLs, B = 0.9 mT and I = 1.19 A 

 MDLs of Ga1-xMnxAs 

0 % 1 % 10 % 20 % 50 % 

C
u

rr
en

ts
 (

n
A

) 

I41 0.06 1.60 0.12 0.83 5.96 

I14 0.05 2.83 0.33 0.82 6.42 

I32 0.06 0.03 0.13 0.53 1.25 

I23 0.10 0.02 0.11 0.78 1.03 

I12 0.04 0.14 0.12 0.56 0.05 

I21 0.05 0.14 0.44 0.52 0.06 

I43 0.08 0.23 0.16 1.16 0.36 

I34 0.07 0.06 0.16 1.16 0.40 
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Table 16: Hall voltages for determination of the variation of Hall resistivity with applied magnetic fields and MDLs of Ga1-xMnxAs 

 

 

 

 

 

MDLs of  Ga1-xMnxAs 

 0 % 1 % 10 % 20 % 50 % 

B
 (

m
T

) 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

H
al

l 
v
o
lt

ag
es

 (
m

V
) 

V23 1.60 0.30 0.30 0.30 0.30 6.50 0.20 1.10 0.30 6.50 0.20 1.10 0.55 0.10 0.40 0.10 180 110 380 300 

V32 0.50 0.40 0.50 0.20 0.40 6.30 0.30 0.90 0.40 6.30 0.30 0.90 0.60 0.40 0.40 0.20 90 80 80 80 

V13 0.70 0.20 0.90 0.30 0.30 2.20 0.50 1.10 0.30 2.20 0.50 1.10 0.40 0.40 0.10 0.30 300 400 400 500 

V31 0.30 0.30 0.70 0.30 0.40 2.30 0.80 1.50 0.40 2.30 0.80 1.50 0.40 0.30 0.10 0.10 200 500 200 400 

V24 2.10 0.60 0.60 0.50 0.30 0.40 0.50 0.50 0.30 0.40 0.50 0.50 0.10 0.20 0.10 0.10 90 20 50 60 

V42 2.30 0.50 0.70 0.60 0.50 0.50 0.40 0.40 0.50 0.50 0.40 0.40 0.20 0.30 0.20 0.10 120 50 40 50 

V41 0.50 0.40 0.20 0.30 0.40 2.30 0.80 1.50 0.40 2.30 0.80 1.50 0.60 0.50 0.10 0.10 350 320 380 300 

V14 0.70 0.30 0.30 0.30 0.30 2.20 0.50 1.10 0.30 2.20 0.50 1.10 0.40 0.40 0.10 0.30 320 310 380 300 
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Table 17: Hall currents for determination of the variation of Hall resistivity with applied magnetic fields and MDLs of Ga1-xMnxAs 

MDLs of  Ga1-xMnxAs 

 

 0 % 1 % 10 % 20 % 50 % 

B
(m

T
)  

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

 

0.90 

 

1.80 

 

2.70 

 

3.60 

H
a
ll

 c
u

rr
en

ts
 (

n
A

) 

I41 0.06 0.16 0.05 0.10 1.60 0.04 0.03 0.03 1.60 0.04 0.03 0.03 0.83 0.01 0.03 0.01 5.96 8.18 7.55 6.12 

I14 0.05 0.13 0.04 0.09 2.83 0.05 0.05 0.05 2.83 0.05 0.05 0.05 0.82 0.02 0.01 0.01 6.42 7.89 5.12 6.06 

I42 0.06 0.03 0.04 0.06 0.03 0.03 0.05 0.06 0.03 0.03 0.05 0.06 1.16 0.02 0.01 0.02 0.36 1.68 1.06 0.92 

I24 0.10 0.03 0.04 0.05 0.02 0.04 0.06 0.05 0.02 0.04 0.06 0.05 1.16 0.01 0.01 0.02 0.40 1.85 1.13 0.94 

I31 0.05 0.02 0.05 0.05 0.14 0.03 0.11 0.22 0.14 0.03 0.11 0.22 0.52 0.02 0.02 0.01 0.06 0.04 0.03 0.03 

I13 0.04 0.03 0.06 0.05 0.14 0.04 0.12 0.13 0.14 0.04 0.12 0.13 0.56 0.03 0.02 0.01 0.05 0.03 0.05 0.06 

I23 0.07 0.04 0.04 0.09 0.02 0.04 0.06 0.05 0.02 0.04 0.06 0.05 0.78 0.04 0.02 0.02 1.03 2.39 2.17 1.73 

I32 0.08 0.05 0.04 0.08 0.03 0.03 0.05 0.06 0.03 0.03 0.05 0.06 0.53 0.03 0.02 0.02 1.25 2.18 2.21 1.71 
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6.4. Conclusions  

 From the findings of the collected data and their analysis, the effect of Mn doping 

levels on GaAs has been observed. This is in regard to the determined hall resistivity and Hall 

mobility of the GaAs doped with Mn atoms at varied percentages. Usually, highly resistive 

materials experience the highest joule heating as they conduct electric current and the heat 

dissipated becomes affects the efficiency and lifetimes of most electronic devices. Compound 

semiconductors such as GaAs doped with manganese impurities at approximately 50 % are 

not suitable for use in making electronic devices. From the results obtained for GaAs doped 

with Mn of approximately 50 % we observe large Hall resistivity without hysteric response to 

the applied magnetic field. This impedes the Hall current and thus creates a very large 

amount of heat. In addition, its low Hall mobility shows that it has many free conduction 

charge carriers that collide frequently and thus not efficient to pass information (data) 

effectively within a short period of time. Thus, GaAs doped with Mn at 50 % is not suitable 

for use in fabrication of transistors and diodes. However, doping at MDL of 20 % is the most 

appropriate in terms of data transport, heat dissipation and memory effect. Here, there is large 

Hall mobility suggesting that the charge carrier carrying data (information) can be transported 

quickly. Thus, Mn-doped GaAs with high mobility is the appropriate film for use in device 

application. Heat dissipated was less than for the case of degenerate doping shown by low 

average Hall resistivity of approximately 78.0 Ω.m. In comparison to the 10 % Mn doping 

levels, the Hall resistivity and hysteric responses are similar but the difference is in the Hall 

mobility. This Hall effect parameter suggests 20 % doping level is the most suitable to adopt 

as it has a larger Hall mobility than the one of 10 %. The electronic devices made of GaAs 

doped with Mn of approximately 20 % have longer life times. Indeed, it provides a basis for 

the fabrication of even smaller sized electronic devices since the danger of heat damage will 

have been factored in during growth and during its doping with manganese atoms. 
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CHAPTER SEVEN 

GENERAL DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS 

7.1 Discussions 

GaAs offers good promise for the future spintronic technology so as to comply with 

the Moore’s law that the number of transistors in an integrated circuit must double in every 

eighteen months. This law should not compromise the efficiency of the technology in terms 

of storage memory, data processing speed and bulkiness. The fundamental microelectro 

devices responsible for the macroelectronics need to be designed to accommodate the three 

crucial factors. In doing this electron spin is introduced to GaAs by doping with manganese 

impurity at different MDLs. This is so that the electric charge carriers responsible for current 

flow is replaced by the spin current which stores data twice in a single spin (flip) cycle. In the 

move to effect this, the spin injector plate of the FET. The creep percentage recovery tests is 

inevitable at 30 °C and elevated temperatures of 40 °C as it provides a rough information on 

whether it can restrain (resilience) that would otherwise suggest memory effect property. The 

initial strain jump (strain deformation) upon application of stress is also significant so as to 

give the effect of different MDLs on the strength or ability of the spin injector to resist strain 

deformation. The Hall mobility, a Hall effect parameter, should be studied as this constitutes 

the drift velocity which accounts for the data processing speed with regard to different 

MDLs. This is important in identifying the MDL most appropriate for making a spin injector 

plate with the highest data processing speed. As the integration of electronic transistors and 

diodes is doubled and the integrated circuit is reduced in size, danger of thermal damage 

should be taken care of. This is because the anticipated high processing speeds and reduced 

size with many spintronic devices are likely to generate huge amount of heat that reduces the 

lifespan of the electronic equipment. The amount of heat dissipated by Ga1-xMnxAs at 

different MDLs can be studied in terms of optical energy band gap. The one with the highest 

energy band gap requires a lot of photo energy to dislodge photoelectrons and move them 

across the gap to the conduction band. Consequently, a lot of energy in form of heat is 

dissipated during the process. Lastly, the equipment made of spintronic devices are used at 

various low and high temperature regions of the world. There is always the effect of thermal 

degradation of the spin injector material that might weaken it in the long run. So, at different 

MDLs, Ga1-xMnxAs needs to be studied for their thermal damping properties. This can be 

done in terms of storage modulus, loss modulus and loss factor (tan θ). The storage modulus 
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shows stiffness of the material and the energy stored in the material before damping. The loss 

modulus suggests the trend of energy dissipation in form of heat (thermal) as the 

environmental temperatures advances. The tan θ is the damping factor and gives the amount 

of damping or thermal degradation. The MDL with the increasing storage modulus, 

decreasing loss modulus is the most probable for use as it suggests high thermal endurance 

and high lifespan of the devices. This can also be observed from a decreasing tan θ  

temperature graph. The four study parameters are anticipated to provide information on how 

to design a better spintronic device for advancement of spintronic technology towards 

nanotechnology. In all the studies the average MDL at a compromise situation has to be 

decided so as to accommodate all parameters in question. 

7.2 Conclusions 

(i) Storage modulus and loss modulus studies as well as loss factor (tan θ) provided a 

probable MDL with little thermal degradation at elevated temperatures up to 70 °C. The 

MDLs of 10 %, 1 % and 0 % showed a reduction in storage modulus with an increasing 

temperature. Otherwise, MDL of 10 % has the largest storage modulus of the three 

MDLs of between 57786.89 MPa at 45 °C and 54147.75 MPa at 70 °C. This observation 

suggests that MDL of 10 % constitutes increased storage energy in GaAs. The MDL with 

loss modulus in a decreasing trend is more desirable as it suggests little or decreasing 

energy dissipation. In the study it was determined that MDL of 20 % has the least loss 

moduli in a decreasing trend of between 481.15 MPa at 45 °C and 304.10 MPa at 70 °C. 

The tan θ data information showed that MDL of 1 % followed by 10 % has the least 

damping factor (energy dissipation). Thus MDL of between 10 % and 20 % is most 

appropriate. 

(ii) The optical energy band gap for 0 %, 1 %, 10 %, 20 % and 50 % were determined to be 

1.43 eV, 0.34 eV, 0.60 eV, 0.69 eV and 0.67 eV respectively. Pure GaAs dissipates more 

heat than Mn-doped GaAs. This shows clearly the effect of manganese atoms on the 

optical absorbance and optical energy gap of the spin injector material that it reduces the 

energy gap between conduction and valence bands. Following this study, MDLs of 1 % 

and 10 % are the probable doping levels to ensure little heat dissipation in the spin 

injector Ga1-xMnxAs. 
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(iii) The creep compliance and creep percentage recovery tests are fundamental mechanical 

properties to study the material resilience to deforming forces and memory effects. It was 

determined that at high temperatures the material need to restore to original positions and 

reduces the chances of material breakage. MDLs of 10 % recorded a creep compliance of 

0.4704 μm2/N at 30 °C and 9.8072 μm2/N at 40 °C. It also has creep percentage recovery 

of 100 % at 30 °C and 94.12 % at 40 °C. Also the Young’s modulus of MDL of 10 % 

was 1.9196 107 Pa at 30 °C and 2.4397 107 Pa at 40 °C. All these parameters suggests 

that MDL of 10 % can withstand strain deformation at temperatures up to at least 40 °C 

and very compliant as well as having a hysteric memory effects. 

(iv) The Hall effect parameters were used in the study to identify appropriate MDL for use in 

making high speed data processing spintronic equipment. The most crucial property was 

Hall mobility that takes into account the drift velocity of the spin. The high Hall mobility 

suggests a high data processing speed. In the study it was found out that MDLs of 10 % 

and 20 % had the largest Hall mobility of 1.59 10-7 m2V-1s-1 and 5.29 10-7 m2V-1s-1 

respectively while MDL of 50 % recorded the least of all of 4.5 10-9 m2V-1s-1. So, 

generally MDL of 10 % is the most appropriate for use in making spintronic devices 

(FET and Diodes) to be used at 30 °C to 70 °C without damage and with long lifespan. 

7.3 Recommendations 

(i) For further research I recommend that storage modulus, loss modulus and loss factor be 

studied below room temperatures of 30 °C using Nitrogen in DMA 2980 and also above 

70 °C to 100 °C. This is possible since the melting point of GaAs is 1238 °C which is 

much higher than 100 °C and cannot cause any damage to the study sample. This is to take 

into account the extreme winter and summer weather conditions in some parts of the 

world.  

(ii) The optical energy band gap and optical absorbance should also be studied at 

temperatures above 30 °C. This is because it is important to know the properties at higher 

temperatures as the spintronic devices will be used not only at 30 °C but also at high 

temperature regions of up to 50 °C. 
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(iii) Further, I recommend creep studies at temperatures above 40 °C and below 30 °C for the 

same reason. Also the deformation strain amplitude should be extended to 50 μm and 30 

μm.  

(iv) Hall effect parameter tests need to be carried out at temperatures above and below 30 °C. 

The magnetic field can also be increased to 1.8 mT for determination of Hall resistivity. 

The direct current can be reduced to less than 1.19 A and also increased to greater than 

1.19 A. This is to determine whether there is some effect on the Hall mobility which is a 

suggestion of high data processing speed. Generally, the MDLs should be uniform and not 

intermittent to provide a coherent and clear comparison amongst the study parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

 

REFERENCES 

Abd El-Khalek A.M., (2009), Steady state creep and creep recovery behaviours of pre-aging 

Al-Si alloys, Materials Science and Engineering A, 500, 176-181 

Amente C. and Singh P., (2010), Enhancement of TC of the (Ga,Mn)As diluted magnetic 

semiconductor by photoinduced exchange coupling of the Mn2+ spins, International 

Journal of the Physical Sciences, 5(6), 611−674  

Bosco C.A., Snouck D., Dorpe P.V., Roy W.V. and Koopmans B., (2006), Bias-dependent 

spin relaxation in a spin-LED, Materials Science and Engineering B, 126, 107-111 

Bosze E.J., Alawar A., Bertschger O., Tsai Y.I. and Nutt S.R., (2006), High-temperature 

strength and storage modulus in unidirectional hybrid composites, Composites Science 

and Technology, 66, 1963-1969 

Bouzakis K.D., Lontos A., Vidakis N., David K. and Kechagias V., (2000), Determination of 

creep behaviour of monolayer thick plasma sprayed coatings, by means of the impact 

test and an analytical FEM supported evaluation procedure, Thin Solid Films, 377, 373-

381  

Budiman M.F., Hu W., Igarashi M., Tsukamoto R., Isoda T., Itoh K.M., Yamashita I., 

Murayama A., Okada Y. and Samukawa S., (2012), Control of optical band gap energy 

and optical absorption coefficient by geometric parameters in sub-10 nm Silicon-

nanodisc array structure, Nanotechnology, 23, 065302 

Cassenti B. and Staroselsky A., (2009), The effect of thickness on the creep response of thin 

wall single crystal components, Material Science and Engineering A, 508, 183-189 

Cavin R.K. and Zhirnov V., (2006), Generic abstractions for information processing 

technologies, Solid State Electronics, 50, 520-526 

Celauro C., Fecarotti C., Pirrotta A. and Collop A.C., (2012), Experimental validation of a 

fractional model for creep/recovery testing of asphalt mixtures, Construction and 

Building Materials, 36, 458-466 

Cui W.F., Liu C.M., Bauer V. and Christ H.J., (2007), Thermo mechanical fatigue behaviours 

of third generation γ–Ti Al based alloy, Intermetallics, 15, 675-678 



69 
 

Dakhlaoui H. and Jaziri S., (2005), Magnetic properties in III-V diluted magnetic 

semiconductor quantum wells, Physica B, 355, 401-407 

Dalpian G.M., Wei S.H., Gong X.G., Silva A.J. and Fazzio A., (2006), Phenomenological 

band structure model of magnetic coupling in semiconductors, Solid State 

Communications, 138, 353-358 

Deng S., Hou M. and Ye L., (2007), Temperature – dependent elastic moduli of epoxies 

measured by DMA and their correlations to mechanical testing data, Polymer Testing, 

26, 803-813 

Derkaoui Z., Kebbab Z., Miloua R. and Benramdane N., (2009), Theoretical study of optical 

characteristics of multilayer coatings ZnO/CdS/CdTe using first-principles 

calculations, Solid State Communications, 149, 1231-1235 

Dholakia D.A., Solanki G.K., Patel S.G. and Agarwal M.K., (2003), Optical band gap studies 

of Tungsten sulphoseleide single crystals Grown by a DVT technigue, Scientia Iranica, 

10, 373-382 

Djavanroodi F., (2008), Creep-Fatigue Crack Growth Interaction in Nickel Base Supper 

Alloy, American Journal of Applied Sciences, 5, 454-460   

Fucheng Y., Gao C., Jeong S.Y., Parchinsky P.B., Kim D., Kim H. and Ihm Y.E., (2006), 

Effect of annealing on the electric and magnetic properties of GaMnAs and Be-co 

doped GaMnAs, Journal of Magnetism and Magnetic Materials, 304, 155-157 

Garcia-Barruetabena J., Cortes F., Abete J.M., Fernandez P., Lamela M.J. and Fernandez-

Canteli A., (2011), Experimental characterization and modelization of the relaxation 

and complex moduli of a flexible adhesive, Materials and Design, 32, 2783-2796  

Hsieh J.H., Chuan L., Wu Y.Y. and Jang S.C., (2011), Optical studies on Sputter-deposited 

Ag-SiO2 nanoparticle composites, Thin Solid Films, 519, 7124-7128 

Ishu., Tripathi S.K. and Barman P.B., (2006), Influence of composition on the optical band 

gap in A-Ge20Se80-xInx Thin films, Chalcogenide Letters, 3, 121-124  

Jeon H.Y., Kim S.H. and Yoo H.K., (2002), Assessment of long term performances of 

polyester geogrids by accelerated creep tests, Polymer Testing, 21, 489-495 

Jeon S.J., Chang J.W., Choi K.S., Kar J.P., Lee T. and Myoung J.M., (2011), Enhancement in 

electrical performance of Indium gallium Zinc Oxide-based thin film transistors by low 

temperature thermal annealing, Materials Science in Semiconductor Processing, I (III) 

III-III 



70 
 

Johnson H.G., Bennett S.P., Barua R., Lewis L.H. and Heiman D., (2010), Universal 

properties of linear magnetoresistance in strongly disordered MnAs-GaAs composite 

semiconductors, Physical Review B, 82, 085202(1-4) 

Jung W. and Misiuk A., (2007), Influence of pressure annealing on electrical properties of 

Mn implanted silicon, Vacuum, 81, 1408-1410 

Kazuya S., Sosuke K., Tatsuya H. and Akira K., (2010), Thermal stress relaxation creep and 

microstructural evolutions of nanostructured SiC ceramics by liquid phase sintering, 

Journal of the European Ceramic Society, 30, 2643-2652 

Kervalishvili P. and Lagutin A., (2008), Nanostructures, magnetic semiconductors and 

spintronics, Microelectronics Journal, 39, 1060-1065 

Kevin P.M., (1999), Dynamic mechanical analysis: A practical Introduction, CRC Press, 

USA, 51-70 

Khodaii A. and Mehrara A., (2009), Evaluation of permanent deformation of unmodified and 

SBS modified asphalt mixtures using Dynamic creep test, Construction and Building 

Materials, 23, 2586-2592 

Kim M.H., Min S.H., Ferracane J. and Lee I., (2010), Initial dynamic viscoelasticity change 

of composites during light curing, Dental Materials, 26, 463-470 

Kim N., Lee S.J. and Kang T.W., (2005), Magnetic properties of p-doped GaMnN diluted 

magnetic semiconductors containing clusters, Solid State Communications, 133, 629-

633 

Kiyotaka A., Funaki A., Phongtamrung S. and Tashiro K., (2009), Influence of side branch 

on the elastic modulus of ethylene-tetrafluoroethylene terpolymers, Polymer, 50, 4612-

4617  

Kohda M., Ohno Y., Matsukura F. and Ohno H., (2006), Effect of n+-GaAs thickness and 

doping density on spin injection of GaMnAs/n+-GaAs Esaki tunnel junction, Physica 

E, 32,  438-441 

Kuelpmann A., Osman M.A., Kocher L. and Suter U.W., (2005), Influence of Platelet aspect 

ratio and orientation on the storage and loss moduli of HDPE-mica composites, 

Polymer, 40, 523-530 

Kulbachinskii V.A., Lunin R.A., Gurin P.V., Perov N.S., Sheverdyaeva P.M. and Danilov 

Y.A., (2006), Transport and magnetic properties of Mn and Mg implanted GaAs layers, 

Journal of Magnetism and Magnetic materials, 300, e20-e23 

Lawniczak-Jablonska K., Bak M.J., Dynowska E., Romanowski P., Domagala J.Z., Liberca 

J., Wolska A., Klepka M.T., Dluzewski P., Sadowski J., Barcz A., Wasik D., 



71 
 

Twardowski A. and Kwiatkowski A., (2011), Structural and magnetic properties of 

nanoclusters in GaMnAs granular layers, Journal of Solid State Chemistry, 184, 1530-

1539 

Lee J.H., Ke X., Podraza N.J., Kourkoutis L.F., Heeg T., Roeckerath M., Freeland J.W., 

Fennice C.J., Schubert J., Muller D.A., Schiffer P. and Schlom D.G, (2009), Optical 

band gap and magnetic properties of unstrained EuTiO3 films, Applied Physics Letters, 

94, 212510-212513 

Lee-Sullivan P. and Dykeman D., (2000), Guidelines for performing storage modulus 

measurements using the TA Instruments DMA 2980 three-point bend mode I. 

Amplitude effects, Polymer Testing, 19, 155-164 

Legghe E., Joliff Y., Belae L. and Aragon E., (2011), Computational analysis of a three-layer 

pipeline coating: Internal stresses generated during the manufacturing process, 

Computational Materials Science, 50, 1533-1542 

Lijie C., (2010), Tensile creep behavior and strain rate sensitivity of super alloy GH4049 at 

elevated temperatures, Material Science and Engineering A, 527, 1120-1125 

Liping Z., Zhigao Y., Xuetao W., Zhizhen Y. and Binghui Z., (2010), Structural and 

magnetic properties of Co-Ga Co-doped ZnO thin films fabricated by pulsed laser 

deposition, Thin Solid Films, 518, 1879-1882 

Long C .A., (2001), Heat transfer, Addison Wesley Longman, India, Pg34 

Majda P. and Skrodzewicz J., (2009), A modified creep model of epoxy adhesive at ambient 

temperature, International Journal of Adhesion & Adhesives, 29, 396-404  

Matsukura F., Ohno H. and Dietl T., (2002), III-V Ferromagnetic semiconductors, Handbook 

of Magnetic Materials, 14, 1-87 

Matsumura T. and Sato Y., (2010), A theoretical study on Van der Pauw Measurement values 

of Inhomogeneous Compound semiconductors Thin films, Journal of Modern Physics, 

1, 340-347 

Medvedkin G., Smirnov V.M., Ishibashi T. and Sato K., (2005), Photoluminescence of 

CdGeP2, Journal of Physics and Chemistry of Solids, 66, 2015-2018 

Misiuk J.B., Ornilska K., Kaniewski J., Shalimov A., Lusakowska E., Misiuk A., Muszalski 

J., Wierzchowski W., Wieteska K. and Graeff W., (2006), Structural characterization 

of InxGa1-xAs/InP layers under different stresses, Applied Surface Science, 253, 261-

265 



72 
 

Mizuno Y., Ohya S., Hai P.N. and Tanaka M., (2007), Spin-dependent transport properties in 

GaMnAs-based spin hot-carrier transistors, Applied Physics Letters, 90, 162505-

162508 

Mourad A.H.I., Fouad H. and Elleithy R., (2009), Impact of some environmental conditions 

and the tensile, creep recovery, relaxation, melting and crystallinity behaviour of 

UHMWPE-GUR410- medical grade, Materials and Design, 30, 4112-4119 

Murugaraj P., Mora-Huertas N., Mainwaring E.D., Ding Y. and Agrawal S., (2008), 

Influence of thermal stresses on electron transport in Carbon-polymer nanocomposite 

films, Composites: Part A, 39, 308-313 

Neamen D.A., (2003), Semiconductor Physics and Devices, (3rd Edition) Tata McGraw-Hill 

Publishers, New Delhi, India, 595-639 

Nirmal K.S., (2009), Stress exponent and primary creep parameters using single specimen 

and strain relaxation and recovery test, Materials Science and Engineering A, 510-511, 

450-456  

Nirmal K.S. and Shorna S., (2011), High temperature yield strength and its dependence on 

primary creep and recovery, Materials Science and Engineering A, 528, 5366-5378 

Ogawa T., Shuto Y., Ueda K. and Tanaka M., (2004), Photo-induced anomalous Hall Effect 

in GaAs: MnAs granular films, Physica E, 21, 1041-1045 

Palca J., (2010), Spintronics: A New Way To Store Digital Data, 

http://www.npr.org/2010/12/17/132118276/spintronics-a-new-way-to-store-digital-data. 

Accessed on 31st May 2011 19:04 PM 

Patankar K.A., Dillard D.A. and Fernholz K.D., (2013), Characterizing the constitutive 

properties and developing a stress model for adhesive bond-line readout, International 

Journal of Adhesion and Adhesives, 40, 149-157 

Pereira A.L.J and Dias da Silva J.H., (2008), Disorder effects produced by the Mn and H 

incorporations on the optical absorption edge of Ga1-xMnxAs:H nanocrystalline films, 

Journal of Non-crystalline Solids, 354, 5372-5377 

Poggio M., Myers R.C., Stern N.P., Gossard A.C. and Awschalom D.D., (2005), Structural, 

electrical and magneto-optical characterization of paramagnetic GaMnAs quantum 

wells, Physical Review B, 72, 235313 

Pzhong G., Volkert C.A., Schwaiger R., Moning R. and Kraft O., (2007), Fatigue and thermal 

fatigue damage analysis of thin metal films, Microelectronics Reliability, 47, 2007-

2013 

http://www.npr.org/2010/12/17/132118276/spintronics-a-new-way-to-store-digital-data.%20Accessed%20on%2031st%20May%202011%2019:04
http://www.npr.org/2010/12/17/132118276/spintronics-a-new-way-to-store-digital-data.%20Accessed%20on%2031st%20May%202011%2019:04


73 
 

Qing S. and Lee-Sullivan., (2000), Guidelines for performing storage modulus measurements 

using TA Instruments DMA 2980 three-point bend mode II. Contact stresses and 

machine compliance, Polymer Testing, 19, 239-250 

Rao G.R., Gupta O.P. and Pradhan B., (2011), Application of stress relaxation testing in 

evaluation of creep strength of a tungsten-alloyed 10% Cr Cast steel, International 

Journal of Pressure Vessels and Piping, 88, 65-74  

Rao Y., Shi S.H. and Wong C.P., (2000), An improved methodology for determining 

temperature dependent moduli of underfill Encapsulants, IEEE Transactions on 

Components and Packaging Technology, 23, 434-439 

Rocio S., Mai Y.W. and Frontini P.M., (2012), Creep behaviour of injection moulded 

polyamide 6/organoclay nanocomposites by nanoindentation and cantilever bending, 

Composites: Part B, 43, 83-89 

Russo S., Spina L.L., D’Alessandro V., Rinaldi N. and Nanver L.K., (2010), Influence of 

layout design and on-wafer heat spreaders on the thermal behaviour of fully-isolated 

bi-polar transistors: Part I-Static analysis, Solid State Electronics, 54, 745-753 

Sadowski J., Domagala J.Z., Kanski J., Rodriguez C.H., Terki F., Charar S. and Maude D., 

(2006), How to make GaMnAs with a high ferromagnetic phase transition temperature, 

Material Science-Poland, 24, 617-625 

Sadowski J., Mathieu R., Svedlindh P., Karlsteen M., Kanski J., Fu Y., Domagala J.T., 

Szuszkiewicz W., Hennion B., Maude D.K., Airey R. and Hill G., (2002), 

Ferromagnetic GaMnAs/GaAs superlattices–MBE growth and magnetic properties, 

Thin Solid Films, 412, 122-128 

Sagakuchi R.L., Shah N.C., Lim B.S., Ferracane J.L. and Borgersen S.E., (2002), Dynamic 

mechanical analysis of storage modulus development in light-activated polymer matrix 

composites, Dental Materials, 18, 197-202 

Sarma D.S., Fabian J., Xuedong H. and Igor Z., (2001), Spin electronics and spin 

computation, Solid State Communications, 199, 207-215 

Sato K., Bergqvist L., Kudrnovsky J., Dederichs P.H., Eriksson O., Turek I., Sanyal B., 

Bouzerar G., Katayama H., Yoshida., Dinh V.A., Fukushima T. and Kizaki H.,  (2010), 

First principles theory of dilute magnetic semiconductors, Reviews of Modern Physics, 

82, 1633-1690 

 Sawicki M., (2004), Magnetic properties of (Ga,Mn)As, ACTA PHYSICA POLONICA A, 

106, No 2 



74 
 

Schmidt R., Wicher V. and Tilgner R., (2005), Young’s modulus of moulding compounds 

measured with a resonance method, Polymer Testing, 24, 197-203 

Schulz R., Korn T., Stich D., Wurstbauer U., Schuh D., Wegscheiders W. and Schüller C., 

(2008), Ultra fast optical studies of diffusion barriers between ferromagnetic Ga(Mn)As 

layers and non-magnetic quantum wells, Physica E, 40, 2163-2165 

Senthil Pandian M. and Ramasamy P., (2010), Conventional slow evaporation and 

Sankaranarayanan-Ramasamy (SR) method grown diglycine zinc chloride (DGZC) 

single crystal and its comparative study, Journal of Crystal Growth, 312, 413-419 

Senthil Pandian M. and Ramasamy P., (2012), Sodium Sulfanilate dihydrate (SSDH) single 

crystals grown by conventional slow evaporation and Sankaranarayanan-Ramasamy 

(SR) method and its comparative characterization analysis, Materials Chemistry and 

Physics, 132, 1019-1028 

Senthil Pandian M., Balamurugan N., Bhagavannarayana G. and Ramasamy P., (2008a), 

Characterization of <0 1 0> directed KAP single crystals grown by Sankaranarayanan-

Ramasamy (SR) method, Journal of Crystal Growth, 310, 4143-4147 

Senthil Pandian M., Balamurugan N., Ganesh V., Raja Shekar P.V., Kishan Rao K. and 

Ramasamy P., (2008b), Growth of TGS single crystal by conventional and SR method 

and its analysis on the basis of mechanical, thermal, optical and etching studies, 

Materials Letters, 62, 3830-3832 

Senthil Pandian M., Boopathi K., Ramasamy P. and Bhagavannarayana G., (2012a), The 

growth of benzophenone crystals by Sankaranarayanan-Ramasamy (SR) method and 

slow evaporation solution technique (SEST): A comparative investigation, Materials 

Research Bulletin, 47, 826-835 

Senthil Pandian M., Pattanaboonmee N., Ramasamy P. and Manyum P., (2011), Studies on 

conventional and Sankaranarayanan-Ramasamy (SR) method grown ferroelectric 

glycine phosphate (GPI) single crystals, Journal of Crystal Growth, 314, 207-212 

Senthil Pandian M., Ramasamy P. and Kumar B., (2012b), A comparative study of 

ferroelectric triglycine sulphate (TGS) crystals grown by conventional slow evaporation 

and unidirectional method, Materials Research Bulletin, 47, 1587-1597 

Senthil Pandian M., Urit Charoen I., Ramasamy P., Manyum P., Lenin M. and Balamurugan 

N., (2010), Unidirectional growth of sulphamic acid single crystal and its quality 

analysis using etching, microhardness, HRXRD, UV-Visible and Thermogravimetric-

Differential thermal characterizations, Journal of Crystal Growth, 312, 397-401 



75 
 

Shirodkar P., Mehta Y., Nolan A., Dahm K., Dusseau R. and McCarthy L., (2012), 

Characterization of creep and recovery curve of polymer modified binder, Construction 

and Building Materials, 34, 504-511 

Sinha N.K., Terada T. and Au P., (2003), Minimum creep rate from primary creep using 

strain relaxation and recovery test, Scripta Materialia, 49, 1145-1150 

Tan S.T., Chen B.J., Sun X.W., Fan W.J., Kwok H.S., Zhang X.H. and Chua S.J., (2005), 

Blueshift of optical band gap in ZnO thin films grown by metal-organic chemical vapor 

deposition, Journal of Applied Physics, 98, 013505  

Trojanova Z., Weidenfeller B. and Riehemann W., (2006), Thermal stresses in Mg-Ag-Nd 

alloy reinforced by short saffil fibers studied by internal friction, Materials Science and 

Engineering A, 442, 480-483 

Valentin R., Barker D. and Osterman M., (2008), Model of life prediction of fatigue-creep 

interaction, Microelectronics Reliability, 48, 1831-1836 

Vali R. and Salehi S., (2010), Spin conductance and spin filtering in ferromagnetic 

semiconductor quantum point contacts, Solid State Communications, 150, 2306-2309 

Venkata S.C., Dean D.R. and Janowski G.M., (2010), Effect of environmental weathering on 

flexural creep behaviour of long fiber-reinforced thermoplastic composites, Polymer 

Degradation and Stability, 95, 2628-2640 

Ward I.M., (1983), Mechanical properties of solid polymers, Antony Rowe Ltd, Chippenham 

Wiltshire, Great Britain, 81-88 

Wu C.L., Lin H.C., Hsu J.S., Yip M.C. and Fang W., (2009), Static and dynamic mechanical 

properties of polydimethylsiloxane/carbon nanotube nanocomposites, Thin Solid Films, 

517, 4895-4901 

Xu J.F., Liu S.W., Xiao M. and Thibado P.M., (2007), Electrical and optical studies of 

GaMnAs/GaAs (001) thin films grown by molecular beam epitaxy, Journal of Crystal 

Growth, 101, 301-302 

Yadav B.S., Major S.S. and Srinivasa R.S., (2006), Reactively Sputtered GaAsxN1-x thin 

films, Thin Solid Films, 515, 1043-1046 

Yastruback O., (2012), Analysis of Band structure in (Ga,Mn)As Epitaxial Layers by Optical 

Methods, Journal of Nano and Electronic Physics, 4, 01016 

Zhao B., Xu B. and Yue Z., (2010), Indentation creep-fatigue test on aluminium alloy 2A12, 

Materials Science and Engineering A, 527, 4519-4522 



76 
 

Zhou T.H., Ruan W.H., Yang J.L., Rong M.Z., Zhang M.Q. and Zhang Z., (2007), A novel 

route for improving creep resistance of polymers using nanoparticles, Composites 

Science and Technology, 67, 2297-2302  

Zoorob S.E., Castro-Gomes J.P., Pereira Oliveira L.A. and O’Connell J., (2012), 

Investigating the multiple stress creep recovery bitumen characterization test, 

Construction and Building Materials, 30, 734-745  

 

APPENDIX 

 

Fig. A1: The DMA 2980 Instrument (DMA 2980 User Manual) 
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Fig. A2: RF magnetron sputtering unit with target and substrate position using argon as 

sputtering gas (RF Sputtering manual, 2010) 

 

 

 

 

Fig. A3: Side view of Single cantilever clamp with a standard steel sample (DMA 2980 User 

Manual) 
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Fig. A4: Aerial view of single cantilever clamp with a sample in place (Lee-Sullivan and 

Dykeman, 2000) 

 

 

 

 


