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ABSTRACT 

Ab-initio Calculations of High Pressure Phasc Transition, Structural and Electron ic Properties of 

Be,Znl .,S (x = 0.00, 0.41, 0.66 and 1.00) Ternary Alloys 

Fatana Fufa 

Addis Ababa Un iversity, 20 13 

In thi s piece of research, we have performed self-consistent ab-initio calculations to study the 

structural and e lectronic properties of BexZnl -xS mixed crystals in the various low and high 

pressure crystallographic phases of thc alloy. The zinc blend phase and rock salt phase of 

composi ti onally variant zinc-bery llium-sulfide have been used for the calcul ations of' structura l 

and electroni c properties within the local density approx imation of density fu nctional theory. The 

concent rat ion of Be (X) changes f'rom 0.00, 0.41 , and 0.66 to 1.00 in the al loy. Super cells (54 

atoms) of the all oys are constructed and fully relaxed. Al l the values of ternary and binary alloy 

lattice constants, bulk modulus and cnergy band gap are calcu lated on these relaxed structures. 

Our results are comparable to the contemporary theoreti ca l and experimental observations. Our 

va lues for the structural parameters obtained in the LOA approximation are also in good 

agreement with the experimental values. We have also observed direct band to indirect band gap 

(r ..... r) ..... (r ..... X) by increasi ng beryl lium concentrati ons along with some LOA related under 

estimations o f gap widt hs. For al l the samples of the alloy, high pressure phase transitions are 

found to present and reported in the range of' giga pascal pressures. At the same time, increase of 

hardening of the al loy is reported due to Be content and the bulk modulus correspondingly 

increases in the alloy. We have also analyzed the concentration related effects on electronic 

density of states and bowing parameters. 
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CHAPTER 1 INTRODUCTION 

The current state of art in the field of computer simulations has become increasingly powerfu l 

tool for study ing materials properties and their physical behaviors. The first principlcs quantum 

methods genera ll y give the increasingly accurate results fo r the applied problems related to large 

simulations' system sizes. Semiconductor materials science provides some important in put for 

science and techno logy. This field stud ies material properties from the nanoseale to the 

macroscopIC level, expcrimentally and theorctically. The wide band gap II-VI semiconductors 

have been regarded as promising material s for the fabr ication of visible light emitting devices for 

decades. ZnS is the prototype !I-VI semiconductors and their cubic phase, which occurs natural ly 

as a mineral , has been called the zinc blcnde structure. On the theoretical side, many authors 

have studi ed these semiconductors to explo re their electronic properties, using various 

computati onal mcthods 1. 11. The major drawback in thc pure II- VI compound sem iconductors 

have dcfect propagation duc to thc sort nature of the semiconductor wh ich arises from its 

ionicity. However, Be al loying of ZnS can increase its devicc performance that result from the 

covalent character of the BeS. Besides, the ternary compounds have many advantages over 

binary compounds: ZnS and ZnSe, because the lattice constant, the bulk modulus, band gap and 

optical properties can be tuned just by changing the concentration of the dopant [1] . In reccnt 

years, sevcral theoreti ca l and experimental studies have focused on the electronic properties of 

ZnS semiconductor largely motivated by the potential app li cations of these material s in opto­

electroni c devices, part icularly blue-green lasers and in technological app lications mainly in the 

field of optical devices [n In particu lar, the physical properties of II- VI mixed crystals of binary 

compounds with Bc cha lcogen idcs arc of significant intcrest for their potcntial applications in the 

technology of grcen semiconductor lasers [3.1. Thc II- VI compounds scmiconductors have been 



the subject of ex tensive research both in fundamental studies and fo r potential appli cations in 

devices. The broad range of band gaps and lattice constants available from these materials, and 

the unique fundamen tal phenomena they exh ibit make them attractive for a wide range of 

app lications such as infrared lasers and detcctors, bluc grcen lasers and li ght emi t1ing diodes 

(LEOS). Thcre are some hopes that ZnS based structurcs will be good for such applications [4j. 

Motivated by the above factors, we have instigated thi s piece of research by tak ing alloy of 

different concentrations. Thc first chapter dea ls with the literature survey o f ZnS, BeS and mixed 

alloy ternary systems. The current trends and the contemporary scientific research are di scussed 

in detail for thc pressure and concentrati on dependent structural and electronic properties of these 

systems. Objectives of the thesis are explained in the second chapter. Thc computational revic w 

for the OFT theory and its implementation is briefly explained in the third chapter. Fol lowed by 

thi s, the simulation methodology and the theo retical OFT parameters used for the calculations in 

this thes is are di scussed in chapter four. High pressure phase transitions, changes in lattice 

constants with the beryllium concentration and its effects on the electronic band structure and 

density of states are presented and ana lyzed in the light of ex isting theory in the subsequcnt 

chapters of resul ts, di scuss ions and conclusions. 

1.1. Literature Review 

1.1.1. Zinc sulfide semicond uctor 

Zinc sulfide (or zinc sulphide) is an inorganic compound with the chemical formul a of ZnS. Thi s 

is the main form o f zinc found in nature, where it mainly occurs as the mineral sphaleri te. ZnS 

exists in two main crystalline form s, and this dualism is often a main example of polymorphism. 

In both po lymorph isms, the coordination geometry at Zn and S are tetrahedral. The morc stable 
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cubic form is known also as zinc blende (B3) or spha lerite. The hexagonal form is known as the 

mineral wurtz ite (B4) . The transition from the sphalerite fo rm to the wurtzite form occurs at 

around 1020 °c . Zinc su lfide (ZnS) as a typica l II- VI semiconductor compound with wide direct 

band gap energy or (3.6 eV) semiconducto r at room temperature and has been used as an 

important material for ultra violet li ght -emitting di odes and inj ecti on lasers, flat panel di sp lays, 

e lectro luminesccnt dev ices, antirefl ecti on coati ng fo r heterojuncti on so lar cel ls photovolta ic cell s 

which enable wide applicati on in the fi e ld of displays, sensors and lasers and infrared (lR) 

windows rS - 71. At a high pressure, both of them can transform into rock sa lt (NaC I) structure 

(B I). Recently, it was re ported phase transition o f nano ZnS powder as a function of' pressure [8 , 

9]. 

Figu re I. Z inc blende (left) and Wurtzi te (right) crystal structures of zinc sul fide, the large ball is 

zinc and the small ball s represent sulfur atom. 

1.1.2. Beryllium sulfide semiconductor 

The groups II- VI beryllium ehalcogenides such as BeS, BeSe, and BeTe and their alloys have 

attracted both scientific and technologica l interest in recent years. At ambient conditions the 

thermodynamica ll y stable phasc o f BeS, BeSe and BeTc are the cubic zinc blende structure. The 

beryllium chalcogenides show interesting fea tures. 'rhey are characteri zed by a strong covalent 
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character of their chemical bonding, short bond length and large hardness. It has been suggested 

that optoe lectronic dev ices based on beryllium chalcogen ides have advantage over most of II- VI 

semiconductors dev ices due to their high p- type doping concentrati ons and long lifetimes [1 0]. 

Beryllium chalcogenides are considered to be promi sing materi als for optoe lectronic dev ices in 

the blue and UV spectral region because of their high band gap energies . Besides the above 

applications, Be chalcogenides also provide interesting aspects for fundamental physics 

investigation because they ex hi bit covalent bonding and reduced band po larity, which are unique 

among II- V I compounds IA]. There has also been a growing interest in the study of these 

materi als under high pressure conditions, moti vated by the need of synthes izing new so lids with 

targeted physica l properties . In thi s context, berylli um chalcogenides BeX (X = S, Se, Te), which 

exhibit cova lent bonding, are potentia ll y atiract ive materials for technological appl ications 

because they have very large band gaps, and they are interesting for blue- green laser diodes and 

laser emi tt ing diodes [ I I J. In the other hand, these compounds have similar structure and 

bonding with the group Ill- IV semiconductors in parti cular the boron compounds BN, BP, BAs 

and BSb in having the same crystal structure, large band gaps (2 .7 - 5.5 eV) and high value of 

the bulk modu lus 11 2, 13]. The lattice constant of BeS and BeTe are close to those of GaAs and 

ZnSe [1 41. 

1.1.3. Mixcd II- VI semiconductor alloys 

The II- VI compounds semiconductors have been the subj ect of ex tensive research both in 

fundamental studies and for potenti al applicati ons in dev ices. The broad range o f band gaps and 

latti ce constants avail able from these materi als, and the unique fundamental phenomena they 

exhibit, make them attracti ve for a wide range of applicat ions such as in frared lasers and 

detectors, blue-green lasers and light emi tt ing di odes (LEOS) [I S]. T here are some hopes that 
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ZnS based structures wi ll be good for such app lications. Hence, the use of Be in ZnX based 

tcrnary a ll oys such BexZnl .xS and BexZn l.xSe shou ld be useful fo r incrcasing the hardness of 

the material and for decreasing degradation rates, which is important for improved device 

Ii fe time [16 - 18] . ZnBeS alloys are of a parti cular interest since by varying the concentrati on in 

BexZnl .xS, a wide range of band energies can be covered. The possible development of 

heterostructures based on these new material systems needs a detailed investi gation of these 

al loys. On the theoretical side, there are few wo rks on these compounds concernin g structural 

and electron ic properti es rt 9, 20] . In order to complete these exciting works and to provide a 

bas is for understanding future device app lications, we have cmployed (DFT) to some propert ies 

of BexZn l.xS alloy. 

1.1.4. Elcctronic propcrtics of a BcxZn) .xS alloy 

The atomic structure of an alloy is important for understanding its properties, In which bond 

length relaxation and the lattice constant are the key parameters. Theories of bond length 

relaxation and the latti ce constant in alloys were put forward by Pauling and Vegard's a long 

time ago. Pauling noted that the bond lengths in an a lloy are the sum of their constituent element 

atomic radii , i.e. the bond lengths are independent of the alloy concentration . Vegard 's 

di scovered that the lattice constant is approximately equal to the composition weighted average 

of the lattice constants of the pure materials, i.e. the lattice constant is dependent on the alloy 

concentration 1'21 1. Usuall y, in the treatment of alloys, it is ass umed that the atoms are located at 

the ideal latti ce s ites and the lat tice constant varies linearl y with concentration X accord ing to the 

so-called Vegard' s law [22"1. 

( I ) 
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Where aAC and aBC are the equilibrium lattice constants of the binary compounds AC and BC 

Hence, the latti ce constant can be written as: 

a(AxBl - XC) = Xal\C + (1 - X)aBC - X(l - X)b (2) 

Where, the quadratic term b is the bowing parameter. In order to better understand the physical 

origins of the large and concentration dependent bowing in BeXZnl.XS alloys, we follow the 

procedure of Bernard and Zunger [22] and decompose the total bowing parameter b into 

physica ll y distinct contributions. The overal l bowing coeffic ient at a given average concentration 

X measures the change in band gap according to the formal reaction. 

XBeS(aBeS) + (1 - X)ZnS(aZnS) ---; BeXZnl_xS(aeq) (3) 

Where, aBeS and aZnS arc the eq uilibrium lattice constants of the binary compounds and aeq is 

the equilibrium lattice constant of the alloy with the average concentration X. We decompose 

reaction into three steps: 

BeS(aBeS) + ZnS(aZnS) ---; BeS(a) + ZnS(a) (4) 

XBeS(a) + (1 - X)ZnS(a) ---; BeXZnl_XS(a) (5) 

(6) 

The first contribution, the volume deformation represents the relative response of' the band 

structure of the binary compounds AC and BC to hydrostatic pressure. The second contribu tion , 

the eharge-exchangc contribution , renect s a charge transfer effect that is due to the different 

(averaged) bonding behavior at the lattice constant a. The fin al step mcasures by, changes due to 
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the struc tural re laxation in passing from the unrelaxed to the relaxed alloy. Consequentl y, the 

total gap bowing parameter is defined as : 

(7) 

The general representation of the concentration depcndent band gap of the all oys in terms of 

binary compounds gaps of the, EAc(aAC), Esc(aoc) and the total bowing parameter b is: 

(8) 

Where VD, CE and SR represents respectively the vo lumc deformation effect, the charge 

cxchange contribution and the structural relaxation of the alloy accord ing to the following 

expressIOns: 

EseS(aBeS)-EBCS(a) + EZns(aZnS)-Ezns(a) 

1- X X 

EBeS(a) + EZnS (a) _ EBcxZn ,_xS(a) 

l -X X X(1 - X) 

E B ex Zn 1- X Sea) - E B eX Zn, _ X S( ae q ) 

X(1-X) 

(9) 

(10) 

(II) 

Al l these encrgy gaps occurrIng In Ex pressions 9 , 10 and 11 have been ca lculated for the 

indicated atomic structures and lattice constants. 
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1.1.5. Direct and indirect gap Materia ls 

·fhe inter band abso rption rate depends on the band structure of the semiconductor. The band 

structure or E (k) di agram of a semiconductor is a plot of the total cnergy of an electron as a 

functi on of electron wave vector within some region of the Brillouin zone. Wc have two types of 

semiconductor band ga p; dircct and indirect 123, 24J. 

C.B 

VB V.B 

, =11 " =11 

Figure 2. Shows the E (k) diagram of a direct and an indi rect band gap mater ial. 

In a direct gap semiconductor, the valence band max imum and conduction band minimum occur 

at the zonc center where k = O. I-/ence, there is no net transfer of momentum associated with the 

inter band transition in a direct band gap semiconductor. If the va lence band maximum and 

conduct ion band minimum do not occur at k = 0 in k space, then an in ter band transition must 

invol ve a phonon to conserve momentum, and the material is call ed an indirect gap 

semiconducto r. In thi s proj ect, we foc us on the Be concentration whethcr the materials have 

d irect or indi rect band gap through the Be concentrations at (X = 0.00, 0.41 , 0.66, and 1.00). 
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1.1.6. Effect of pressure on the structura l properties of BexZnl_xS alloy 

The II- VI compounds have rcce ivcd and sti ll receive considerable interesl beeausc of their 

potential technol ogical applications. The first experimental study of the structu ral phase 

transformat ions or II- V r material s under high pressure was conducted abo ut forty years ago by 

Edwards and Drickamer 125 1. Since then, thi s subject has attracted a lot of attention. The 

generall y acccpted view was that thesc compounds transform under hi gh pressure fro m zinc­

blcnde (ZB) or wurtz ite to rock salt (RS). However, recent experiments performed by us ing 

angle-dispersive X-ray techniques for many II- VI, III- V and group IV semiconductors have 

altered significantly their widely accepted structural systematic [26]. New low symmetry phases 

ha ve been observed, such as the cinnabar phase in CdTe ,ZnTe and GaAs form in many II- V I 

and III- V compounds [25] simple cubic with atom basis , the binary analog of is observed in Si 

and Ge structure in Ga!\s [27]. The latter structure has also been observed in some I- V II 

compounds, namely CuCI and CuBr r26], The study of phase transitions under pressu re is not 

onl y of interest for practica l material s research, but it offers a rich playgro und in physics: gro up 

theory , basic electronic structure theory, latticc dynamics, and transport. To practice relations 

between differcnt phases is a fine exercise in the group theory; electronic properties exhibit 

effects of ex treme (de) loca li zation and certa in lattice vibrations may indicate a (k inetic) way into 

a new phase. This playground is very vast; the present work deals only with some semiconductor 

structures, addressing on ly some aspects of their electron ic structure. Z inc sulphide crystallizes 

under normal condi ti ons with the zinc-blende (ZB) structure, in the four fold coordinated. As the 

pressure is app lied to ZnS it trans form s into rock salt phase (NaCl) with six fold coordinated 

reported a transition pressurc o f, 14. 5 GPa although later studies have placed it at a somewhat 

higher pressure and 15.5 GPa. In contrast to zinc blende structure , the NaC I phase is found to an 
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indirect-gap semiconductor which has been confirmed by first principles calculations. The hi gh 

pressure behav ior o f ZnS has been the subj ect o f several recent theoreti ca l and ex perimental 

studies ["2]. Measure of the deformat ions is depending on clastic stiffness coeffic ients that is a 

very important characterization of the crystals under varying pressure . Moreover, the elastic 

constants o f the material s at high pressures are essential in order to predict and understand 

material response, strength, mcchanical stability and phase transitions. Ho wever, onl y, a few 

stud ies have conducted on the mechanical properties of ZnS at elevated pressures, as well as 

pressure dependence o f its elast ic constants, so far. The accurate measurement of these quantities 

is a difficult task due to diffi cult experimental conditions at high pressurc. With the advances in 

ab initio methods, it is possible to compute a systematic study of the elast ic propcrties as we ll as 

electronic and structural properties of material s at elevated pressure conditions. ZnS crystallizes 

in the cubi c zincblende (83) and wurtzite (84) structures at ambient pressure . There is a phase 

transi tion from 84 structure to 83 structure and from 83 structure to 8 I (rock sa lt) structure 

when the pressure is app lied [28,29]. 

1.1.7. Murnaghan equation of state 

Francis D. Murnaghan of John Hopkins University deve loped the Murnaghan Eq uation of state 

[30 - 32] for the ca lcu lation of c last ic constants of the material li ke bulk modulii with the help of 

pressure response and nowaday this equation is widely used for the calculation of appli ed 

pressure wi th the help of changes in structural volumes during phase transitions. He presented an 

equation of state suit ab le for representing solids. It is to be noted that vo lume and total energy 

have interdependence and thus the equation of state has found considerable use in the condensed 

phase media. Three deri vati ve re lations are mostly utilized to lead to the final formulation , 

name ly: 
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p = - (ilyE) S (1 2) 

BO = -VG:)T ( 13) 

B' = (i1B)T 
ill' (14) 

Where P is the pressure, E is the internal energy, V is the vo lume, BO is the bulk modulus , and B' 

is the press ure derivati ve of the bulk modulus at constant temperature. Mak ing the assumption 

that B' is a constant allows one to assign a linear dependence o f the bu lk modulus on the 

pressure, which allows specifying the sing le bulk modulus as a variant , while thc derivative, B' 

represented as the materials constant. This leads to a relationship for pressure: 

( 15) 

That can be integrated to represent the change in the energy o f the so lid with respect to the elastic 

constants or the pressure. 

E = E + ~ BO (y- yW 
o 2 YO 

( 16) 

W here, E(V) is the total energy at ce ll vo lume V, E(VO) is the total energy at equilibri um vo lume 

VO (at P = 0). In the present work , the e lastic constants of the a ll oy ha ve becn ca lculated by 

Equation 16 of the M urnaghan Equatio n of state. For a g iven equation of state (EOS) , whi ch 

expresses the energy 'E ' as a fu nctio n of the lattice parameter 'a ' or vo lume 'V' the bulk 

modulus 'BO' can also defined by Equation ( 17), [33] . 
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( 17) 

The unit cell vo lume 'V' is calcu lated simply by V = abc for orthorhombic and V = a2c for 

tetragonal structures, where a, b, c are lattice parameters [34]. But for a FCC latt ice the vo lume is 

(1 /4) a3 [33] , because, four of each atom are present in a unit ce ll of ZB (FCC) crystal structure, 

for e.g. for ZnS each Zn atom is surrounded by fou r equid istant S atoms, at the corners of a 

regul ar tetrahed ron, simi la rl y each S atom is s urrounded tetrahed rally by four Zn atoms. In 

general, the Murnaghan Equation of state breaks down for compression ratios greater than - 0.7 

- 0.8 times the original vo lume, which occurs as a consequence of the triggering nonlinear 

dependence of the bulk modulus on pressure and variabi lity of bulk modulus pressure derivative 

at higher pressures. Nevertheless, the bulk modu lus is an important physical parameter of 

crystals; it reOects bondi ng characte rs in crysta ls and, in many instances it is used as an indicator 

for crystal strength and hardness. A number of researchers have foc used upon the bulk modulus 

in their search for new super- hard materi als because the hardness correlates roughl y with the 

bulk modulus for group IV, III-V, and lI- VI materials; the bulk modulus results can be 

extensively used to predict the hardness of a new materi al [3 5]. 

12 



CHAPTER 2 OBJECTIVES 

2.1. General Objective 

• To Study the structural and electronic properties of a 13exZnl _x S ternary alloy using ab­

initio techniquc . 

2.2. Specific Objective 

• To investigate the variations in structural properti es of: 

I. Lattice constants, the bulk modulus and pressure dcrivative. 

II. Electronic properties (band structure and density of states). 

Ill. The bowing parameters with respcct to composition-phase variation on ternary 

alloy of BCxZnl _x S. 

• To Study the cffect of Be concentration eX = 0.00, 0.4 I , 0.66, and 1.00) on BexZn l_xS 

phase transitions. 
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CHAPTER 3 COMPUTATIONAL FRAMEWORKS 

In thi s chapter, a brief rev icw of the theoretical aspects of our project is presented. 

3.1. The Sehrodinger Equation 

Quantum mechanics gives a logicall y consistent theory of mat1er on the microscopic leve l. It can 

be considered as the basic theory for many areas o f sc ience and technology including so lid state 

phys ics, atom ic physics, particle physics, nuclear physics, chemistry," laser devices and so on. 

The starting point for any discussion of quantum mechan ics is based on the Schriidi ngcr equation 

l36]. The Schriidinger equat ion is a differential equation which describes how the wave funct ion 

'Ji represents a quantum particle 's motion under the inn uence of an external potential VCr). The 

ex ternal potenti al might be the Coulomb e lectrostati c potential due to the nuclei of the atoms. 

The time dependent Schriidinger equation for a quantum particle moving in a three dimensional 

potential energy fi eld VCr) is given by: 

a -in at 'F(r, t) = H'l'(r, t) C 18) 

where, R is the Hamilto nian operator which is the sum of a kinetic energy operator and the 

potential energy of the system. For a single particle of mass m which is moving through space, 

the Hamilton ian is given by: 

h' R = __ 'ij 2 + VCr) 
2m 

C 19) 
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Here, is the reduced, h Planck' s constant. A fundamental postulate of quantum mechanics states 

that the possible results of a measurement of an obscrvable represented by the operator Q are it s 

eigenvalues qi only [37]. The eigenvalue equation is given by: 

Q'fl . = q l1' I I I (20) 

Where Q is an operator and qi is a number. This is an eigenva lue problem. A solution 'I' of such 

an equation is called an eigenfunction corresponding to an eigenvalue qi of the operator Q. f or 

the time independent Sehrodinger eq uation, the eigenvalue of the Hamiltonian operator is the 

energy of the system. For a single particle of mass m which is moving through space, the 

Sehrodinger equation is given by: 

H tp = Etp (2 1 ) 

3.2. Many Body Systems 

Solving thc Schrodinger equation for a particular system is important , to understand the behavior 

of the system, to get information on the density of states of the system, and to understand the 

response of a particle to an external perturbation [381. However, the Schrodinger equation has 

exact solutions for only a few phys ical problems, such as particle in a box, the simple harmonic 

osc illator, and the hydrogen atom. For many body systems the Schrodinger eq uation cannot be 

solved exactly. Hence, approximat ion methods are important to solve a many body system' s 

Schrodinger equation. Let us consider a many body system containing N electrons and, in 

general, several nuclei. We write the full Hamiltonian of th is system as : 
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(22) 

Here, rjj= I rj- ri I ' Ru = I R!-RJ I ' and rj! represents the di stance from electron (i) to nucleus (I). 

The five terms in thi s eq uation define , sequentially, the kinetic energy of all the electrons with 

mass me, the interaction potential energy between all electrons and the atomic nuclei , the 

interaction energy between different electrons, the kinetic energy of all the nuclei with mass MI, 

and finall y the interaction between the nuclei. 8 ecause of the presence of the electron-electron 

interaction term in the Hamiltonian in equation (22), the Schriidingcr cquation is not separable. 

Therefore, approxi mation methods must be used to solve the many body Sehriidinger equation 

[36]. The separation of nuclear motion and electronic mot ion into two mathematical problems is 

called the 80m-Oppenheimer approximation [39]. This approx imation method assumes that the 

motion of the nuclei is so much slower than the motion of the electrons and can be considered to 

be stationary. The Born-Oppenheimer approx imation allows us to neglect the kineti c energy term 

of the nuclei in the Hamiltonian, and the electrostatic repulsion between positi vely charged 

nuclei si mpl y represents a constant in the electronic problem. The electronic "clamp-nucleus" 

Hamiltonian can now be written as: 

2 
- h 2 
H = --"11 2me L..! ! 

(23) 

where, the last term is the nucleus-nucleus interaction, which has a constant value. Still the 

present version of the Schrodinger equation is too complex to be solved due to the electron -

electron interaction term. 
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3.3. The Hartree-Foek Approximation 

The Hartree-f'ock approximation is a natural starting point of quantum mechanical calculations 

for many body systems. The theory approx imates the wave function of the many body systems in 

terms of products of single electron wave function. In this method the total Hamiltonian H is sum 

of single electron Hamil tonian operators Hi. The funct iona l form of the many electron system 

wave function can be ex pressed in terms of a single product of single electron wave functions , 

(24) 

·fhese single electron wave functions are called spin orbitals. Each spin orbital is a product of a 

specia l function and a spin state (up and down). This form of '11 is known as a l-lartree product. 

The I-Iartree product of spin orbitals has a serious drawback [39]. It does not satisfy the 

antisymmetry principle, a main criterion for a many fermions wave function. According to 

quantum mechanics, electrons arc fermions, and the antisymmetric principle states that if two 

electrons are interchanged, the wave funct ion must change sign: 

(25) 

The most convenient way to write the wave function of a many electron system is in terms of a 

Slater determinant of single electron wavc functions [39J. The inclusion of a Slater determinant 

representation of the many electron system into the Hmiree theory gives the Hartree-Fock theory. 

In a Hartree-Fock calculation, the Coulomb electron -electron interaction potential can be written 

as: 
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(26) 

The Hamiltonian H corresponding to each elect ron therefore has a fonn: 

H = T + V + VH (27) 

Where VII (I') is the I-Im·tree potential or mean field potential. Thi s is an average Cou lomb 

interaction potcntial betwecn a single elcctron and the rest of the electrons in the system. 

For the N electrons and with sp in orbitals, the Slater dcterminant can be wr itten as: 

,d xd .. . 
,\'2( X2) .. . 

x:y(xd 
,Y:V(X2) 

(28) 

1 
I-I ere. ""is normalization factor. The Slater determinant fulfill s the Pauli Exc lusion Principle, 

vN! 

Exchanging any two rows of a determinant changes the sign of '1', which leads to the anti-

symmetry principle. If any two rows of a determinant are identi ca l, the determinant will vanish. 

No two idcnti ca l electrons occupy thc same sp in orbitals simultaneously. The Hartree- Fock 

method gives an exac t account or electron exchange [39]. 
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3.4. Density Functional Theory 

In the Hm1rce-Foek theory, the N electron wave functi on can be approximated using a single 

Slater determinant. The central idea behind density fu nctional theory (OfT) is to use the electron 

density as a bas ic variable, instead of using the many-e lectron wave function. Density functiona l 

theory can be traced back to the works of Thomas and Ferm i in the 1920s [40,41]. Thc entire 

field of density functional theory rests upon the two fu ndamental mathematica l theorems proved 

by I-Iohenberg and Kohn in 1964 and the Kohn-Sham formulation of density functi onal theory in 

19651421 

3.5. The Hohenbet'g-Kohn Theorems 

The starting point of any discussion of OFT is the I-Iohenberg-Kohn theorems 143]. The first 

theorem states that for any system of interacting particles in an external potential, the ground 

state electron density, n (r) , determ ines the external potentia l Vext (r) fully and uniquely. In other 

words, there exists a one to one rel ationship between the electron density and the external 

potential, 

nCr) ~ VeXler) (29) 

According to thi s theorem, the total energy functional E [n (r)l is expressed as: 

EfnCr)l = f Vexl(r)ll(r)dr + FlIdnCr)l (30) 

where Vext (r) is an external potential (mainly from the nuclei). FIIK [nCr)] is known as a 

universal functional , because it does not depend on the external potential. It is the sum of the 
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kinetic energy of the electrons and the contribution from inter electronic interactions. It is given 

by: 

1 
Flldn(r) l = Tfn(r)l + -LVII fn(r)ln(r)dr 

2 
(3 1) 

The second Ilohenberg-Kohn theorem shows that if n (1') is normalized to the number of Particles 

in the system, then the total energy of the system E rn (1')] becomes a minimum if and only if n 

(1') is the exact ground state density. 

3.6. The Kohn-Sham equations 

The Hohenberg-Kohn theorems state that the gro und state density uniquely determines al l ground 

state observables and it can be determined from the ground state energy functional E I.n (1')]. 

However, the theorem does not g ive us a hint about how to so lve the full Sehrodinger equati on. 

ror example, there is no exact expression for the electron exchange-correlation functi onal which 

includes all quantum mechanical effects. These problems were add ressed by Kohn and Sham in 

1965 [44]. In the Kohn-Sham scheme, the ground state electron density can be expressed by a set 

of equations wh ich only involves a system of non-interacting electrons. Th is non-interacting 

system has the same electron density n (r) as the origina l system. The energy functiona l fo r thi s 

system can be g i vcn by: 

Efn(r)l = Ts fn (r) l + J Veff(r)n(r)d' r (32) 

The Kohn-Sham equat ions fo r electrons moving in an e ffecti ve external potent ial can be written 

as : 
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r-~\12 +VKsCr)l<p·cr) = Ej<p .(r) 
2me I I 

(33) 

The so lution to this Schrodinger equation yields thc Kohn-Sham eigenvalues. The kinetic energy 

of a system or non-interacting electrons with density n (I') is given by: 

(34) 

where the density o r the interact ing system is determined by: 

(35) 

The effective external potential is g iven by: 

(36) 

Here, Vext (r) is the Coulomb interacti on between an electron and the atomic nuclei, VH (r) is the 

classical (Hartree) potential describing thc Cou lomb interaction between the electrons, and Vxc 

(r) is the exchange and correlation potential, which describes all the quantum mechanical effects. 

The exchange and correlation potential can be formally defincd as a functional deri vat ive of the 

exchange-correlation energy with respect to the electron density, 

VxcCr) - oEXCln(r)] 
onCr) 
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3.7. The Exchange-Correlation functional 

The major problem in so lvi ng the Kohn-Sham equations is that the true fo rm of the exchange 

correlation funct ional is not known. The loca l density approx imation (LDA) is the fir st approach 

to approximate the exchange-corre lation functio nal in OfT calculations. [n thi s approxi mation, 

the local exchange-correlation potential at each position I' is the exchange co rrelation potential 

fo r a homogeneous electron gas at the clectron density observed at that pos ition 119] . 

(38) 

The LDA approximation is exact for a homogeneous electron gas, but the real electron densitics 

are not typicall y homogeneous over the entire system. Thc second we ll known class of 

approximations to the Kohn-Sham exchange-correlation functional is the generali zed grad ient 

approx imati on (GGA). [n the GGA approx imation the exchange and correlat ion energies include 

the local electron density and the loca l gradient in the electron dens ity [39] , 

VxcGGA[n(r)] = J per) Exc (p(r)\7(p(r) )dr (39) 

3.8. Solving the Kohn-Sham eq uations 

Once we have approx imated the exchange-correlation energy, we are in a posi ti on to so lve the 

Kohn-Sham equations. The Kohn-Sham equations have an iterati ve so lution; they have to be 

so lved self-co nsistently. To so lve the Kohn-Sham equations for a many body system, we need to 

defi ne the Hartree potenti al and the exchange-correl ation potential. To define the I-lartree 

potential and the exchange-correlation potential, we need to know the e lectron density nCr). 

[lowcver, to find the electron densit y, we must know the single e lectron wave functi ons. We do 

22 



not know these wave functi ons until we solve the Kohn-Sham equations. The we ll known 

approach to solve the Kohn-Sham equations is to start with an initial trial electron dens ity as 

illustrated in Figure (3). Then so lve these equations using the tri al electron density. A fter so lving 

the Kohn-Sham equations, we will have a set of single e lectron wave functions. Us ing these 

wave functi ons , we can calcu late the new electron density. The new electron density is an input 

for the next cyc le. 

Trinl e lectro n den sity n.C r ) 

1 
! BlI ild Vr(S v"," [ n( ,-) [ + Vrrln ( r ) 1 + Vxc [ 11 ( '-) [ I 

1 
r h', 1 Soh·C' - 2m,. 'V - + V J,;S Cr ) <P, ( r) = Cj({J/ ( r ) 

1 
I 

Ca lc ulntc ncw nCr) - [<P i [ " 

I 

I s th e soluti o n sel f -coll si ste nf") 

In ( I-)IH'w - n( r )old I < cc 

Y es No 

C o mpute Cieller-ntl.' 

th e toted JH.'\V d e n s it ~ · 

en e rgy n ( 1-) 

Figure 3. Illustration of the se lf-consistent field (SCF) procedu re for solv ing the Kohn-sham 

equations where cc is an appropri ately choscn convergence criterion 

Finally, compare the diffcrence between the ca lculated electron densities for consecut ive 

iterations. If the difference in electron density between consecuti ve iterations IS lower than an 
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appropri ately chosen convergence criterion, then the so lution of the Kohn-Sham equat ions is said 

to be self-cons istent. Now the ca lculated electron density is considered as the ground state 

electron density, and it can be used to ca lcul ate the total energy o f the systcml"39]. 
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CHAPTER 4 METHODOLOGY FOR A TOMISTlC SIMULA TlONS 

4.1 Software used for computation 

The computational tools that are uscd to carry out the theoret ical analys is are TRANS IESTA 

based Atomisti c Too lkit software implementation code fo r perfo rming electronic structure 

cal culations. Python as a script language and Atomistic Too l Kit CATK) is a versatil e software 

platfo rm for atomistic simulations of nanoscale systems. 

4.2. TRANSIEST A 

SIESTA (Spanish initiati ve fo r electronic simul ations with thousands of atoms) [47] is a method 

and a software implementat ion for perform ing electronic structure calculation and ab initio 

molecular dynamics simulations of molecules and solids. 1t uses a DFT code that predicts the 

physical properties of a co llection of atoms. Properties that can be predicted us ing the code 

includes the Kohn-Sham band structures , electrons density, and Mulli kan populations. Modern 

SIESTA code used for the study of transport properties is termed as TRANSIESTA. 

4.3. Python language and virtual nanoLab 

Python is an interpreted language, which can save you considerable time during program 

deve lopment because no compilation and link ing are necessary. The interpreter can be used 

interacti ve ly, which makes it easy to experiment with fea tures of the language [48]. Python 

allows wri ting vcry compact and readab lc programs. A sof1warc platform fo r atomi stic 

simulations of nanoscalc systems has the fo llowing parts: 

~ A tomistix Toolkit CA TK) 
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• State-of-the-art DFT engine for e lectronic structure and transport calcu lations. 

:.- Virtual NanoLab (VNL) 

• Modern graphic user interface GUI for setup and anal ysis. 

:.- NanoLan guagc 

• Scripting language interface to A TK. 

• Fully integrated in VNL. 

The strength of ATK and VN L li es in their fl exibility to describe systcms of different 

symmetries. It can describe iso lated systems (molecu les) , peri odic systems (crystal s), and system 

of the type bulk-nanodevice-bulk (two probe systems). Atomistic Toolkits (ATK) gives yo u 

access to a powerful set of modeling tool s for investigating a va riety of nanoscale systems such 

as molecules, bulk , and two-probe systems. The systems may contain nanowires, nanotubes, 

graphcnc, semiconductors, metals, etc 

4.4. Simulation methods and samples preparation 

In thi s section, we first constructed a model of the atomic configuration to our investigation. The 

idea of thi s constructing an all oy by taking a unit cell (cubic two atoms) and repeating it three 

dimensiona ll y for the calcu lation of thc electronic structure of the semiconductor alloy has been 

used for the binaries. The full structure optimization of ce ll parameters and internal coordinates 

is performed in all super ce ll s prior to calcu lations of electronic, structural , DOS, and effect of 

pressure. Bulk BexZnl _x S ternary alloy have stud ied in this work is mode led by repeati ng 3 x 3 x 

3 FCC super cell conformation with 54 atoms per super ce ll since 2 x 33 
= 54, two atoms per unit 

ce ll. These is done using bulk bui lder from the SIESTA software, at Be concentrati on (X) of 0, 

0.41,0.66, and J, completely the full range o f a lloying is replicated and infinitel y enlarge the 
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system by repeating such a super cell. In the ZinC blende- like structure, the ato ms arc 

tetrahedrall y bonded so that each S atom is surrounded by four cations (Be or Zn). 

In the same manner al so the rock salt modeling is the same but the d ifference among from the 

z inc blende modeling is the atomic position. S (sulfur) is slightl y changes from (0. 25 , 0. 25, and 

0 .25) to (0.5 , 0.5 , and 0.5). In both cases (ZB and RS) the position of the Be is the same. After 

model ing the sample using its standard atomic structure we drop it to the NanoLanguage Scripter 

(NLS) and thus creat ing complete calcu lati on script by using appropriate geometric optimization 

parameters and set-ups then we store this as NanoLang uage scri pt and finall y we execute (run) 

the scripts us ing the A TK computation eng ine and standard command syntaxes. This wou ld gi ve 

us the config urationally optimized samples for different concentrati ons. The resulting sample 

geometric xyz files are saved as python (. py) ex tension . It is to be noted that fo r the 

concentrations (X) of 0.4 1 and 0.66 we have replaced c leven and eighteen Zn atoms from ZnS , 

respectively, by Be atoms to get the desired concentrat io ns. ror the calcu lation of the structural 

properti es, the crystal structures arc optimized by force minimi zation (Quasi Newton method) in 

which the atoms arc a llowed to move towards the equilibriu m positions . The diffe rent optimized 

simulation samples prepared fo r BexZn l.xS te rnary a llo y have shown in th ree dimensions, ri gure 

(4). 
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Figure 4. The schematic diagram o f optimized structures of a BexZn[_xS alloy at Be 

concentrat ion (X) of a) 0.00 b) 0.4 1 c) 0.66 and d) 1. 00 

In order to carry out the study of struct ura l and electronic properti es of the samples, we have 

performed the following sets of simulation experiments, Total energy (ET), band structures (BS), 

density of states (DOS), etc. with the help of the fo llowing basic procedurcs performed by the 

above sets of experiments. First, we take crysta l of ZnS from the crystal board and put on the 

bulk bui lder then, prepare python script at differc nt latti ce constant fo r the seek of fl llther 

calcu lation Second step, take the prepared python script on the N LS for the seek of de fining the 

physical properties such as configurat ion(geometric optimizations), mcthod , and ana lys is. 
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Figure 5. T he schematic diagram of optim ized struct ures ora BexZnl_xS alloy at Be composition (x) 

of a) 0.00 b) 0.41 c) 0.66 and d) 1.00 in to 2)) wit h pos ition or dopant. 
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Table I. Bas ic parameters used for our calculati ons for the ab-initio al loy modeling. 

parameters Bu lk system Val ues 

Bas is set Type Double zeta polarized 

Energy shift 0.0 I Rydberg 

Delta ri nn 0.8 

Vo 40 Rydberg 

Radial sampling DR 0.00 1 Bohr 

Bril li ouin Zone integrat ion N umber of K-points (A) 5 

Number of K-points (B) 5 

N umber of K-points (C) 5 

Eigcn state occupation Left and ri ght electrode 300 Kelvin 

electron temperat ure 

Electron density Mesh Cut-off 150 Rydberg 

Exchange Correlat ion LDA-PW 

Functional 

Iteration contro l Tolerance 1 x I D·) 

Criterion Tota l energy 

Max steps 200 

Iteration mixing Quantity Hamiltonian 

Diagonal mixing parameter 0.1 

History steps 6 
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Table 2. The VNL too l bar, which provides access to different stages of sample or dcvice 
preparation and characterization. 

Tools 

Crystal Cupboard 

Atomic Manipulator 

NanoLanguagc Scripter 

tor 

Job Manager 

Nanoscope 

Icon Description 

Database of bulk crysta ls 

Set up two-probe systems and 

make modifications to two probe 

de vice 

Bui ld and construct your own 

molecu les ready to be used in 

other VNL too ls 

Create complete calcu lation set­

ups and store thcsc as Nano­

Language script 

y edi t and NanoLanguage 

scripts constructed by the different 

set of VNL tools. 

Execute scripts using the A TK 

computation eng ine. 

Visuali ze atomic geometri es and 

calculated properties in 3D. 

Browse the contents of VNL files 

including all stored samples and 

results wi thin them. 

Finally the numeri ca l calcul ation fil e (. nc) is created under the se lf-consistent tab. Under analys is 

tab of NLS we defincd different quantities. As the program execution terminated normal ly, a 

complete calculation file is obtained from the log window and is stored fo r the further analysis. 
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CHAPTER 5 RESUL TS AND DISCUSSION 

In th is part , the result s of our ca lculations arc presented. First, structura l and electronic properties 

(band gap and ~OS) o f ZnS, BeS zinc blendes and , the effects of incorporation of Bc substitution 

on the super cel l of ZnS at (X = 0, 0.4 1, 0.66) and X = 1.00 compositionall y valued on the 

structural and electron ic st ructure are presented . Secondl y, structu ral and electronic properti es 

(band gap and DOS) of ZnS and BeS in the rock salt form and the effects of incorporation of Be 

substit ution on the super ce ll o f ZnS at (X = 0, 0.41, 0.66) and X = 1.00 compositiona ll y va lued 

on the structural and electronic stru cture are presented. Finall y, the effect of high pressure on 

BexZn[_XS alloys at (X = 0, 0.41, 0.66 and 1.00), phase transition from ZB---.RS. 

5.1. Structural Properties for 13cxZn,_xS Alloys in Zinc blcnde and Rock Sa lt 

Structure 

The structural propert ies of ZnS , BeS compounds and their ternary al loys in the zinc blende and 

rock salt phase using the LOA. For the cons idered structures and at different bery llium 

concentrations (X = 0, 0.4 1, 0.66, I), the structural properties were obtained by a minimization of 

total energy as a funct ion of the vo lume for ZnS , BeS and BexZn[ xS in the ZB and RS 

structures. This allowed the obtaining of the equilibrium structural properties, the latti ce constant 

(a), the bulk modulus (BO) is fitted by Murnaghan ' s equation of state [4]. The equili bri um lat1ice 

constants and bulk modulus for the binary compounds (ZnS and BeS) and their al loy (BexZn [_ 

xS) are g iven in Table 3 and Tab le 4, for ZB and RS, respective ly, which also contain resu lts of 

previous calcu lati ons as we ll as experimen tal resul t. 
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Table 3. Lattice constants a" (A) total energy (eV) and bulk modulus BO for ZB structure of ZnS, 

BeS and BeXZnl_XS alloys. 

X Va lues acq(A) EI (eV) BO (G Pa) PI (GPa) 

0 Thi s work 5.31 -523 81.3205 63.S 20.0 

Exp' t 5.4 11 22] - 76.9 [22J IS.I , 16.2 

150] 

Other calc 5.46, 5.53 , [22] - 80.6, 69.4, 69.6 16. 1 [50) 

[22] , 83. 1 [29] 4.9 [29] 

1 Thi s work 4.S1 - 10687.2826 96.0 6 1. 0 

Exp' t 4.87, 4.S6 [5 1, 11] - 105.0 [10] 5 1.8 [11] 

Other ca lc 4.82 - 93.0 [10] , 92 .2 149] 49.9 [II ] 

0.4 1 This work 5. 13 -3 5389.7507 70.3 32.6 

0.66 This work 5.08 -24579.68 1 '! 90. 1 26.0 
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Table 4. Lattice constants a (A) total energy (eV) and bul k modulus BO for RS ZnS , BeS and 

BexZn l-XS alloys. 

X Values acq(A) ET (eV) 80 (G Pa) 

0 Th is work 4.99 -52372. 1469 90.2 

Exp ' t 5.06 [49 1 - 103.6 [49 1 

Othcr ca lc 5.21 [49 1 - 83.1 [49J , 104.4 1291 

I This work 4.54 -10664.3363 130.9 

Ex p' t 4.88 -

Other calc -

0.41 This work 4.86 -35377.9223 110.0 

0.66 This work 4.69 -24564.3414 119.9 

The total energy determ ined here in Table 3 and Table 4 shows the robustness and the stability of 

the modeled alloy materia ls for the cal culations of the ground state properti es. It shou ld be noted 

that, there is no avail ab le ex perimenta l or theo retical publicati on o f thesc values for the alloys of 

0.4 I and 0.66 to be com pared with. Nevertheless, our resu lts for the binary compounds are 

reasonab le with experimental in vestigations. However, we have a small under estimati on of the 

latti ce parameters and bulk modu lus whcn wc compare our resu lts to the experimenta l data. This 

may possibly due to the use of the LDA. The LDA is the gro und state theory, which cannot do 

very we ll in the exci ted state. [n both cases (Z8 and RS) our calcu lated va lues of the latti ce 

constant s fo r the binary compounds arc slight ly underestimated compared to the correspondi ng 

experimenta l values, which is consisten t with the general trend of the LDA approximati on. T hi s 

shows that our ca lcu lati ons underestimate the equi librium lattice parameter by 1.3 1 - 1.77% and 
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bulk modulus (130) by 5 - 13% with respcct to expcrimental data. Nevertheless, our calcu lated 

structural parameters are in good agreement with those obtained by first principlcs methods 

within different approximations. Generally speaking, the lattice parameters that we ha ve 

estimated from the Vegard ' s exprcss ion (Equation I) arc comparable with the DFT ca lcu lation 

for the rcspecti ve conccntrations. Figure 6 (a) and (b) ; show the variation of the calculated 

equilibrium latti ce constant versus concentration (X) for BexZnl _x S al loy for ZB and RS 

rcspeeti vcly. We found that the con fi gurationall y averaged lattice constan ts from Vegard ' s law 

have on ly a small deviation, which arc illustrated by dotted curve as a linear variation of the 

lattice constant of alloys versus concentration (X). However, from the literature survey it is 

turned out that the violation of Vcgard ' s law has been reported in semiconductor alloys both 

experimentally and theoreticall y [4 1. Usuall y, in thc treatment of alloys, it is assumed that the 

atoms arc located at the idea l latti ce sites and the lattice constant varies linearly with 

conccntration X according to the so-ca lled Vegard ' s law. Our resul ts fo r all compounds arc 

comparable wi th the reported theoret ical investi gations. A small deviation from Vegard ' s law 

(the lattice constant o f alloys shou ld be linearl y with concentrat ion (X) is found for thi s alloy 

with upward bowing parametcr equal -0.269 A and -0.097 A obtained by fitting the calculated 

values with a pol ynomial function for ZB and RS, respccti vely. The result of thc RS is in good 

agreement with thc thcoretical valucs of (-0. 066 A) and (-0.016 A) 141. But the ZB va lues arc 

more dcviatcd from thc theoretical one. 
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Figure 6. Shows the variation of the calculated equilibrium lattice constant versus concentration 

for BeXZnl _X S alloy at different concentration of beryllium (X = 0, OA I, 0.66, 1.00) in the form 

of a) ZB b) RS. 

The physical origin of thi s deviation should be mainly due to the large mi smatches 0[' the lattice 

constants of the binary compounds ZnS and BeS r4]. The Vegard estimates sho w that the 

s ubstitution of Z n by Be accompanied with monotonic decrease of the lattice parameter [S2l 

Similarly our calcu lated lattice constant of a BeXZnl _XS alloy in both cases (ZB and RS) 

decreases linearly with increasing X value according to Vegard 's rule. However, our DFT 

calculated lattice constant versus concentration curve shows a sl ight increases of thc lattice 

constant at X va lue of OA I and decreases at X value of 0.66 Figure (6) as compared with 

Vegard's law. As we observed from Figure (7), shows the variation o f the calcu lated bulk 

modu lus versus concentration 'X' for a BeXZn l_X S alloy are calculated and there is a linear 

deviation of bulk modulus from the vegard's of average configuration. This deviation is due to 
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the weak mismatches of the bulk modulus of the binary compounds. Note that as the 

concentration (X) increases, BO increases as we ll. The enhancement of BO versus (X) is 

monotonic. Thi s indicates that thc material under load becomes less compress ible when 

increasing the alloy concentrati on (X) 14]. A marginal dcviation from LCD, with downward 

bowing equa l to -4.486 Gpa and 1.050 Gpa fo r the ZB and RS , respectively was observed. In the 

same manner the increments of bulk modu lus is due to the more covalence character of BeS. 
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Figure 7. Concentration dependence of the OFT ca lculated bu lk modulus of a BeXZn I-XS alloy 

compared with thc linear concentrati on dependence prediction as estimated from the vegard like 

average configurat ion. 

Our OFT calcul ated bu lk modu lus verses concentration curve shows the general trend of increase 

in the bulk modulus with increase in Be concentration. As shown in Fi gure 7 a slight decrease 

and increase of the bulk modulus at X = 0.41 and 0.66, respecti vely, IS e1early visible as 

compared to the linear concentration dependence, that is a dotted curve 111 Figure 7 (a). The 

reason for these anomal ies can be explained as fo llows. The bu lk modulus of the materia l has an 
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inverse relation with bond length and at X = 0.41. ZnS have large bond concentrations than BeS 

bond. Therefore, BeS has less effect on bulk modulus due to lower bond concentrations, but ZnS 

shows I-bond ---+ 2-mode behaviour, which implies that one ZnS bond, has larger value than its 

equ ilibrium va lue, hence bulk modulus decreases. Si milarl y at X = 0.66 BeS has more bond 

concentration and shows I-bond ---+ 2-mode behaviour i.e . I-mode of BeS should have small er 

bond length in comparison to its eq ui libriulll bond length, hence increase in the bu lk modulus. 

But in case of Figure 7 (b) , generally the bulk modu lus increase s lightl y through our calculation 

at all selected concentrations of our materials. The reason is that the effect of pressure can bring 

that decreasing the latti ce constant o f the materi als meaning decreasing the bond length of alloys 

but increases the bond concentration at the X = 0.41 and 0.66 and has more bond concentration 

and shows I-bond ---+ 2-mode. Generally, our DFT calculated parameters of ground state moduli 

arc in good agreement to experiments and other reported theoretical investigations, which give us 

much promised to investigate the other properties of the alloy under pressure. 

5.2. Pressure effect on structural properties ofl3cxZnl _xS alloys 

In the Bexi.nl .xS system, the constituent components ZnS, BeS and BeXZnl _XS alloys ex hibit 

contrasting properties, and their pressure-induced phase transformation also follows different 

paths. Pure ZnS and BeS both crystallize in the zinc blende (ZB) structure at low pressure and 

are known to transform to cubic rock salt (Nael) at high pressure. The phase transformation 

pressure increases linearly wi th Be concentration (X) [53]. In thi s work we computed the 

structural properties of BeXZn l_XS alloys at high pressure by using the first-principle ab-initio 

SIESTA methods. Under thi s condition, the informat ion needed to determine the transition 

pressure is the total energy variation with vo lume and pressure versus vo lume re lation. The 

structure o r BeXZn l_XS alloys phase is optimized at the pressure of zero (0) GPa. The calculated 
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energy vo lume data of the ZS and RS structures of SexZnl_xS alloys are shown in Tab le 3 and 4 

respectively. Our ca lculation for SexZnl _xS fo llows the transforma ti on sequence of ZS to RS , 

which agrees with the recentl y reported theoreti ca l as we ll as experimental investigati ons at X = 

o and I. Our res ul ts show that a first-order phase transition fro m the ZS structure to the dense RS 

structure is at approx imate ly 20.0 GPa and 61.0 GPa respecti ve ly. For thc case of X = 0.41 and X 

= 0.66 the calculated phase transition pressure is 32.6 Gpa and 57.0 Gpa respecti vely. 

As shown from Figure 8, the pressure phase transition is obse rved. Thus transi tion pressures are 

calculated from the pressure - vo lume data that is ca lcul atcd from the [-V e1ata. 
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Figure 8. The phase transition of ZB to RS at concen tration of Be a) 0.00 b) 0.41 c) 0.66 and d) 

1.00 with pressure - volume data. 

The obtained values of aeq, BO, ET, and transition pressure CPT) of ZB to RS phase of ZnS and 

BeS compared wi th some ava ilable theoretical studies and our calculated ZB to RS 

transformati on pressure is s li ghtly above experiment but is in good agreement with an theoretical 

data of [II. 50]. For the se lected concentration of Be atoms, at X = 0.4 1 and X = 0.66 the phase 

transition pressure is 32.6 Gpa and 57 Gpa respecti vely. Th is shows, as the Be atom substitut ions 

increases phase transition pressure increases. Thi s indicates that the effect of Be atoms have the 

tendency it required high pressure to change the phase of the a lloys. The obtained results show 

ZB structure is more stable than RS structure . That is, the energy state of ZB structure is the 

lower as compared to the RS structure, which is clearly visible in Table 3 and 4, as the lower 

energy minima corresponding to ZI3 phase. In addition, our calculated bulk modulus of RS 
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structure is much higher than that of ZB structure . The material s are more closed packed vo lume 

decreases relati ve to the less packed one (ZB). Thi s is because high prcssures applied wi ll fo rces 

the atoms closer to each other with decreasing inter-atomic spacing between the atoms in the 

latti ce. Consequently the bond exhi bit the covalency nature, thus have larger bulk modulus. 

Moreover, the elastic constant of the materi als at high pressures is essent ial in order to predict 

and understand the material ' s response, strength, mechanical stab ility, and phase transitions. 

5.3. Band Structure for zinc bien de crystal structure 

The band gap is the minimum energy of an electronic excitation in which there is no interaction 

between the promoted electron and the hole that it leaves behind. In terms of the Kahn-Sham 

descripti on of the system, the band gap is usually taken to be the difference between the 

eigenvalues o f the conducti on band minim um and the va lence band maximum, which are the 

bands positioned at just first two points on the either side of the zero point (EF)' The ca lcul ated 

electron ic band structure shows zinc blende ZnS is a direct band gap material with the top of the 

valence band and the bottom of the conduction band occurring at the zone center of r. This 

indicates that there is no momentum change. The calculated fu ndamental band gap or energy 

difference between the top of the valence band and the bottom of conduction band is depicted in 

tables 5. The calculated band gap is underest imated in compari son with the experimental result , 

but the overall electronic band profil es are very comparati vely in good agreement with the 

theoretica l va lues. 
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Figure 9. Band structures of a Be,Zn l_.,S al loy at Be concentrations (x) of a) 0.00 b) 0.41 

c) 0.66 and d) 1.00. 
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As we see li'om the Figure 9 (b) still the band gap is a direct as the 0.4 I incorporation of Be 

atoms in to the super cells. We note that the fundamental gap (r - r) increases from Figure 9 (a) 

to Figure 9 (d) al most linearly with increase of the Be concentrati on. This is because an 

increas ing rep lacement of Zn atoms by Be causes the atoms closer to each othcr (the smaller the 

vol ume per atom), the stronger character of the covalent bonds is observed. Thus due to the 

cova lent character of Be, the cati ons state exhibit less orbital overlap extent and thus more 

sharing of electrons, whi ch leads to the increas ing of the energy bands (valence band and 

conduction band). In Figure 9 (c) the calculated electronic band structure is allowed the indi rect 

band gap as the Be concentration is substituted to 0.66. From Fi gure 9 (d), the material s have 

indirect band gap at the symmetry point of r - X. This shows that there is momentum ehange 

along the materials . As we observed from Fi gure 9 (b) and (c) the number of band lines are 

increasing more below the Fermi Icvel at X = 0.41 and X = 0.66. This is indicates the promotion 

of the p-type character of the a lloy with doping. From table 5, the simulation resu lt indicates that , 

ZnS is a direct band gap at I' point with the values of 2. I 2 eV, but at f - X the matcrials shows 

ind irect band gap with values of 3.83 eV. From thi s the indirect result seems to have more 

precision result than the experimental values. Thi s underestimation of the band gap is mainly due 

to the fact that the simple forms of LDA are not suffi cientl y flex ible to accurately reproduce both 

exchange correlat ion energy and its charge derivative [I I]. 
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'fab le 5. Energy band gap (in eV) at the hi gh symmetry points within the Brillou in zone for the 

conduction band and the valence band of ZnS. 

Brillouin This work Other CaL Experiment 

2.1 2 2. 16, 1.96 3.68 [22J 
1~ 16v - ric 

r l6v - Xle 3.83 3.0 1 122] 4. 10 [221 

r l6v - Li e 3. 19 3. 16 122] 4.40 [22] 

LI5v - Li e 4.38 3.38 122) 4. 11 [11 ] 

XSv -Xl e 3.08 

Table 6. Energy band gap (in eV) at the hi gh symmetry poin ts within the Brillouin zone for the 

conduction band and the valence band of BeS. 

Brilloui n zone This work Other CaL Experiment 

r 4v - ri c 3.73 5.40 [J J] -

r'llv -X 1c 3.03 3.78 [ 11 ] >5.5 [11'1 

1'4v - Li e 4.05 5.25 1111 -
-~--. 

L3v - Lie 4.38 6.46 151 ] -

X6v -X 1c 3.52 5.74 [5 1) 4.86 [51] 

As we shown in Table 6, the calcu lated band structures of BeS (ZB) using LOA schemes gave 

indirect band gap at r-x In the same trend the calculated band gap is underesti mated in 

comparison with the ex perimental result with wide band gap and relatively good agreement with 

the theoretical va lues. 
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Table 7. Energy band gap (in eV) at the hi gh symmctry points within the Brillouin zone for the 

conduction band and the va lence band of BeO.4IZnO.59S. 

Brillouin zone r 31v - r ic r llv -X lc r l lv - Ll c L33" - Li e X22v -X lc 

Thi s work 3. 13 3.24 3.67 3.93 3.64 

Stil l the materials arc direct band gap at Be conccntration X = 0.4 1 and relatively the range oCthe 

direct band gap is increas ing as thc conccntrations of dopant increases. 

Table 8. Energy band gap (in eV) at the hi gh symmetry points within the Brillouin zone fo r the 

conduction band and the va lence band of BeO.66ZnO.l4S. 

Brillouin zone r 41 v - r ic r 41v -X lc r 41v - Llc L22" - Llc XS4" -X Ic 

Thi s work 3.50 3.09 3.85 4.17 3.30 

At thi s concentrat ion the materi als have indirect band gap. This shows the contributions of Be 

concentration. 

5.4. Band Structure for rock salt crystal structure 

As we observcd frolll thc calcu lated band structurcs, it is poss iblc to deduced thc cffects of 

changing the crystal structures, enhanced thc changc in electronic propcrties. In f igure 10 (a), 

the band st ructures of the va lencc and conduction bands overl ap. The overl ap is caused by a 

strong lowering of the Xlc band with respect to the r 21c state and by the trend of the LOA method 

to produce too small values for energy gaps. In the zinc blende phase the Xlc band is well above 

the conduction band minimum , but in the rock salt structure it is shifted to lower energies. 
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Figure 10. Band structures of a BexZn].xS a lloy at Be concentTations (X) of a) 0.00 b) 0.4 1 c) 

0.66 and d) 1.00 in the rock salt crystal structure. 
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The overl apping of materials is observed due to the close packing of the rock salt one, i.e. rock 

sa lt has more close packing efficiency than that of the zinc blende one. In do ing so, formations 

of ion ic bond are the pronounced. For th is reason less energy is requ ired , to excite electron from 

valence band to conduction band. From Figure 10 (d), it is clearl y seen that BeS remains 

semiconductor. But, it change their symmetry fro m the indirect between (r and X po in ts) to 

direct band gap (X-X). T he reason is that at X- symmetry the coordi nation 's of the crystals have 

(0.5, 0.0, 0.5), while for ZnS and BeOA IZnO.59S compounds our study shows metall ic phase. But, 

if we observe the diffe rence among the two compound , as the Be is substituted the num ber of the 

energy state is increases. For BeS, the va lence band maximum (YBM) and the conduction band 

min imum (CBM) occurs at the X point, then BeS have direct band gap at thi s symmetry point as 

depicted in Figure 10 (d). 

Tab le 9. Energy band gap (in eY) at the high symmetry points within the Bri llou in zone for the 

cond uction band and the valence band of ZnS. 

r 21v - r le r 21v -Xic r Zlv - Li e LI 2v - Li e X26v -X Ie 
Bri ll ou in zone 

·f hi s work (e Y) 1. 12 0.89 125 0.99 0.00 

Other Cal. (e Y) 1.84 3. 19 - -

Experiment (e Y) 3.80 [5 11 - - -

Table 9, the band structures for ZnS in the rock sa lt form shows high symmetry as observed at 

the (X26v -X Ie) . This shows that the materials ha ve d irect band gap at thi s symmetry point. From 

this band gap the materials shows thc mctall ic character due to the overl ap of the va lence band 

and cond uction band and the val ues of the gap is 0.00 eY. From this band we observed that the 
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materials have more band states around the Fcrmi Icvel. The materials arc much closed packcd 

each other; these packing effects enhancc or bring the orbi tal overlapping of the valence band 

and conduction band. 

'fab lc 10. Energy band gap (in eV) at the high symmetry points with in the Brillouin zonc for the 

conduction band and thc valence band of BeS 

r 9v - ri c r 9v -X lc 1 9v - Llc Lll v - Llc X 16v -X lc 
Bri llouin zone 

This work (e V) 2.08 1.29 2.25 2.34 0.91 

Other Cal. (e V) 4.2 1 2.66 1111 4.25 111] - -

Expcrimcnt (cV) 4.50 III J - - -

Tablc II. Energy band gap (in eV) at the high symmetry poin ts within the Bril louin zone for the 

conduction band and the va lence band of OCOAIZnO,9S 

Brillouin zone 1 66v - ri c r 66v -XI ' r 66v - Li e L37v - Li e L)7v - Li e 

This work 3.58 3.09 3.85 3.76 3.30 

The values of band gap in X = 0.00 and X = 1.00 cases are in reasonab le agreement with the 

theorctical va lues. It is well known that LOA usually underestimates the cnergy gap. This is an 

intrinsic f'cature of OFT which is not suitable fo r describing exc ited state propcrtics. However, it 

is widely accepted that LOA electronic band structures are qualitatively in good agreemcnt with 

experiments as regards the ordering of the energy levels and the shape of the bands. However, in 

thi s method, the quantities that depend on an accuratc description of cxchange energy, such as 
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cquil ibrium volumes and bulk modu lus are in less agreement with experiment. The band gap of 

BexZ nl .xS alloy should undergo a direct to indirect crossovcr at a value of 0.49. For th is purposc, 

we have calculated the direct and indi rect band gaps for the al loy at va rious concentrations. 

Table 12. Energy band gap (in eV) at the high symmetry points within the Brillou in zone for the 

conduction band and the va lence band of BeO.66ZnO.J 'IS. 

Brillouin zone f"68v - ri c f"68v -X le r 68v - Li e LI6,' - Li e X S4v -X1c 

This work 2.54 0.29 1.32 l. 52 0.20 

5.5. Gap bowing and its origins 

The compute energy band gaps of ZnS, BeS binary compounds, and thci r alloy BcxZnl.xS self 

consistentl y, LOA are used within OFT. 'fh e Calcu lated results for direct band gaps and indirect 

band gap in both ZB and RS are given in Figure (9) and (10) respect ively. In fact, the LOA 

functional have simple forms that are not suffi ciently fl ex ible to accurately reproduce both 

exchange correlation energy and its charge derivative. The variation of the direct r - f and 

indirect f"- X band gaps versus alloy concentrat ion is given in Figure ( II ). 
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Figure 11. Concentration dependence of the direct (, - r) and indirect (r -X) band gaps in a 

BexZnl _x S alloy Zinc blcnde. 

The d irect-to- ind irect (r - r --> r - X) band gap crossover has been located at a concentration of 

0.49 which is s lightly close to the FP-LAPW value of 0.76 141. In Figure 12 (a), we note that the 

fi.mdamenta l gap (r- r) increases with Be concentration. While in Figure 12 (b) , the indirect gap 

(r - X) decreases wi th Be concentration. The total bowing parameter is calculated by fitting the 

nonlinear variation, with second order po lynom ial functions. Using the polynomia l fit as shown 

in Figure 12, we found that our res ults obey the fo llowing variations: 

E r~ I = 2.1 !+3.52X _ 2.24X2 (40) 

E r~x = 3.83-1.83X + 1.02X2 (41 ) 

It is shown from the above equations that the variation of the direct (, - r) and indirect ('- X) 

band gaps as a fu ncti on concentration has a nonlinear behavior. 
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Figure 12. Polynomial fit of the direct er - r) and indirect er - X) band gaps versus Be 

concentration eX) of a BexZn ].xS a ll oy Zinc blende. 

The obtained non linear dependence on concentrati on eX) by using ab-initio by LOA methods and 

it is interesting to note that the di rect gap er- r) versus concentrat ion has a downward bowing 

with a value of 1.02 eV, whil e the indirect gap er - X) has an upward bowing of -2.24 eV. The 

values of these bowings arc much close to those obtained by using the FP-LAPW method of 1.93 

eV and -3 .04 eV, respecti ve ly IA]. Therefore the band gap bowing is main ly originated o·om their 

equi librium lattice constants to the intermediate a ll oy va lue of a eX) that is a clear deviation from 

the Vegard's rule, due to the large mi smatch of the latt ice constants between the bulk material s 

i. e. ZnS and BeS. 
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5.6. Density of state for the zinc blendc crystal structure 

O ur calcu lated total density of states (DOS) for different concentrations, i. e. X = 0.0, 0.41,0.66 

and 1.00, of BexZ nl _xS alloys are given in th is part. The Df'T calcul ated DOS spectra for the 

BexZn l_xS a lloy arc plotlcd in Figure 13 , with the zero of energy corresponding to the Fermi 

level energy. The ca lcul ated DOS spectra in Figure 13, of the binary compounds ZnS, l3eS, and 

their alloy show the type of cond uctiv ity of the material. From, Figure 13 (a) for ZnS the DOS 

peak on the left and right side of Fermi leve l orig inate with the spect ral posi tions of - - 1. 35 eY 

and - 0.7 eV, respccti vely. The va lue of gap in DOS, which is the gap in between lirst onset of 

electron density from the right and left side of the zero point, is fo und to be si milar to thc 

obtained gap energy from the band structure. It is clearly observed that DOS peak for the 

electrons on upper side of Fermi leve l shows step increase and reaches max imum va lue at - 3.3 

eY. On the other hand , the DOS peak for thc hole on left of Fermi level shows small e lectron 

dens ity incremental, which arc far away from the zero point. Th is explai ns the small p-type 

conductiv ity of the materia l. Figure 13 (d) for I3cS the DOS peak on the left side of Fermi level 

ori ginates li'om the spectral position of - - 0.7 eY with a sharp and large onset. On the other 

hand, the DOS peak for the electrons on upper of Fermi leve l starts from - 2.6 eY with very 

wcak rise of electron density, wh ich is indicat ive of strong p- type conductivity in the BeS 

material. From Figure 13 (b) for concentration (X) value of 0.4 1 the DOS peak on the left side of 

Fermi level originate from the spectral position of - -1 .5 eY and shows steep increasc and 

reaches its maximum at - -3.5 eV. On the other hand , the DOS peak for the electrons on upper of 

Fermi level starts from - 1. 7 eV and shows small va lues . 
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Figure 13. Calculated DOSs for a BexZnl _xS alloy at Be concentrat ions eX) of a) 0.00 b) 0.4 1 c) 

0.66 and d) 1.00. 
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Effecti ve ly DOS peak rises at - 2.2 eV. This explains the origin of strong p-type conducti vity o f 

the materi al. Similarl y, from Fi gure 13 (c) for X value of 0.66 the DOS peak on the left side of 

Fermi level ori ginate from the spectral posit ion of - - 1. 6 eV, shows steep increase, and reaches 

its maximum at - -2.2 eV . On the other hand, the DOS peak for the electrons on uppcr of Fermi 

level start s from - 1. 7 eV and shows small values. Effective ly DOS peak rises at - 3.2 eV. This 

aga in exp la ins the origin of strong p-type conducti vity of the 0.66 materi al. In general, when the 

lowest conduction bands come c loser at the X- point as the alloy is fo und to be Be ri ch. This may 

be a consequence of cova lent character of bond ing in Be rich alloy. Our calcu lat ions a lso show 

that the obtained va lues o f gap in DOSs are found to be comparable with their con esponding 

band structure energies. 

5.7. Density of state for the rock sa lt crystal structure 

The typical DOS for thc BexZn l_xS alloy at Be concentrat ions (X) of a) 0.00 b) 0.4 1 c) 0.66 and 

d) 1.00 are calcul ated in Figure 14. As seen from Figure 14 (a) and Figure 14 (b) at the right side 

and le ft side of the Fermi level are sti ck together. This stick of the valence and conduction band 

brings to materials sho ws metallic character as we observed from the band structure ca lcul ation. 

This indicates that the overa ll topology of the occupied DOS is sim ilar. For instance, the two 

lowest conducti on bands come closer at the X- point as the alloy becomes Be rich. This may be a 

consequence of covalent character of bonding in Be ri ch alloy whi ch wi ll be di scussed in the 

subsequent findings. 
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Figure 14. Calculated DOSs for a BcxZnl .xS alloy at Be concentrations (X) of a) 0.00 b) 0.4 1 c) 
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In Figure 14 (a), there is a sharp spectra increment is observed at 0.00 eV and weak spectra is 

observed at - 0.5 cV. From these spectra the materials have p-type character. In Figure 14 (c) 

around - -0.1 eV there is sharp spectra and many density of states are observed to left sides of 

the Fermi level, but small spectra is observed at the FW HM of - 0.5 eV and at - 3.8 eV 

relati vely big spectra is observed. This implies that materi al shows p-type character. In the same 

case is phased in Figure 14 (d) at - -0. 5 eV the onset or the spectra is increasing and ri ch' s - -0.9 

eV and at - 0. 5 eV small peak is observed. From this description the material s shows p-type 

nature. Generally as the crystal structure change from ZB to RS the material s have the tendcncy 

to overlap due to densely packing of the crystals. But as the Be substitution increases the 

overlapping of the somewhat decreases materials increases, as we observed from the spectra of 

Figure 14 (a) - (d) with and without Be substitution. 
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CHAPTER 6 CONCLUSIONS AND FUTURE OUTLOOKS 

We have presented a systematic density fu nctional theory calculat ions of structural and electroni c 

properties of ZnS, BeS, and cffects of Bc subst itution on BexZnl _xS alloy at the concentration of 

the Be atoms X = 0.00, 0.41 , 0.66 and 1.00 in the ZB and RS phase. Wc have calculated the 

concentration dcpendencc of the lattice constant , bulk modulus, pressure derivativc, band gap, 

and density of states by using the modeling of a geometri ca lly relaxed unique supercel l of 54 

atoms. The total energy has becn calculated as a function of unit cell vo lume and is filled by 

Murnaghan's equation of state. The calculated lattice equilibrium and bulk modul us with 

concentrational variations are found to be in good agreement with the experimental val ues. As 

the Be concentration increases the bulk modulus increascs slightly and therc is smal l dcviation 

from vegard's law with lattice constant bowing. This deviation mainly due to the mismatch of the 

lattice parametcr bctween BeS and ZnS. Thc calculated electronic band structure rcsults show 

that zinc blende, 7:nS, is a direct band gap matcri al and BeS shows indirect band gap materia ls. 

Thc calculated band structure sho ws a transition fi-om direct band to indirect band gap cr----> I~) ----> 

cr----> X) at X = 0.49. We have additionally predicted that ZnS and BeS compound transforms 

from ZB CFCC) at ambient pressure to thc RS (NaCI) phase at hi gh pressure. It is fo und that the 

phase transitions from the ZB st ructure to RS occur at 22.0 GPa and 6 1. 0 GPa, respecti vely. 

Finall y, using the as obtained mcchanieal hardening, we can conclude that a BexZnl _xS ternary 

alloy is useful in the reali zation of long- li fetime laser diodes by suitably adjusting the ir Be 

concentration. As a future extension of current research, the investi gations of phonon spectra can 

be suggested; optical phonon modes of the ternary arc expected to get either sof1cned or 

hardened with Be-dopant concentrations. 
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