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ABSTRACT

INVESTIGATION OF STR UCTURAL AND ELECTRONIC PROPERTIES
OF ZNCDTE TERNARY AL LOY NANOSTRUCTURES

Kurban Mustafa
Ph.D, Department of Physics

Supervisor Pr of . Dr. kakir Erko-

April 2016 145pages

Nanostructuresincluding 1-VI compound semiconductgrdiave attracted
enomous attention in a wide range of applioag of nanotechnology due tbe
unusual mechanical, electrical and thermal properties under varying size, geometry,
temperature and pressure when compared to corresponding bulk materials. However,
thesepropertes are not directly measurable é&periments because of the methods or
the availability of the experimental tools, so theoretical models and computations play
an important role in the study of the nanostructures to obtain detailed information on
atomic andmolecular structures. This is the reason why other techniques are being
developed as simulation and modeling methods. This thesis aims to deeptbe into
structural and electronic properties of ZnCdTe ternary alloy nanostructures, such as
nanoparticles ahnanowires, by performing classical molecular dynamics computer

simulations and density functional theory calculations.

Key Words: CdZnTe nancstructures Molecular Dynamics Simulations, Density

Functional TheoryHeat Capacity, Stretching, Compression

Vv



ZNCDTE

¥Z

I ¢ L] AANAYAPIMARNNIN YAPILARI VE

ELEKTROMEELLKKLERK N KN MENMKE L

Yaréeil etken nanoyapeéelar, dépmseegn bboyut ,

faktorl er

Kurban Mustafa

Doktorg Fizi k B°1l ¢mg

Tez YO nReodf Drikiakii r Er ko -

Nisan2016 145sayfa

altéenda eKsSi z mekani k, el ektri

nanoteknol oj i uygul amal arénda °neml. bi

dojrudan

deneyseéel - ghamé2z2r mBuamedkal e

r

k

teori

hesapl amal ar , atomi k ve molek¢l er yapeéelar

°  nemlidir.

Bu tezaemel grléepedcdymapeél amabove

el

\

y e
°©zelli kl eria,r eche rkeuyl sl ealn eédlraar-iélni ryleitjer saiye®l mgti md e

k

h

e

klask mo tdd knalme 3 2 éx € kyaonf unl uk fonksiyonu teori si

Anahtar Kelimeler:

CdZnTe Nanoygpéd a rMo | edki¢gd a minjziet Bei ml e

Yo] ukFlomk si yonellisé&usréajmaes €, Gerdirme, S¢gnderm

Vi



To My Dearestamily

vii



ACKNOWLEDGEMENTS

| would like to thank Prof. Drk a kE r rk for-his invaluablesupport kind
guidance,patience,inspiration, encouragementhrough all steps of this thesis and
giving me the opportunity of working with hirham indebted to him for givitnme so
much of histime and educating me in various aspects of Molecular Dynamics and
Density Functional Theory technigueHis willingness to help with anything at any

time is greatly appreciated.

| would also like to thank t®r. EmreS. T a kanhd®Dr. O. Bar ék foMal céoj | u
helping me tadevelop the skills to finish my thesiswould also like to thank tétomic
and Molecular Physics Grodpmily. Moreover, | amgrateful to Dr. Donald K. Ward
for providing a recently developed CdZnTe bond order patlesmid some suggesti®n

for my studies.

The numerical calculations reported in this paper were partially performed at
TUBITAK ULAKBIM, High Performance and Grid Computing Center (TRUBA

resources).

Many thanks to my family for their love, moral support @nay especially to
my wife, my parents and brothers addition my thanksgo to all my relative and

friends.

Finally, | would like to thank the members of the jury for their reviewing my

thesis and also their instructive and constructive comments.

viii



TABLE OF CONTENTS

ABSTRA CT ettt ettt m oot e e et et et e e e e e e annneeeeaa s v
ACKNOWLEDGEMENTS.....ce et eeee e e wiii
TABLE OF CONTENTS. ... eeee e e eeaes IX
LIST OF FIGURES ... ..ot e Xii
LIST OF TABLES.......o ettt emme ettt e e e e annnas XX
CHAPTERS
1. INTRODUCTION ... et et a e e e 1
1.2. Physical properties of CdZNTe.........cccooiiiiiiiiiiieee e 2
1.2.1 CryStabtrUCIUIE......uuuiee i eeeeeeei e 2
1.2.2 BANA SEIUCTULR. .....eiiiiiiiiiiiiie e icee et e e e 5
1.2.3. Phase Diagraml..........cccooiiiiiiiiiiieeee e 7
1.3.Potential Applications of CAdZNTe......cccoeeiiiieiiiiiiiieeeee e 8
1.4. Nanostructured Materials............cooooiiiiiieemiee e 9
1.4.1 Zeredimensional (0D) NaNOStrUCIULE........ccoeeeieieeeeiiiceeeecce e 9
1.4.20nedimensional (1D) NANOSIUCTUIE...........ccoeevriiiiiiiccceeeeeeeeeeeeee 12
1.4.3 Twaedimensional (2D) NanOoStruCtULe...........cc.uvvvvviiieieeeiiiiiieeeeee 14
2. METHODS OF CALCULATION......coiiiiiiiie it 17
2.1 Molecular DYNAMICS. .....ccuuiiiiiiiieeeee e 17
2.1.1 Algorithms to integrate the equations of matian.................cccceeeeiennns 19
2.1.1.1 Verlet AlgOrithm...........oouiiiiiiiiii e 19
2.1.1.2 PredicteCorrector Algorithms...........ccoooiviiiiiiiiiiceeie e 20
2.1.1.3 NordsieckGear PredictofCorrector Algorithm...............ceeeieeinieen 20

IX



2.1.1.4 Lanczos recursion algorithml..............oooeeiiiiieeeeiiiieee e 21

2.1.2 Potential Energy FUNCLIONS..........uuviiiiiiiiiiiieeeieie e 23
2.1.2.1 Lennardiones and Axilrodeller PEF............ccccevviiiiiiiiiieeeiiiieeeee 23
2.1.2.1 Analytical bondrder potential (BOPR)...........covvvvveriivviiiereeeeeeiins 26

2.1.3 Periodic Boundary ConditiONS............uuuuueiuiiiieeeeeeiiiniiinsseeeeeeeeeenennes 27

2.2 Density Functional ThEOLY........cccceeiiiiiiieeeeeee e 28
2.2.1 BornOppenheimer@proXimation................ceeeiieeeeeceeciiiiieseee e e e 28
2.2.2 HartreeFock ApProXimation..........ccceeeeeeeeeeeiisieeeiee e e eeeeeeeeeeeeeaiees 29
2.2.3 The eleCtron denSity.........cccoeeeeiiiiiiiiieeee e 30

2.2.4 The Hohenber¢{ohn Theorem...........c.ceeeeeiiiiiiiieeeee e 31

2.2.5 The KohfSham Theorem..........coooviiiiiiiiiii e 32

2.2.6 Exchang€orrelation Functionals..............oooooiiiiimmmn e 33

2.2.7 BASIS SEIS.....uuuiiiiiiiiiiiii ittt 35

RESULTS AND DISCUSSION......cutiiiiiiiiie e eeee s 37

3.1 Structuraproperties of ZxCdixTe (x=0.25, 0.50 and 0.75) ternary nanorods:

Molecular Dynamics Simulations................oovuiiiiiiceer i 37
20 001 A [ 01 { (oo U T4 i [ A PP PUPPPRPP 37
3.1.2Modelling and calculation procedure..............cceevvviiiieeeiiiieeeeeeeeeee, 37
3.1.3 Results and DISCUSSIQNS.......ccccoiiiiiiiiiiieaee et eeeneeee e 39

3.2 Investigation of the structural properties of Cdid ZnTe nanorods under heat

treatment: Molecular Dynamics Simulations...............ccccceiiiicceeeviennnnnnnnn. 46
3.2. 1 INtrOdUCHION.......ceeeeeeeeeiieii et errrnne e e e eeeneeee e 4D
3.2.2 Modelling and calculatigorocedure...............ccccuvviviiimmmnnniiiiiiienne, 46
3.2.3 Results and DiSCUSSIQNS..........cevvivereiiiiimmmeeereeeeeeeeeennnnnnn s smmreeennes 48

3.3 Mechanical properties of CdZnTe nanowires under uniaxial stretching and

compression: A Molecular Dynamics Simulation Study.................cooevvvieeeens 53
X



ICIRC 0 AN 01 1 (0 Yo [ U1 (T ] n W UE TR TR 53
3.3.2 Modelling and calculation procedure............cccoeeeiiiiiccceiieeeeeeeen 53
3.3.3 RESUILS ANd DiSCUSSIONS ... cuuiiniiee ettt et e e e e e e aer e eens 55

3.4 Structural and electronic properties ohZahTex (m+n+k = 24) clusters: DFT

CAICUIALIONS. ... e rmmee e 62
3.4 L INFOTUCTIONL...ceeeiiiiiieee e et rmme e 62
3.4.2 Modelling and calculation procedure..................uuveucccrereeeervennnnnnnns 62
3.4.3 ResuUlts and DiSCUSSIONS..........uviriieeiiiiiieeeiiieee e e e et e e eeeeeeees 63

3.5 Structural, electronic and thermal properties og@Bernary CdZnTe cubic

nanoparticles: MD simulations and DFT calculations...........cccccoveevvieeeinnnnns 33
G T 0t A [ 10T U Tox 1 o 383
3.5.2 Modelling and calculation procedure............ccccoeeiiiiiccceiieeeeeeeeeen 83
3.5.3 Results and DiSCUSSIONS..........uuuuurrriiiiiimmminrrriieereeeeeereeeeeesseesseeeeees 87

3.6 Structural and thermal properties ofd Te ternary nanoparticles: Molecuar

DynamicCs SIMUIALIONS..........ooviiiiiiii e erre e e e e e e e 110
3.6.1 INFOTUCIDIN. ....cceeiiiiiiiiiie et e et me e e e 110
3.6.2 Modelling and calculation procedure..........ccccceveeiiiieeseiiiiiieeeeeen, 110
3.6.3 Results and DiSCUSSIONS...........uuuuuurriiriimeeiiinriiiereereeeeeeeeeeeeeeneeeeees 112
CONCULUSIONS . ..t et eaeees 125

REFERENGCES . ... . e et 129
CURRICULUM VITAE ...ttt et 141

Xi



LIST OF FIGU RES

FIGURES

Figure 1:Zinc Blende StrUCIUTE............cooiiiiiiiiieeee e 3
Figure 2: The Xray diffraction curve for CgeZno.iTe. [15]......cevvveiiiiiiiiiiiiiiiienns 4
Figure 3. Band structure of CAdTe [L7].....ccoooiiiiiiiiiiiieeen e eeeeeees 5
Figure 4. Modulation of bandap and lattice constant of CdTe by incorporation of Zn
or Hg instead of Cd ata®M18]..........cooviiiiiiiiiiiii i emre e 6
Figure 5. Temperaturmole fraction phase diagram for CdZaTe pseuddinary
1S TSP PEPPPPO 7.

Figure 6. The LumaGem molecular &ast imaging (MBI) camera is a dedicated breast
imaging system with cadmium zinc telluride (CZT) digital detectors [20Q]......... 8
Figure 7. Types of nanocrystalline materials by the size of theatgtal elements:

0D clusters; 1D nanotubes, fibers and rods; 2D films and coats; 3D polycrystals [22].

.......................................................................................................................... 9
Figure 8. TEM image of Silica nanoparticles (A) [31] and Gd&hdrimer
nanoparticles ahtheir biodistibution in vivo (B) [30].......ccvvvrviiiiiiiiiiiiiemeennenn, 10

Figure 9. CLSM images of CdTe NPs using covalent coupling (a) and (b) the layer
by-layer approach [36]..........cooiiiiiiiiiii e 11

Figure 10. (a) The ZnO nanorods [41] and (b) SEM image from nanorods dispersed on
a Si (001) substrate with a native oxide [42]...........cccoovriiiiiieeee e 12

Figure 11. SEM micrograph of the CdZnNanowires after 45 minutes of pulsed
electrodeposition. (inset shows magnified image of the nanowires).[46]........ 14

Figure 12. Triplet configuration of atoms i, j and k in Eqg. (2.18) [76].............. 24
Figure 13. Periodic boundary conditions in two dimensions [89].................... 27
Figure 14: Schematic diagram of exchaiegerelation functionals [97]............... 34

Figure 15. The energetic relaxation plot fowZ¢Cd.s0Te nanorod at 600 K.......38
Figure 16. Side and cross section views tloé generated structures of (a)
Zno25Cch.7sTe (b) Zn.sdCdosoTe (C) Zn.7sCdo.2sTe nanorod models................... 39

Xii



Figure 17. The number of Zn atoms variation with temperature {@&nTe nanorod
MOAEE. ... re e e e e e e e e e e e e e e s e s s s smmmeeeeeeeennnn e B0

Figure 18. (a) The total interaction energies with respect to temperature and (b) the
snapshots of ZpsCdo.7sTe nanorod at different temperatutes.........................43

Figure 19. (a) The total interaction energies with respect to temperature and (b) the
snapshots of ZxCdosoTe nanorod at different temperatures.................c.......44

Figure 20. (a The total interaction energies with respect to temperature and (b) the
snapshots of ZyysCdh.2sTe nanorod at different temperatures.........................45

Figure 21. Side and cross section views of the gesgesdtuctures of (a) ZnTe and (b)
CdTe Nanorod MOAEIS...........iiiiii e e A7

Figure 22. Total energy variation in terms of temperature for ZnTe and CdTe
[ F= T a o] o0 K0P PPPP P PPPPPPPPRRR 48

Figure 23. The structures of ZnTe nanorod at different temperatures. Pictures show
Side and CrOSSECHION VIEBWS.........ccvveieieiiiinnniiimmmeeeeeeeeeasnnnnnss s e e e e e emesssnnnnneeeeeens 50

Figure 24. The structures of CdTe nanorod at different eéeatypres. Pictures show

Side and CrOSSECHION VIEWS........uviiiiiiiiiiiieeee e s eeteee e e e e e e e e e ssmmne e e e e e 51

Figure 25. The number of atoms variation with temperature for ZnTe and CdTe
1= T 0] 0o £ TR 52

Figure 26. Cd atom release with respect to temperature in CdTe nanorod.[452.

Figure 27.The generated view of the modeled nanowires with (a) 263 atoms ¢model
1, M1) and (b) 81 atoms (MOAER, M2).........uuiiiiiiiiiiiiiiiei i 53

Figure 28(a) Stretching model: The NW is stretched a lengttalong its length. (b)
Compression model: The same NW is compressed a lgnigéiong its length....54

Figure 29St rain energy (m@E) with respect to
stretching process for CdZnTe NW M1 at (a) 1 K and (b) 300 .K.................... 57
Figure30St r ai n energy (@p@E) with respect to s
corresponding stretched structures for CdZnTe NW M2 at (a) 1 K and (b) 3GBK.
Figure31. The snapshots of the CdZnTe NW M2 at 1 K until 19 compression steps.

All the pictures show side views, except #19a is for side view, #19b is for cross view.

Xiii



Figure 32. Dimer geometri¢2n is purple, Cd is grey and Te is orange), spin density
(SD), charge density (CD) and electrostatic potential (ESP) pictures of dimers. Green
(alpha spin) and blue (beta spin) colors represent the positive and negative spin density,
respectively. Electstatic potential picture: yellow represents positive potential and
orange negative potential. The corresponding charge densities for dimer geometries
are given in the parenthesis. The color is the same in the following figures..65

Figure 33. Trimer geometries. The corresponding charge values for trimer geometries
are given in the ParenthESIS.........cooivviiiiiiiieeee e 67

Figure 34. Spin density (SD), chargendity (CD) and electrostatic potential (ESP)
PICTUES OF MBI ...ttt e e e e e e e e e e e e e e e e e e e e nmmn s 68

Figure 35. Tetramer geometries. The corresponding charge densities for tetramer
geometries are given in the parenthesis............oovuviiiiicccreeeeeeiee e 72

Figure 36. Charge density (CD) and electrostatic potential (ESP) pictures of trimers.

Figure 37. HOMO (H) and LUMO (L) pictuseof dimers and trimers. Green and red
colors represent the positive and negative isosurfaces for HOMO and LUMO,
2] o[ 1)V PP PRO PP 78
Figure 38.HOMO (H) and LUMO (L) pictures of tetramers. Greamaed colors

represent the positive and negative isosurfaces for HOMO and LUMO, respectively.

Figure 39(a) Initial structures and (b) optimized geometries with two different views
of thevarious CdZnTe nanostructures with 15 atoms (Zn is purple, Cd is grey and Te
130 1= 1o =) U UPSPPPPPR 36
Figure 40.The change in the structures of the:ZdsTes nanoparticle at various

10T 001 01T =0 TP 88
Figure 41. Variation of the order parameteys,RRzn, and Rewith various CdZnTe
compounds at (a) 1 Kand (b) 300.K.......cccooiiiiiiiiiii e 91
Figure 42. HBergy variation with temperature in terms of the composition of
nanoparticles (aff) with corresponding calculated heat capacity values.C.....93
Figure 43.Composition dependence of the heatazaty values for various CdZnTe

NANOPANTICIES......eeiii et ee e e et e e e e e e e eneeeeeeeeane 97



Figure 44. The calculated excess charges of atoms in each model............. 100

Figure 45.HOMO and LUMO pictures of the CdZnTe ternary nanopatrticles. Green
and red colors represent the positive and negative isosurfaces for HOMO and LUMO,
FESPECTIVEIY ... eeer e 102

Figure 46. Charge densitZD) and electrostatic potential (ESP) pictures of CdZnTe
ternary nanopatrticles. ESP picture: yellow and orange colors represent positive and
negative potential, reSPeCtiVelY.........cooeveiiii e 104

Figure 47. Spi density (SD) pictures of CdZnTe ternary nanoparticles with nonzero
spin. Green (alpha spin) and blue (beta spin) colors represent the positive and negative
SPIN density, rESPECTIVEIY.......cooi it 106

Figure 48.Density of states (DOS) spectra for CdZnTe ternary nanoparticles using
Mulliken population analysSis...............uuuuiiiiiiiicceee e 107

Figure 49.The initial structures of the G&xZno.soTe spherical nanoparticle adels
generated from zinblend crystal structure for MD simulations...................... 111

Figure 50Variation of the potential energy as a function of temperature according to
the size and stoichiometry of thanoparticles. (a) GdsZno.7sTe, (b) CdsoZnosole,

AN (C) Cl.75ZN0.25T €. eiiiiee e eteie ettt e emee e e e ettt e e e nee e e s rmmnnte e e e e eneeeeeaanneeeeann 112

Figure 51. Size dependence of the calculated heat cagacityr the Cch xZnkTe
nanoparticles in the temperature range 1080R K..........cccvvviiiiiiiiiiiiieccininnee. 114

Figure 52 Variation of the calculated heat capadityas a function of (a) Zn and (b)

Figure 53. Experimental heat capacity profile for CdZnTe bulk material. [136]6
Figure 54. Variation of the order parametercfk Rzn, and Rewith respect to size
(N=167, 239, 293 and 357). (a) &&norsle, (b) CdsoZnosoTe and (c)

(O o3 2274 01031 = TSP 117
Figure 55.Variation of the order parameter &8 Rzn, and Re with respect to
temperature. (a) GdsZno.7sTe, (b) Cd.soZno.soTe and (c) CelzsZno.zsTe. ............ 119
Figure 56.The radial distribution function (RDF) of thed§soZno.soTe nanoparticle
with 357 atoms at (a) 100 K and (b) 600.K..........cccooiiiiiiiiiieeeiieeeeeeeeee e, 122

Figure 57.The structures of the GewZno.soT e spherical nanoparticle with 357 atoms

Al VAIIOUS TEMPEIATUMNES.. ... .uiiiiiiiiiiiieee e ieeestiteet et e e e e e e e e e s eeee e e et e e e e e e aaaaeaeaens 123



LIST OF TABLES

TABLES
Table 1: Lattice Constants [13], [14].....uuuurimrimiiiiiiiiiiieeeeeeeeeeee e 3
Table 2. Potential parameters usethim calculations................ccoovviiiiiiemneeeeeee. 25

Table 3. Number of atoms in the ZnCdTe nanorod models at different temperatures.

Table 4. Spectroscopiconstants of the possible dimer combinations. Dissociation
energy De), equilibrium distancerf) the vibrational frequencys(), total energy Er

in Hartree),the multiplicities of the spin system (2S+1)e dipole momentsQ(in
Debye). Er (Zn) = -226.126, Er (Cd) = -166.937 andEr (Te) = -7.974.The
corresponding total energies for the triplet states are given in the parenthesi#
Table 5. The binding energie€s( in eV), total energy Hy, in Hartree), the
multiplicities of the spin system (2S+1), and the dipole moménta(Debyes) of
trimer structures with lowest energihe corresponding total energies for the triplet
states are given in the parenthesis..........cccoooiiiiiicce e 69
Table 6. The vibrational frequenciesr( in cm?) of all the trimer structures with the
(oY= =T g =T o )OSR RSPRPRP 70
Table 7. The bindingH, in eV) and totalEr, in Hartree) energies, the multiplicities
of the spin system (2S+1), and the dipole mome@tsir( Debyes) for tetramer
structures with the lowest energy. The corresponding total energies for the triplet states
are given in the ParenthesIS.... ..ot eeee e 14
Table 8. Calculated vibration harmonic frequencies (in‘cf all the tetramer
structures with the lowest energy of.LuhTex clusters for m+n+k=4. ZTe, CdTe

and ZnCdTehave one more frequency valug320, 163.5 and 285.5, respectivély.
Table 9. HOMO, LUMO energies (in Hartree) and HOMOMO gap energiesHj,

in eV) of ZmCdhTexc|l usters for m+n+k=4. Entries with
25+1=3, the rest correspond t0 2S+1=L. ..o 77

XX



Table 10. Possible dissociation channels and energies (h eV) of the stable

A 0 o = Yol (U1 (=T T PR PRT PSPPSR 81
Table 11.Basis set data used in DFT calculations............ccccccvvviiieeeiieieeiinnnn. 84
Table 120 values (the deviation of morphology of the nanoparticles from a perfectly
(o0 o o] (U T U TR 89
Table 13 Average distances of Cd, Zn and Te atomsS............cceeeeevvvvieeeeeeeennn. 89
Table 14 HOMO, LUMO energies (in a.u.), HOMQUMO gap energiesHy), total
energy Er) and the lowest energy multiplicities (2S+1) of the spin system for various
CAZNTE COMPOUNTAS.....eiiiiiiiiiei e 98
Table 15.The total excess charges (g, in |e|) and the dipole mont@rits Debyes)

for various CdZnTe NanopartiCles............ooevuiiiiiiiiiccree e ere e 101

XXi



XXIi



CHAPTER 1

INTRODUCTION

Nanostructures have attradtenormous attention irgeeat deal oapplications
in biomedical, optical and electronic fisldbecause of the unusual mechanical,
electrical and theral properties under varyirgjze and geometry when compared to
corresponding bulk materials. Especially, many nanostructures including I
compound semiconductors have been studied both experliyperid theoretically
due to their numerous important applicatigaf [3]. Among the semiconductors,
cadmiumzinc-telluride (CdzZnTe, CZT or CdwZn«Te) has beenthe subject of
intensive research fats implementation into many commercial systems \auiety
of applications that are used in solar cells, optoelectronic devices;fieaeffect
transistors, xay and o-ray detectors for medical, industrial imaging systems and
security fields[4]7[8] as well as space applications at room temperaflings
increasing interest is due to the special detection performdrcdzmTedueto its
high average atomic numbensuringhigh stopping power, suitable widertobgap
giving high resstivity which allowslow leakagecurrent, good electron transport
properties, pbexibility in conyguring con
yeld across the devid®], [10]. Thesefeaturesprovide high energy resolution and
efycient radiation dedowevertCdanTe devices stilbfacen t e m|
many challenges and drawback¥ne of the drawbacks the understanding ohé
surfaces of @ZnTedetectors and surface effects on detector quality and performance.
Another major drawback is the quality of bulk crystakst are commercially available
because commercial crystals have large concentrations of extended defects such a
twins, grain boundaries, tellurium inclusions, precipitates and dislocations. Therefore,
the focus of much of the research into CdZnTe at presémeigninatet he ef ect
these defectby improving the yield of theontinuum ofgrowth and limiting the
quantityof crystalfailuresand impurities formetb produce material with high purijty

large single crystal volumes.



Extensive literature survey revealed thatld attention has been paid to
cadmiumzinc-tellurium nanostructures in spite of theihemical and technological
important.Therefore, m this thesisthe structural, electronic, mechanical and thermal
properties ofCdZnTenanostructures such as nanar@thnowires)small clusters and
nan@articleshave been investigatetdsing atomistic molecular dynamics method
(MD) and density functional theo¥FT) one can get informatioto synthesize and
develop a new functional nanostructured materigy contiolling the nanostructure
size and by increang the numbeiof nanostructuresuch as nanopartideand
nanorodone can get informatiaio guide the experimentalistsshould be noted that
CdZnTe crystals have a variety of applicatitms the discussiors mostly aboutts

nanostructureand a brief literature survey
1.2. Physical Roperties of CdZnTe

1.2.1Crystal Structure

TheCdzZnTe compondcrystallizes ito the zineblende(ZB) (or Zinc Sulfide)
structureas shown inFigure 1. In the alloy CdixZnTe the Zn atoms randomly
substitutethe Cd atoms of the crystal withfiaction of x. The structure of CdzZnTe
alloyis generallydescribedasa face centered cubliattice with acubic crystal system

given by

~ o~

" TUTITT
B

The Zn and Cd concentration profiles determine the homogeneity of these mixed
crystals so x is crucial for obtaining a CdZnTe alloy with the required lattice

parameter.



Figure 1: Zinc Blende Strature

Theexperimentalatticeparameteof CdTe and ZnTei6 . 482 | and 6. 1

respectively[11]. The CdZnTe lattice catant can therefore be expressed using
Vegar dA3 giveraby

DO ®WpPp O WG (1.1
In Eg (1.1), @ is lattice parameter of CdTand & is lattice parameteof ZnTe,
respectively. The diffference in the lattice parameters shows that Zn substitution of Cd

atoms result imsmallvariationin theaveragef theunit cell dimensionsSome lattice

constants of CdZnTe alloy with different Zn contrations arg¢abulated irrablel.

Table 1: Lattice Constantfl3], [14].

Compound Lattice Par
Cdo.9sZNno.osTe 6.495
Cdb.oeZno.aTe 6.441
Cdh.7Zno3Te 6.364
CdosZnosTe 6.287




The average lattice constaot the alloy CdxZnxTe can also be found by

Braggibos | aw
€ _ Qi Q¢ (1.2)

In Eg (1.2), _ andQarethe wavelength of the incident radiatiand the distance
between crystal planessspectivelyas well as—and¢ arethe angle ofrcidenceand
a positive integer respectively. Lattice constant isproportional the distance
(Brherefore,using the position othe diffraction peak, composition d@dixZnTe

ternaryalloy canbe determined

Figure 2 showshe X-ray diffraction curve for CgbZno.iTe. Theamount of Zn
in Cdb.oZno.1Te samplecan befound from the position of the (22 peakwhich

accuratelydetemines thevalue of the lattice constansing Equatior{1.2).
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Figure 2: The X-ray diffraction curve for CgbZno Te.[15].

The knowledge of the lattice constant in especially important inrtfiareddetector

industry. Commercial infrared HggsCdyoTe detectors are mostly grown on



Cdo.oeZNno.osaTe substrates due to matching of lattice constants, which sugptiess

formation of an interface stress.

1.2.2 Band Structure

Bandtheory in the solid magrials, isdepenéntonthe spatiaperiodicityof a
lattice. This propertydoesnot exist in an alloynaterialdue to local fluctuations in the
composition.Thus, it is difficult to obtainhie band structure of ternary semiconductor
CdzZnTe The band struare of CdZnTeis, in general, related with the structure of
binary CdTe and ZnTe as a linear interpolation between those of two compounds.
CdTe and ZnTe arkinary alloy semiconductonsith theforbidden gapand a direct
band gap of1.5eV and 2.2 eV, pectively[16]. A direct banegap materialsare
capable okemission of photarthusthesematerialsareuseful for optical devices like
light-emitting and laser diode§igure 3 shows the band structure f@dTe binary
alloy.
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Figure 3. Band structure of CdTE.7].



The forbidden bandap width can be modulated by a substitution of Cd atoms
by atoms of Zn or Hg in the cadmium sublati¢egoom temperatur&igure4 shows
the modulation of bangap with respect to the lattice constant for CdThe
properties of CdTe may be improved by the addition of Zn to prepare the ternary alloy
CdZnixTe. Additional Zn atomsare randomly substituted throughout the crystal
lattice for Cd atoms. The addition of the #ducedo the dislocation density in the
crystaland to raise the barghp energyThe increased barghp decreases the number
of thermalby generated carriers at room temperature resulting in a reductioe in th
detector noisdue to leakage currentin CdTe and allows for use at either lower photon
energies or higher temperatur€slZnTe crystals can also be grown to larger sizes at

a reduced cost compared to CdTe crystals.
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Figure 4. Modulation of bad-gap and lattice constant of CdTe by incorporation of Zn or Hg
instead of Cd aton{4.8].



1.2.3. Phase Diagram

A pseudo phase diagramloharyCdTeZnTeis depictedn Figure5[19]. The
phasgemperatureeompositiondiagram has a liquidusurveandasoliduscurve The
end points correspond to the melting point of pure CdTe and ZnTe respedciively.
areabetween the two lines corresponds to two phases which are liquid and solid
solution The concentration of Zn indZnTe determines the melting poinf Cd-Zn-
Te. The diagram indicates that the growth oflZhTe occurs at high temperatures.
From the phase diagram it can be seen that T forms a solidphaseat all
relative range of concentratioriscan also be seen from the phase diagram that there
are ro separate phases formed in thdZ@Te. Solidification problemssuch as
segregationare encountered during the growgitocess at high temperatundich
results in nontuniformity in the stoichiometry.Moreover, the first sdid to be
completelymelted incldes moreZn atom than the valuaitially obtained from the

average melting rate.
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Figure 5. Temperaturanole fraction phase diagram fGdTeZnTe pseuddinary[19].



1.3 Potential Applications of CdZnTe

The alloy CdZnTewvhich isasolid state semiconductaraterial thahas been
used n photo detectors, solar celmd light emitting diodes faa long time In spite
of that the materials has recently been usady potential scientific applicationsch
as medical imaging, securignd space science due to the desirable properties of
ternary CdZnTeCurrently, hereis agreat demand for medical images technologies
improved for cancer detectigna good example is the use eblid-state CdZnTe
detectorgseeFigure6) in the detection of breast cancessnew mectine technique
[20] thatuses CdZnTe detectoisn  a ma mmo gr a p h ensurednoageg gur at i on
with high-resolutionfor the breastAnotherbig apgication areawhich isinterest in
CdznTetechnologyis security applications which arelatedmainly with monitoring,
locating andradioactive materialsuch asnuclear plant monitoring anduclear
weapons surveillande ensurenvironmental remediat and safetyFinally the third
area where CdZnTe has been applisdspace sciences applicatiory utilizing
CdznTe technology asbnomers are able to study a diverse range of phenomena
rangi ng f r o mraytbhrsts te tudyihg theocbmposition of planets and
asteroids.

A

Figure 6. The LumaGem molecular breast imaging (MBI) camera is a dedicated breas

imaging system with cadmium zindlteide (CZT) digital detectorf20].



1.4.Nanostructured Materials

At the nanoscale, the physieadchemcal properties of materials are different
from their bulk counterparts. In the recent decades, nanostructured masechlas
nanoparticles, quantum dots, nanowires and nanqtbbes received a great deal of
cautionfrom thecommercial andcientificarea because dfeir unique properties and
potential applicationf21]. There arevarious kinds of nanostructuresth a range of
dimensionality.The nanostructures are classified using dimensioredirgro, one,
two- and threedimensional.Figure 7 schematically shows some examples of this
classification of nanostructurg®2]. This section focuses orerc, one andtwo-

dimesionahanastructures

Clusters Nanotubes, fibers and rods Films and coats Polycrystals
0D 1D 2D 3D

Figure 7. Types of nanocrystalline materials the size of their structural elements: 0D
clusters 1D nanotubesfibers and rods; 2D films and coats; 3D polycrysia}.

1.4.1 Zero-Dimensional (OD)Nanostructure

Zero-dimensionalnanostructures or quantumtdaare the smallest building
blocks of nanoscience and nanomaterials dg&igjh Quantization occurs in all three
directions athe nanoscaleThis meanghatthe conducting electrons are localizdd.
IS an important issue teegregationphenomea which means howatoms gather

together to creata nanoparticle and how the physical and chemical properties of a


http://eng.thesaurus.rusnano.com/wiki/article947
http://eng.thesaurus.rusnano.com/wiki/article1391

nanoparticle change when its structural properties changes indétemperaturer
composition of atoms in the nanoparticanoparticls, nanocrystalsnanopores,
atomic clusters and fullerenes are examples of 0D nanostrudtilamesparticles are
exist on a nanometscalewhich areseveral hundreds of nanometers in diamé&teey
can possess physiaahd chemicapropertieshatvary dranatically with the siz¢24]
which makes them desirable in materials science amdierstanding théiological
processeq25]. They ae also used in many @mmercial produst ranging from
catalystd26]i [28] to cosmetic$29].

Moreover, recent develoments show that the size and charge of the
nanoparticles influence their biodistribution in mif0]. Figure 8 shows some
examples ohanoparticles sedin chemistry and medicine.

Figure 8. TEM image of Silica nanoparticles (A31] and Gold dendrimer nanopatrticles
and their biodistibution in vivo (B)30].

Nanoparticles including VI compound semiconductgrsuch as binary
CdTe ZnO, ZnSe ZnSand ternary CdZnT,eHgCdTeandHgZnTeareused in many
scientific appliciionsincludingbiologicallabelling[32], light-emitting device$33],
and solar cell§4]. For examplethe ZnO nanoparticle areused as a sunscreen
ingredient lecause ofheir transparency, which increases the usagih@®$unscreen

[34] for a given concentration anits effectiveness of blockinggainstharmful
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ultravioletA (UVA) [35] to be harnessed to fight cancer ohtp deliver drugs in a
controlled mannein addition,binary CdTe nanoparticles give rise to a better signal
to-noise ratio in confocal laser scanning microscopy (CLSM) measurements as shown
in Figure 9 [36]. However, accuratghysical and chemical properties of binary
nanocystals are not possibtiie to changes in particle siztich causes problems in
many applications[37], [38]. But ZnCdixTe nanocrystalswhich are ternary
compositiontunable semiaeductor nanocrystalfiavebeen found to beynthesized
successfullyandtheir shapecan be controlled by changing the stabilizer system and
synthesis temperaturg32]. It has also bee observedthat ternary ZnCdTe
nanoparticlescan be shapeontrollablewhen synthesized in agqueous media by a

simple routd39].

Figure 9. CLSM images of CdTe NPs using covalent coupling (a)(bhthe layetby-layer
approach36].
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1.4.20ne-Dimensional (ID) Nanostructure

1D nanostructurearise as a result ebnfinement of the other two dimensions
perpendicular tathe longitudinal direction The width of 1D nanostructures are
generallyless thara hundrechanometergand their lengthio diameer ratio carreach
up to one thousandin the reduceddimensions and bulk properties the other
dimension thenanostructures are also called quantum watethis nandevel. 1D
nanostructures such as nanmsj nanorods, nanotubes, nanoribbons and nanobelts
have been fabricated and studied in the last decade due tortpeitance in a large
number ofpotential applicationsrhey have extensively been used in nanoelectronics,
nanodevices, alterrigé energysources and securiy0]. Figure 10 showssome

examples of nanorods used in recent application

Figure 10. (a) The ZnO nanorodgll] and (b)SEM image from nanorods dispersed on a Si
(001) substrate with a native oxif2].

Numerous methods have been developed for preparing 1D nanostruetures.
example,it has beershown that solar effiency can be boosted by up to 50% by
harnessing acoustic vibrations in the environmmnincorporating ZnO nanorods,
which can convert rock music into electrical energy, substantially improving the
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efficiency of the solar cel41]. Moreover,a new techniquéas beerdevelogd to
create fAbranchedo nanorods and ceoabler ol
more powerful heat pumps and devices at the nanoscale that harvest electricity from
heat in nanoelectronics devicgg?2]. Besides these important dewgents and
applicationsachieving 1D growtlof semiconductor nanostructsgres also one of the
focuses of intensive researcHowever, 1D nanostructusebased on thdernay
CdznTearedifficult to synthesize due tiheir higher vapour pressufé3], [44], so it
remains a large challengéhe ptype Zn.3Cdb.7Te nanoribbons were synthesized to
analyzethe properties ofcrystal nanorod structurg$§] and the X-ray detectors
dependingon the singlecrystalline Zr.7sCch.2sTe nanoribbonare analyzedat the
nanoscalg45]. The experimenshows that the nanoribbooffers a considerableole

in accordance withower energy consumptiaat thenanoscale and high efficienfyr
improving its applications in the Xay detectionRecently, ZnCdTe nanorods have
been produced experimentally adding certain stabilizethioglycolic acid (TGA)

and L-cyskine (L-Cys) in the lower growth temperature with increasing the refluxing
time from 30 min to 60 minlt is found that the nucleation occurs at lower growth
temperaturg¢39]. In addition,a uniform stoichiometry of CgkZnxTe nanowires have
been grown usingn electrodeposition technique includamgemplate process used as

a gamma ragetector by stacking the nanowire array templpt6 Figure1lshows

the GZnTe nanowires after 45 minutes of pulse depositidre diameter of the wires
was 70 to 100 nmral the lenth was approximatel2 € nAs may be observed from
the figure the wire growth was initially straight from the nanoporous template and as
the deposition time increased they started to get tangled. The tangling @finezno

can be attributed to ewgrowth and to the indficient length of the nanowires
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Figure 11. SEM micrograph of the @nTe Nanowires after 45 minutes of pulsed
electrodeposition. (inset shows magnified image of the nanovigls)

The preparation of ternary CdZnTe nanowires could be great potential for
making large area detectors. For instar@&Zn:.xTe nanowireshave recently been
synthesizediia a vaporliquid method[47] to enhancemerthe detection sensitivity
and potentiabnd obtained highly crystalline namives without any crystadlefects
[47].

1.4.3 TwaeDimensional (2D) Nanostructures

2D nanostructuressuch as nanoplates, nasioeets nanowalls have two
dimensionsoutside of the nanometric size rangée nanostructure areespecially
curiousboth for a better insight othe mechanism of nanostructure growatid for
investigatng and improving new applications such assensors,photocatalysts,

nanocontainers, etc. for te&ructures of other materigka].

Recetly, CdZnTe thin filmshave been taken attention ditetnanosale
applications like solar cell and photovoltaic applicatiph8]i [51]. The reason is
because the materials have appealing optical properties including aiscaption
refractive indexand banegap.

14



CdZnTe have been used in thin film synthesis via some techni&oes.
example,ais t ab |l e t hd2fino7yTé hrawe berri used tb investigate the effect
of particle size on controlling thghysical andptical propertie$s52] by the inert gas
condensation (IGC) technique which providegeriort h i n  ythe mesoscale.
Moreover, thenanccrystalline CdzZnTe films were grown on glass and silicon

substrategat room temperature by vacuum evaporafi8].

In this thesihapters are organized follows:Chapter 2 will givanformation
on thetheoretical methods which were used to simulate nanostrucResslts and
discussia will be presented inl@pter 3. Chapterlists the conclusions of thresent

work.
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CHAPTER 2

METHODS OF CALCULATION

Structural, electronic, mechanical and thermal properties of nanomaterials are
theoretically investigatedoy performing classical methods such as molecular
dynamics (MD), MonteCarlog and quantum mechanical methods such as density
functional theory (DFT). In this thesis, both MD simulations and DFT calculations
have been performed.

2.1 Molecular Dynamics

Molecular dynamics (MD) is a computer simulatiorethod that permits one to
explore the macroscopic properties of a system through microdcajeictoriesand
thuspredict the time evolution of a system of interacting partisteh as atoms and
molecules.The MD simulationsis consist of the numerical kdion of Newton's
equations of motion to determiribe new positions of atoms or molecules in the
system andto obtain forces, energies anttajectories The equation of motion

governing the behavior of the-particle system

4 — 'DblbBHEp P blhpBHED 8 (2.1)
In Eq. (2.1) wrepresents the potential energyand®arethe position anébrce acting
onthe@t h p eespectiety.lTlee first one is to descrilibe interaction potential
and initial conditions and thehis equation can be solved numerically for all particles
in the systenuntil the system is equilibrated and tldetermined thewlution of the

system in time.
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In many cases, MD is concerned with macroscopic properties of the material which is
composed of configuration sets distributed in terms of statistical distribution functions,
but it is not related to trajectories of individual atonmsstatistical mechaos, the
physicalproperties of a system acealculatedy anensemblevhich meansicollection

of systemgd54]. There aresarious thermodynamica&nsemblesThese ensembles are

the microcanonical (NVE), canonical (NVT), grand canonical (NPT) and isebaric
isothermal QOvT).

In this study MD has been consideréa a canonicaénsemble to investigate
some properties of CdZnTe ternary nanostructifes number of atoms N, the system
volume V, and the temperature T of the systerd the total energgemain constant
throughout this ensembleMaxwell-Boltzmann velocity distributionis used to
generate particle velocitieg the corresponding temperatufée temperature of the
systemwaskept constant by inhermostat during MD simulatiofthere are some ways
to control the temperature such as simple velocity scaling and the Berendse
thermostatthe Langevin, Andersen and Dissipative Particle Dynamics thermostats
and t hHoovéel therostah a MD simulationAmong t h e mkHooverhe Nos ®
is usedasthe most common thermos{ab], [56]. However, it is difficult to implement
Nos®BHoover equations of motion into MD program directly.is necessary to
integrate theNe wt ondés equat i.@d) inismal incranergatitimesn E q
There are some numerical techniques such as Verlet algorithm, Velocity Verlet, Leap
frog algorithmB e e ma n 6 s RaddigtarCoirecttwAtgorithms NordsieckGear
PredictorCorrector Algorithmand Lanczos recursion algorithio integrate the
equation of motiorndicated in Eq(2.1) in MD simulation
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2.1.1 Algorithmsto Integrate the Equations ofMotion

2.1.11 Verlet Algorithm

Verlet algorithm[57], [58] is an integrator which expands the positions and
velocities using Taylor series expansiorcéoputethe newpositions at the next time

stepusing previous time steffaylor expansioffior the position

(2.2)

[Th

10170 10 100 —1T006 —Aoooo
C o,

(2.3)
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lO0O 17 0 IO 700 —-lowo —Aoooo
C O

It is obvious that the linear and thi@der terms are cancelledhen these two

equationsare addedso thefollowing result yietls:
1070 ¢iO 107 07000 U070 (2.4)

In Eq (2.4), the errorin this algorithm isin the order of thed™ power. A
drawback of the simple Verlet algorithm is that there iselocity information in the
ewlution of position but accelerations at tinbgs required However,the kinetic
energy terms knownfor adjusting the temperature of the heat path. The velocities can
be calculatedby

. 101010710
Lo q o (2.5)

It is apparenthat this algorithm estimatéso | oOfrom the current position
1 0 and the previous positiand 1 & This meanghat the Verletalgorithm is

carried out in a twsteps and thus the initial positionis Tt 8
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2.1.12 Predictor-Corrector Algorith ms

Predictorcorrector algorithni59] uses a neighborhood of a central path and
estimates positions and velocities for next stéps composed of three numerical
stepsln the frst stepthe position 0 | oOand velocityp 60 | Oare estimated. In
the £cond one is the forces0 | singare evaluatethe predicted positiorThis

process is predicted lmgeans of Tapr expansion

. N T

1O 7 0 1O 700 -10wWO —Aowo E
C o

DO 170 VO T 00 -Jowo E

Mo 1 0 Wwo | o E

w6 1 6 wo E (2.6)

whereois the time derivativeof the acceleratiotbat timed. Perforning some
modificatiors and eliminationsn the Taylor expansion, the valuesfb hd AT &

are obtainedThe gradient of theqiential at the predicted positions gives the force
andthenewpredicted acceleration. The difference betweeridiee and acceleration
gives an error signakinal step isrelatedto correcton of the positiors and their

derivatives

2.1.1.3 NordsieckGear Predictor-Corrector Algorithm

NordsieckGear predictor corrector algorithrf60], [61] is a numerical
integrationtechniqueon the basis ahe Taylor expansiosof the positions, velodis

and some derivatives as shown in &37)

P - U - B
(o} (0} (0} o0 -] OWO —] O (0] E ==YO (0] E
101 l 1 C’I GA 0N v 0 N

Do 16 bo 1 o® Jono Hono E L% o E

C (6] Q pA
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L e . . P, P .. . = P v .. =
WO 1 0 wo 7 Qo E‘]ono a&ono E 7QcAyo n o E
1010 R0 10 o0 ZHon o Penoe B L ono E
n n Q C n GA n O O n
2.7)
wherei is the position at timé | pi is its derivativeswith i ih
Yo w h YooB8888 i —Ay(‘) o attmetn © —i 0 and

"Q ofif8.The derivatives H Hh 8 are predicted at timé | dsingTaylor
expansion at time t. Then, the predicted positionglagidderivativesarecorrectedo
calculatecorrect accelerations. The difference between the predicted and evaluated
accelerationgields a meagementfor the predictor steprror utilizedto developthe

predictal values in the corrector step.

In this study, the seventirde predictoi corrector method igsed to solve the

equations of motion for maryody potential energy function (PEF).

2.1.1.4Lanczos RecursionAlgorithm

ThelLanczosalgorithmtechniquas related to transformation aflarge full matrixO
into a tridiagonal complex symmetric matrix of smatiémension62], [63]. Firstly,
the algorithm specifies beginningvectorv  and definesu as zero. It igaken

into consideration the recursion relation

&b 00 GO HO 8 (2.8)
Usingtheorthonormaity of thelLanczos vectors,
b U 1 h (2.9)
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and gettinghe inner product of Eq. (2.8) with W AT W | separately, leads

to
() b 00 (2.11)
Tt 0 o0 AL s o (2.12)

If matrix 'O is takenareal and symmetric, then the Lanczos basis is to be real and

also

& b 00 (2.13)
Thus the matrixn the Eq. (2.1Bhas twaoinputs includingdiagonal @ and first sub
and super diagonal @ . The other inputs are zero. Thistridiagonal complex

symmetric matrix representatic® is used for many useful purposes.

In addition,Lanczos recursion gbrithm has beerbasic of the mathematical
fragmentf the Bond Order PotentialBOPS). It is used to calculate Green functions
which give the electronic structures fotight-binding model[64], [65]. Therefore, it
presents an important stepward quantunrbased interatomic potentidls molecular
dynamics to get the eigenvalues of very large matrices and to calculate other molecular

properties.

In this study, Lanczos recursion algorithm is used to solve the equations of
motion for Bond OrdePotential (BOB.
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2.1.2 Potential Energy Functions

The interactions among the particles, atoms or molecules are described by
potential energy function (PEF) which is a parametric functidmere are many
potential functions whichdescribeinterparticle iteractions.Empirical potentials
(Bond Order Potentidb6], Brenner potential67]), pair and mampody potentials
(LennardJores potentia[68], Ter s o [69) canieemgiricah potentials are

among the examples.

In this thesis, manpodyPEFwhich isdefined by Lennardones and Axilrod
Tellerandbond order potential (BOP) have been used in the MD simulations.

2.1.2.1Lennard-Jones and Axilrod-Teller PEF

In MD calculations, the totaénergyof a systenis expressedhy meansof a many
body PEF which is a linear combination of tw@nd threebody interactions. The

explicit form of the total interaction energy function for N particles is given by

B % %o (2.14)
where
%o A (2.15)
and
%o Y i h h (2.16)

In Eq.(2.19 *Y expresssthetwo-body pair interaction
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i (2.17)
and the energi€¥ express threbody interaction
. . p OAT-GAT-OAT-©
Yi h h w W —
ih h (2.18)

In Eqg. (2.18)'Y and"Y representhe twebody interactions daed by the Lennaid
Jones functio{70] and the threebody interactiongddfined by the AxilrodTeller

triple-dipole function71], respectivelyTheseparameters required for the calculations

of two-body interactions; andi , are binding energy (dissociation energy) and the

equilibrium interatomic distance for dimer malées, respectivelyZ in Y is three
body (ntensity parameter—h—h—andi b h are the anglesind interatomic
distance, respectivelgeeFigurel1?). In the literature, analogudPEF withdifferent
parameters has beaetilized to studythe properties of AlTiNiclusterg72], [73] and
the structural properties silicene nanoribbongand Si nanorodg4], [75].

Figure 12. Triplet configuration of atoms i, j and k in Eq. (2.185].
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Making use of the available quantum mechanical calculation results and experimental
data involving bulk cohesevenergies, dimer dissociatienergy, atomic distancésr

dimers and trimers of Zn, Cd, and Te (3able2), we have obtainekighly accurate
values for the needed parametersfi o of the PEFfor Cd-Zn-Te system. The
parametrization procedure is only a numerical search to obtain the predetermined
geometry and energy of the system considdfest one is to fix tweand threebody
parameters by utilizing the expewental and theoretical results atibn acquirea
structure havingr goodgeometry and energgpresentingredetermined onehis
processing returned for the parameters up to obtaihengossiblédealoutcomeThe
parametrizatioprocedureof the PEHs presentedn Ref.[77] for Zn, Cd and Z#Cd

which took into accountonly the twebody term In addition to this, we have
determined the potential parameters for Te,;T2n Ql-Te and ZrCdi.xTe systems to
research some properties including structural and energeti@nCdTe ternary
system Thus, the new ZnCdTe atomistic potential effectively captures property of
multiple Cd, Zn, Te, Cdn, CdTe, ZnTe, and Z&dixTe.

Table 2. Potential parameters used in the calculations.

Interaction - Q@ | B Interaction G'Qd  Interaction ¢ QB

Zn-Zn 0.07¢ 3.000 ZnZnZzn  -490.0 CdCdcd -1750.0
Zn-Cd 0.01% 3.35¢ ZnznCd  -400.0 CdCdTe 2870.0
Zn-Te 0.900 2.3%6° ZnCdCd  -500.00 CdTeTe  2925.0
Cd-Cd 0.05¢ 3.500 ZnCdle  2850.0 TeTele  3275.0
Cd-Te 1.150 2.57¢  ZnzZnTe  2970.0
Te-Te 1.200 2.557 ZnZnTe 2950.0

771, “[78], (791, 9[80].
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2.1.2.1 AnalyticalBond Order Potential (BOP)

Bond order potential (BOP) is analytically derived from quantum mechahaatlies
including the tight-binding model todescribeatomic bonding[81]i [84]. For this
purpose, a general analytic expression has @onducedisingtight-binding theory
for the BOPby Pettifor and his collaborato[82], [83], [85], [86] In theconstruction
of the BOP[66], the total energy o systemincludingN atoms'Q plth8 H) is

definedas

~ P o o 5 o -

O c %o 1 'Rl 85 Fh 8 rh 19
where%o i (repulsive energyli i PATTA; 1 (bond integralspre pair

functions, andy ; AT d\ ; are manybody functions which representand“ bond
orderswhich are functions ofhe local environment of atoriéh T "Rrespectively.
Neighbors of aton{ls represented as the & "0h Q8 Q. The details of the BOP
are given in Ref[87].

In this study,MD simulations of sphericabnd cubicnanoparticlesand
nanowires have also been studied via LAMMPS (largescale atomic/molecuta
massively paallel simulator)88] usinga recently developed CdZn&aealyticalBOP
[87]. The Cdzide BOP represents the cluster and bulk properties of multiple Zn,
Cdzn, ZnTe, CdTe and Gdn-Te structures compared with experiments and DFT data
so far. The BOP witpresent parameters genenagsultsconsistent with experimental
datafor suchpropertiesasatomic energies antblumes, elastic constants, and melting
temperatureontainingclusters, bulk lattices, point defects, and surfaces. Total of 82
parameters siicas ongointdependenttwo and three body are determintr BOP
of the CdZnTeby D. K. Ward and his collaboratid87]. The parameterization and
physics of the BOP is given in detail in R4B6], [87].
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2.1.3Periodic Boundary Conditions

Periodic boundary conditions (PBC) are usedVD simulationsto approximate a
large system by using a small parhe system with PBC is constructed ¢ypy a
particle and its position from one cell to ned indicated irFigure 13. This copy
creates a lattice iaD, or 2D or 3D of space When applyingPBC, the number of
particlesis also conservedn the system.Consequentlythe particles leavethe cell
from one side and then an identical copgmnters theell through the oppositside
Particles lying withimai  radius(the radiuss usuallyimplementedvhenthe force
between two atomis calculated distancgseeFigurel3) of a boundary interact with
particles ina neighboringcell. The neighboring cellepresents a copyf one of the
particles in the simulation celhasmuch ast is within the radiuswhich is always
chosen so that an atom can interact withy one imageof any given particle in the

simulation cell.

R Y q

Figure 13. Periodic boundargonditions in two dimensiori{89].
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2.2Density Functional Theory

The density functional theory (DFT) is presently the most sstekapproach teolve
exactliyt he el ectr oni c fdBtheeledrahic wayesfuncti@f@many i o n
body systemFeasibility of DFT is varied froratoms, molecules and solids to nuclei.
DFT estimats a variety ofelectronic, optical and magnetmroperties such as the
vibrational frequencieslowest total energies, density of state, ‘gpectraetc. of
atoms, molecules or larger systenitfie main aim is to solve time independent

S ¢ h r gerdequation for the electron densiiyd obtain the moleculgropertiesof

any molecular systenfor this purposeseveral approximations are usedriake DFT

practically possible.

2.2.1Born-Oppenheimer Approximation

Thetimei ndependent Sc hontethtivistig)is definedasu at i on

Q@b I8 Fio PR I8 AY F Ow @ Mo 8 b v P I8 {9 i (2.20)

In Eq. (2.20),Orepresents the Hamiltonian relatedatsystenwith M nuclei and N
electrons:

al o)
o
_lg
o

— (221
2 e

In Eq (2.2, i refers tothe distance between electrand the nucleusY and

1 the distance betweenuclei and betweenelectrons respectively The terms
appearing in Eq. (2.21) represent the kinetic energy of the electron and nucleus,
attractive potential energy oe electromucleus andepulsive potential energy of
electronelectron and nucleusucleus interaction§90], [91]. Furthermore atomic

units have been used.
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Due totheir massesthe nuclei move muchore slowlythanthe electronsBorn and
Oppenheimef92] consideredhe electras as moving in théeld of the fixed nuclei
in which a molecule has zero kinetic energy and constant potential efkegyclei

upon each electroran be written as an external potential
w b —38 (2.22)

[

Therefore, the Hamiltoniatiminishesto

n ® B — (2.23

—

electronictimeé ndependent Santead8 di nger equat

Ow bfefBfe  Ouw bfefs fip (2.249

While significantly simplified, this isstill a very complicatecequation due to the
electronelectron interactionlhis problem becomestractable even for small systems

with a few atoms.

2.2.2Hartree -Fock Approximation

This method employl el ectrons as occupying N di er
accommodate one electron. The Hartree proolutte individual orbitalsvhich is the
simplest application to a maiipody wave functiorof an Nelectron systencan be

definedas,

B BfefB iy % B % B 8 % B (2.25
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However, he Hartree product does not satisfy the Pexdluson principleon the
antisymmetryproperty. The antisymmetrg ondi ti ons are satisyed ¢k
HartreeFock method approximatid®3], [94]. This approximation says that thest

set ofan atom with onlypneelectron wave functions in the form of Slater determinant

represent the ground state.

% B, % B, E % B
R b P % B % B E % B (2.26)
B f g o s - 2 8
5 BB By o é é E é
% B, %o By 8 %o By

It is the Slater determinamthich satisfies antisymmetry conditiolt disappears the
set %o is linealy dependentEspecially this condition occursvhenit is concerned
with two (or more) spin orbitals/hich are the sameNamely, two electrons camot
occupy the samguantum stateOn the other handhe Slater determinamthich is an

antisymmetric terey is appraisedy means otheLaplace expansion

The Slater determinant includes exchange tetmwever HartreeFock
method neglects correlations in the motion between two electrons withaaaliel
spins. Therefore,raexacts ol uti on of the Schr°dinger equat
HartreeFock equations, buhe solutionis possibleby resoring to a selfconsisten

method.

2.2.3The Electron Density

The electron densitig used thathe grounestatetotal energy isthe functional of the
groundstate electron densitg DFT calculationslt is describedas the integral over
the spincoordinatesof all electrons ath whole but one of the spatial variables

P 0 8 5 omMMm sU 8 & X
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" b determines the probability oéxisting any of the N electons inside of a
differentialvolumeelementOp. The advantagesf thedensity ar@bvious. he many
body wave function is dependent osiatial variabledyut” b is apositivefunction
integrating to the total number of electronsyimch it is justthe three spatial variables

which disappeara t i foylocalized systems

"POKBOT " PO 08 (2.28)

2.2.4 The HohenbergKohn Theorem

In 1960s, a method for obtaining the properties of-alegtron systems was
formulated by Hohenberg and Kof#b]. In this methodhe electron density is directly
usedthe basic quantity. In 1964, Hohenberg and Kohindicatedthat theexternal
potentialcould be written as an explidinctional of the densityl he first Hohenberg

Kohn theorem indicates that the density distinctively define all the properties of any
system by the Hamiltonian operatéys aresult, thegroundstatetotd energy asa

functional of the electron densiiydefinedas
o" Y w " w7 "pPpL0UPOP O " h & w

with the HohenbergKkohn functional,

o Y o " h C® T

which includes theof the kinetic energyY” andthe potential energgp " of the

electronelectron interactionThe functional for thénteraction iswritten as

Y ”b
o' 2 2 P 0 o 0 8 & p
¢ @ bs
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In Eg. (2.32),0 presentsthe nonclassical contributiorto the electrorelectron
interaction which inaldes seHinteraction exchange and Coulomb correcsoiihe
obvious formalisnof the functional’Y” and’O is themaindifficulty in DFT due

to theunknown the functional.

The second theoreof HohenbergKohn states thahe functionalO providesan
electron densityvhich can be obtained from thetal energyO ” of the ground state.

This theorem idased orthe variational principle,
o O WY 0" '’ ¢® o

which suppliesthe necessary boundary conditions for any trial derisity such as

p Tmand " P0Op OU.

2.2.5 The KohnSham Theorem

In 1965, Kohn and Shanj96] introduced a method based anfunctional of the
eledron densityin terms ofthe Hohenberdglohn theorem. In this methotihe density

of a system of interacting particles can be definethaslensity under thienpactof

the effectiveexternal potential in which the nénteracting particles moveavhich is
called the KohrSham potential. Ais potential is composed of the external potential
and the Hartree potentiahd the exchangeorrelation (XC) potential is given as:

lO ” k "Y” "Y ” 'O ” D ” c8). T

which contains all the remaining contributiofifie XC energyO is the functional

includingeverything that is unknown.
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In practice approximations for theC energy andts potentialmust be developesb
that he electrorelectron ternis defined in accordance withe singleparticle density
The correction to this term is nameitie correlation energpecausethe electron
electron term igxpressed ahe twoparticle densityandnot according tahe single
patticle density. Exchange energy arises from the Pauli Exclusion Principle and the
correlation energy comes from the repulsion between electrons. The explicit form of

theground statetotal energy in terms diunctional of densitys:

: p "B"PD AN

o” Y” E i PP O 7 w " PP

c 09sOL s Psi-3 bSO O °
i—$ b S Op8 C® L

2.2.6 ExchangeCorrelation Functionals

It is imporiant to know the exchangmrrelation(XC) energy functional foa
practicalway toactually useéhe KohnSham equation€n the other handhe exact
expressiorof the XCis not known in a closed mathematical form so that these
manyapproximatingiunctonals which isdeveloped andsed with varying levels of
complexity. The functionabk have beercategorizecdoyiJ ac ob 6 s Figuetder 0 (
14) [97] and assigned to different rungs of ladoreterms of thecomplexity oftheir

ingredients The accuracy andst of computatioincrease as one goep the ladder.

In addition functionalsincluding nonempirical or semempirical can be classified

from density functional approximans to the XGenergy in this ladder.
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Dreams of a final theory

1

5% : exact exchange +
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[ PwoLPBE,.. || 2v:GGA [ BLYP, BPS6, . |

1st: LDA

Hartree Theory

Figure 14: Schematic diagram of exchangerrelation functional§97].

It is important toknow the appropriate correlation functional for system stutbed
obtain good performance from DFT calculatiolmsthis section,he XC functionals
of this laddershown in the diagranare given as a brief introduction the most

common types the functionals in extensige.

In the ladder, each rung represents a different level from lower to higher rungs. The
lowest rung idocaldensity approximation (LDA98], in which theXC energyis only
dependent on the density at a point anddhtteuniform electron gasf thatdensity.

Some of selected populXiC functionals of LDA arehlte PerdewZunger (PZ)[99],
PerdewWang (PW)[100] and VoskeWilk-Nusair (VWN) [101]. In generalized
gradient approximatia(GGAs), on the next runghe XC energy is taken to deoth

the density and its gradient at each pdd®Asare more accurate than LDBut LDA

is better for van der Walls (vdW) interactiodoreover, GGAs decreasd¢he bond

dissociation energy errandimprove transitiorstate barriergn general

The most populaBGAs includePerdewBurke-Emzerhof PBE) [102], Perdew\Wang
91 PW9]) [103] Lee-'YangParr (LYP [104], and Perdew86 (P8§L05]. GGAs are
necessaryo reasonably descrillgydrogen bondéHBs) [106]i [108] at all times.
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In metaGGAs, the XC energydepends on the density, its gradient #r@KS kinetic
energy densityMetaGGASs are especially used for calculations on sedsinice they
give better properties like surface energies than GGAs.d8gsthe TPS$109]

functionalbelonging to metaGGAshas been found to lmeore reasonabliaan LDAsS
and GGA4110]i [112]in gas phase.

The Hybrid-GGA functional is a mixture some XC functional with a GGA. It also

gives better results for band gaps and reaction barrier heights then LDA and GGAs.

Description of metals/ith LDA are worse thathat of GGAs.The aim of mete&dGGAs

is to produce a highly accumafunctional, without cosSome of the hybrid methods
are the B3LYPR[113], B3P86[105], [113] B3PW91[103], [114] B1LYP[115], etc.

In this thesis,lte B3LYPhas been useaks the functional. The exchange term of the
functional uses components of the firshd seconarder density matricd416]. The
correlation term is denoted liye Vosko, Wilk, and Nusair (VWN3) local correlation

functional[101] together with the correlation term of Lee, Yang, and P#].

The fourthfunctionalis the hybrid metaGGA. This functional is composed aifeta

GGA and hybrid functionals witlappropriatep a r a me t e rsememdetulard t o
databases such as PW6B[@37] which includes6-parameter functional based on
PerdewWang@&9 lanadx Blrearkge adl MPWBAK[118.1 at i on

2.2.7 Basis Sets

Basis functions are employed in all DFT implementations as a means of converting
the integredifferential KohrSham (KS) equations to a linear algebra formalism. This

is achieved by means of expanding the KS orbitals in a sugablef basis functions

like exponentialpolynomial Gaussiar$later type orbitalsand so onAmong these
functions, Slateand Gaussian functions are comnyamsed as the basis functions in
molecular calculationsA Slater type orbital (STOfor an stype atomic orbital (AO)

has the form
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Vi 5Q h (2.36)

wherei is the radial distance from the nuclelsis the normalization constant, and
| is the orbital exponent. A Gaussian type orbif@gTO) for an stype AO withthe

same orbital exponent has the form
Yi 0Q 8 (2.37)

STGs are very suitable for expanding molecular orbitals because thetheas@rect
shape, bwever GTGOs are preferred in practice berse they allow for efficient
computation of molecular integralSherefore in practiceSTOs are used aslmear

combination of enough GTO

In this thesisCER-121Gis used as atomic orbitals to calculate the electron orlditals.
this basis set the depdence of sphorbit effects was averaged out amgroduced
from an optimizing procedure based on an enarggrlap functional and from a
numerical DiraeFock atomic wave functions using shagmnsistent valence pseudo
orbitals CEP basis sets have beagdespeciallyin quantum chemistry to investigate
the structure with heavy elemeiitd.9], [120]and also the equilibrium geometry and

the spectroscopic properties of some small moleduile3i [121].
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Structural Properties of ZnCdixTe (x=0.25, 0.50 and 0.75) Ternary

Nanorods Molecular Dynamics Simulations

3.1.1 Introduction

The structural properties of AddixTe terrary nanorods fo(x= 0.25, 0.50 and 0.75)
have been investigated loarrying outMD simulations at various temperatures. An
atomistic manybody PEFhas been used to represent the interparticle interactions. It
has been found that the structural propemieZn.Cdi.xTe ternary nanorods show a

dependence on stoichiometry and temperature.

3.1.2Modelling and Calculation Procedure

In this study,a LennardJones and Axilrodeller PEFis usedMaxwell-Boltzmann

velocity distributionis used to generate pargclelocitiesNordsieckGear algorithm

was utilized to solve the equation of motidme cuto f f r adi us ofr 7. 0
maximum interaction rang&hermal equilibriunwascontrolled by choosing a simple

velocity scaling thermostatnd he canonical msemble (NVT, constant number of
particles, volume, and temperatuf@griodic boundary conditi@wereimposed along

the rod axis (&axis in our case)lhe temperature ranges are as the follows: 1 K and

1500 K for Zn.2sCdo.7sTe, 1 K and 1800 K for ZjxdCdo.soTe, and 1 K and 2100 K for
Zno.75Cdo.osTe. The reason for the different temperature ranges for each model is due

to different composition (stoichiometry) of each modéle systemwererelaxed until

they reactequilibrium energeticallyA samplegrgph showing the energetic relaxation
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for the model ZasCCdosoTe at 600 K is given irFigure 15. Depending on the

composition and temperature the range of relaxation time varies as follows: Initially,
Zno2sCo.7sTe, ZnsdCosole and  Zez«Cdo2sTe nanorods were equilibrated in

45000, 30000 and 40000 time steps at 1K respectively. After that, time steps for
Zno.2sCo.75Te, ZnsdCosole and Zp7s=CdosTe are obtained by time averaging

300.000, 160.000 and 250.000 between 3@0H 2100K separatelZnCdixTe

ternarynanorod&i t h a | at t i ¢ ehaveacabgdryatal structufeThd . 7 0 8

initial cell sizes (X, y, z) of three ZnCdTe nanorod models considered in the present

study are 10. 6, 10.r6sssectiohardd3ideiviews oftheipitmlect i vel y
structures of the three ZnCdTe nesab models are shown Figureleé.

: ; : v ;
440

, ‘ Zn,,.Cd, . Te nanorod at 600 K| 7

445 |
-450 -
-455 -

-460

Total Energy (eV)

-465

-470 -

! | ! | ! | ! | ! |
0 200000 400000 600000 800000 1000000
Time Step

Figure 15. The energetic relaxation plot for Z&uCdysoT e nanorod at 60K.
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Figure 16. Side and cross section views of the generated structutapznf 2sCd.7sTe (b)
ZnosdCdosoT € (€) Zn.75Cch 2sTe nanorod models

3.1.3 Results and Discussions

The method of calculation described above haen applied to compute structural

properties of ZyCdixTe ternary alloys nanorods with Zn concentrations<fo0.25,
0.50 and 0.75.

Figure 17 shows the number of Zn atoms variation with temperature for ZnCdTe
nanorod models. As itan be seen frorRigure 17, Zn atoms start to break up after
about 300 K and disappear completely all the Zn atoms from the nanorods after certain
temperature depending on the Zn concentratioine nanorodn addition, theaumber

of Zn, Cd and Te atoms remaining in terms of different temperatures fonrée
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ZnCdTe naorod models is given imable 3. It is apparent that there

atom inall the models at 1K.

IS N0 missing
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T

Figure 17. The number of Zn atoms variation with temperature faCdnxTe nanorod

models
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Table 3. Number of atoms in the ZnCdTe nanorod models at different temperatures.

T(K) Zno.2sCco.7sTe Zno.sdCo.soT € Zno.75Cco.2sTe
Zn Cd Te Zn Cd Te Zn Cd Te
1 24 72 96 48 48 96 72 24 96
300 24 72 96 47 48 96 65 24 96
600 17 72 96 43 48 96 62 24 96

900 5 72 96 24 48 96 52 24 96
1200 2 72 96 12 48 96 29 24 96
1500 71 96 3 48 96 13 24 96
1800 48 96 5 24 96
2100 24 96

Figure18 shows(a) the total interaction energies with respect to temperature and (b)
the snapshots of 4asCdh.75sTe nanorod at different temperaturAs.can be seerrém

Figure 18, the structure of the 4nsCdv.7sTe nanorod changes depending on
temperature. When the temperature reaches 900 K, the energy of the system begins to
rise and after reaching 300 K, Zn a®start to separate from the composition up until
1500 K, where they then disappear completely. As temperature increases, a uniformly
distributed Zp.sCdo.7sTe nanorod becomes a more random distribution. The cross
sections as well as the top view of thenarods sirlated are displayed iRigure 18

(b). As seen in th&igure18 (b) the change from the nanorod structure to the tubular
structure takes place as a result of@asing temperature.

Figure19 shows(a) the total interaction energies with respect to temperature and (b)
the snapshots of 48dCdh.s0Te nanorod at different temperatur@ds.canbe seen from

the fgure the strature of the Zms«CdosoTe nanorod shows a dependence on
temperature increase and stoichiometry. When the temperature reaches 900 K, the
energy of the system begins to rise. Zn atoms evaporate completely at a temperature
of 1800 K and CdTe atoms remaindatisplay a uniform structure. After reaching a

temperature of 300 K, the nanorod starts to form a tubular structure as clearly seen

41



from the cross section of the side view. In addition to this, Zn atoms show a tendency
to separate from the nanorod withmigerature increase like the other composition
(Zno.25Cdo.75Te). However, Zi.2s5Cth.7sTe and ZosdCdosol e nanorods have different
structural characteristidsom each other.

The total interaction energies with respect to temperature (a) and the snashots
Zno.7sCdo2sTe nanorod at different temperatures @o¢ displayed inFigure 20 for
x=0.75. Zn atoms in this model decrease significantly from 72 atoms to 0 atoms when
the temperature increases from 1 to 210@\ker reaching a temperature of 1800 K,
only Cd and Te atoms remain in the nanorod. Unlike the other compoutilega
dimensionalZno 7sCdb.2sTe nanorod becomes a twdamensional structure heeen

1200 K and 1800 Krigure20 clearly shows both sides and cross section views. It is
interesting to note that after reaching 1800 K a 2D structure changes to become 3D in

some sort of capsule like structure connected with an atom chain.
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Figure 18. (a) The total interaction energies with respect to temperatutéb) the
shapshots of ZpsCdy 7sTe nanorod at different temperatures.
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3.2 Investigation of the Structural Roperties of CdTe and ZnTeNanorods

Under Heat Treatment: Molecular Dynamics Simulations

3.2.1 Introduction

A classicalMD simulation using a recently developed CdZnTe atomistic rvaly
PEFis carried out to studye structural properties GfdTe and ZnTe binary nanorods

at various temperatures. It has begploredthatthestructural properties of CdTe and
ZnTe binary nanorods shaavconsiderabla dependence on temperature. In theeca

of theZnTe binaryalloy, Zn atoms separate first and pure Te system remains, however,
in the case of CdTe binary, both atoms remain even at high temperatures.

3.22 Modelling and Calculation Focedure

In this study, a manipody PEF is used dependihgnnardJones and Axilrod eller
functions Thermal equilibrium was controlled by choosing a simple velocity scaling
thermostat. The statisticalaverages were controlleth every 500 steps. The
simulations are carried out by starting &,land then tempature is increased up to
2400K and 3300 K for ZnTe and CdTe binary nanorods, respectively. Initially, ZnTe
and CdTe nanorods were equilibrated in 55000 time step&aftter relaxing the
nanorods at K, temperature increments with 300 K steps werglieg. At each
temperature increment, the systemnsrelaxed for abou®.21 ns 210000 time steps
(each time stefs 1.0 fs)] depending on the temperature of the nanorod studied. The
systems are relaxed until thegach equilibrium energeticallfaxwell-Boltzmann
velocity distributionis utilized to generate particle velocitias the corresponding
temperature. The cuat f f radius of 7.0 | rast@srangesed f or
Canonical ensembléNVT) was utilized for thermal equilibriumin order to bud

nanorodfrom the CdTe and ZnTe unit cells, a periodic boundary condition was
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imposed along the rod axis-&xis in our case). The initial cell size (x, y, and z) of

both ZnTe and CdTe nanorod models considered in the present study are 10.6, 10.6
and33 |, respectively. I n these nanorod st
or Cd atoms in each model. The models presented and investigated in this study by

MD simulations are the first in the literature. ZnTe and CdTe binary nanorods
considered in tis study are ircubic ZB structurewith lattice constants 6.08922]

and 6.481123]; , respectively. Cross section anc

of the ZnTe andCdTe nanood models are shown Figure21.

10.6 A

Figure 21. Side and cross section views of thegeted structures ¢h) ZnTe andb) CdTe

nanorod models.
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3.2.3 Results and Discussions

Having fixed the atomistic potential parameters, we have usethtbéTe PEHRNn the
simulations of nanorods of CdTe and ZnTe, by MD technique. The structures and

energetics of the simulation resudt® displayed in the Figures-28.

Figure22 shows total energy variation with temperature for ZnTe and CdTe nanorods.
As seenn figure, the total energy of the system begins to rise when the temperature
reaches 900 K and after reaching 600 K

-200 : : , . , : ,

——ZnTe

250 —&— CdTe] |

-300 N

L @V)

w -350 -

-400 -

450 4+———F——F———F"———71"——7——7——
500 0 500 1000 1500 2000 2500 3000 3500

T (K)

Figure 22. Total energy variation in terms of temperature for ZnTe and CdTe nanorods.
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Figure23 shows side and crosection views of the ZnTe at different temperatures.
From Figure 23, we can see that the structure of the ZnTe nanorod changes
significantly depending on temperaturAs temperature increases uniformly
distributedZnTe nanorod becomes a mar@ndom distributionThe change from the
nanorod structure a 2D structure takes place until 1500K. After that2Destructure
changes to become 3D in some sort of capsule between 1800 and Zb@0BD
capsule structure starts to form a tubular structure at 2400 K as clearly se€rginoen

23.

Figure 24 displays side and crossection viewsof CdTe nanorod at different
temperatures. As can be seen from the figure the structure of CdTe nanorod shows a
dependence on temperaturereaseWhen the temperature reaches 900 K, the energy

of the system begins to rise (deigure24). After reaching a temperature of 2100 K,

the nanorod starts to form a capsule like structure as clearly sé&gune 24. The
structure forms a tubular structure at 3000K. Interestingly increasing temperature more
causes the tubular structure to form a capsule like structure again.

Figure25showsthenumber of atoms remaining in terms of different temperatures for
ZnTe and CdT@&anorod models. Zn atoms in this model decrease significantly from
96 atoms to 0 atoms when the temperature increases from 1 to 2400 K and pure Te
system renains in the ZnTe nanorod mod€ld atoms separate at a temperature of
3300 K; however, in this case; both atoms remain even at high temperatures in the
CdTe nanorod modelt is interesting to note that the structures at low temperatures
(even at 1 K) shw a slight distortion, which is not expected at normal conditions. This

is due to the weak pair interaction between the atoms (in the order of 0.015620

eV) of the materials studie@d atom release from CdTe nanowires was also observed
experinentally [47]. The present results showing atom release consistent with
experimental findingsFigure 26 shows the experimental result of Cd atom release

with respect to temperature.
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1500 K

Figure 23. The structures aZnTe nanorod at different temperatures. Pictures show side and

crosssection views.
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crosssection views.
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Figure 25. The number of atoms variation with temperature for ZnTe and CdTe nanorods.
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Figure 26. Cd atom release with respécttemperatur@en CdTe nanorof@7].
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3.3 Mechanical Properties of CdZnTe Nanowires Under Wdiaxial

Stretching and Compression: A Molecular Dynamics SimulationStudy

3.3.1 Introduction

Structural and mechanicalqperties of ternary CdZnTe nanowires have lstedied

via MD simulations usin@OP. The simulation procedures are carried out as uniaxial
stretching and compression at 1 K and 300 K. The results demonstrate that the
mechanical properties of CdZnTe temnaanowires show significamtependence on

size and temperature under uniaxial stretching and compression.

3.3.2 Modelling and Calculation Pocedure

CdZnTe compound crystallizes in the zinlende structuras showrFigure1l. The
CdZnTe NWs considered have 263 and 641
y direction and a square cross sanctz i on
directions, respectively. The generated view of the modeled NWs is shdwgure

27.

Figure 27. The generated view of the modeled nanowires with (a) 263 atoms|(hddé)
and (b) 641 atoms (modg| M2).
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Simulations were carried out wisitrain rate 06% and at two different temperatures;
the temperatures selected are 1 and 309 & sH8overthermostaand the canonical
ensemble (NVTare used to control thermal equilibriwharing the whole simulations.
In the computations, the heating procedure is agphvhere the temperature of the
system was equilibrated at 1 and 300 K for the CdZnTe NWs with differestaside
then applied uniaxial stretching and compression at the equilibratedrégorps. For
both NW models irach stretching and/or compresssbep 50000 MD time stegS0
ps)werefound to be sufficiento achievethermalstabilityat 1 K. Similarly at 300 K
about 120000 MD sted20 ps)werefound to be sufficiento achievethe stability
Boltzmann velocity distribution was used to generaital particle velocitiesat the
corresponding temperature. The-ouf f radius of 14. 70

interaction range.

The CdZnTe NWs were subjected to uniaxial stretching and compression by moving

all the atomsn the ydirection figure28).

JJJJJJJJJJJJJJJJJJJ .

-‘ -‘ -‘ -‘ -‘ -" -‘ -‘ -‘ -‘ -‘ -‘ -‘ -‘ -‘ -‘ -“ -
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Figure 28. (a) Stretching model: The NW is stretched a lemgttalong its length. (b)
Compression model: The same NW is compressed a lgnigtong its length.
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A periodic boundary condition was @ated along the wire axis. In the stretching
process the-goordinate of all the atoms are changedas w z p8t ywhereas in the
compression process thecgordinate of all the atoms are changedas w z 1@ v
The percentagef changdn the length of the NVis calculated as:

. 0 0
@ 5 cPTT o

In Eq (3.2), O is the lengthat stretchingtepCand0 is the initial lengthof the NW.
Strain energy is defined a® O 'O whereO andO arethe total energy ahe

initial andstretching stefQ

3.3.3 Results and Discussions

The mechanical properties of the simulated CdZtérnary nanowires are presented
under the constant strain rate and at different tempera&tras energy with respect

to strain andhe snapshots of the corresponding stretched structures are feindkan

NW M1 at 1K and 300 Kn Figure29. FromFigure29 (a),at 1 K the NW appears to
preserve its overall structure under stretching and seems still undeformed until step 5
(about 17.0% overall stretching with respedthi® initial length). After stretching step

5, the NW structure starts to be deformed, particularly from the end regions. The
shapshot in step 6 (20.43%) indicates that the nanowire is broken. The simulation of
the same structure at 300 K exhibits somewvdiff¢rent corsequences as seen from
Figure29 (b). In contrary with the low temperature (1 K) case, in which the bupak
occurs at higher strain step, as the temperature goes up, the required strain for this
phenanenon decreases, namely the NW is broken earlier at 300K. In addition, we can
also see from the total energy changes and strain, the energy of the nanowire suddenly
drops due to the brealp.

In the second part of the simulation, the effect of the size qthsssection area),
which is an important parameter in the ductility of NWs, is investigated on the CdZnTe
NWs at different temperatures, 1 and 300 K, and constant straiiiinatetrain energy

with respect to strain arttie snapshots of the corresporyistretched structurder
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CdZnTe NW M2 at 1 and 300 K askhown inFigure30. From (a)the NW M2 has
the most tendency to stretch at 1 K without completely the hrpalntil step 11
(60.12%), which fragmentsito two pieces. Similar to M1 case, M2 also deforms
earlier at 300 K and breaks at stretching stepi@ufe 30 (b)). This characteristic of

the strain energgtrain curvas shownin Figure30 (a) and (b).
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Figure 29. Strain energy o Eith respect to straih oL &n@lothe snapshots of stretching
process for CdZnTe NW M1 at (a)Kland (b) 300 K.
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&nelthe snapshots of the

corresponding stretched structures for CdzZnTe NW M2 at Kaxid (b) 300 K.

Figure 30. Strain energy o Evith respect to strai oL
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In the last part of this study, the effect of the compression application is investigated
on the CdZnTe NW M2 at 1 and 300 KromFigure31, further compression causes

the atoms in the NW to undergo significant rearrangement. In the last compression
step 19, the NW looks like a nanoparticle with amorphtustsire. It is interesting to

note that at 300 K in the second compression step Cd atoms start to eject from the NW.
We stopped the compression procedure at this point. Therefore, we can infer that
temperature has a significant effect on the Cd atoms fHsult is consistent with
recent experimental findingd7] andour theoretical calculation&ee section 3.1 and
3.2).According to the experimental high resolution transmission electron microscope
findings, the Cd content of the NW decreases with increasing temperature. Similar
trend has also been obtained in MD simulations of CdTe and Zn@aiiorods with

a different PEF. Comparing the binding energy of three atoms (Cd, Zn and Te), Cd
atom has themalkest value, which explains why Cd leaves the system firsilsale

2).
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Figure 31. The snapshots of the CdZnTe NW M2 at 1 K until 19 compression steps. All the
pictures show side &ivs, except #19a is for side view, #19b is for cross view.
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Figure 29. (Continued)
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3.4 Structural and Electronic Properties of ZnmCdnTex (m+n+k = 2-4)

Clusters: DFT Calculations

3.4.1 Introduction

The structural and electronic properties of isolatedtral ZmCdaTex clusters for
m+n+k =(2- 4 have beerstudiedby DFT calculations at BALYP/CER21G

level. The electronic ground state has been found to be spin triplet for the clusters Te
CdTe, ZnTe, and CdTe the rest have been found to havepin singlet state. The
optimum geometries, charge density, spin density, electrostatic potential, excess
charge on atoms, dipole moments, vibration frequenki€syO, LUMO, HOMO-

LUMO gaps O , the possibledissociation channels arehergies of the cluster
modelsconsidered havbeen obtained. The energy g&p decreasewhen number

of atoms in the clusters increases

3.4.2 Modelling and Calculation Pocedure

The structural anélectronic properties of small isolated neutrah@d.Tex clusters

for m+n+k =2- 4 have beerstudiedvia DFT at the B3LYP/CEPL21G level.
Various spin multiplicities were investigated and it has been found that the majority of
the models have spsinglet as the most stable (minimum total energy), and a few
models have spin triplet as the most staBlé.cluster geometries were optimized
without imposing any symmetrical constraints and tosvest total energy
configuration was assumed as thebglominimum caseThe structures are taken as
the local minima on potential energy surface having positive vibration frequencies.
GAUSSIANO09 progranj124] package have been usedhe calculationsMolecular

structures have been visualized using GaiessY125].
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3.4.3 Results and Discussions

Extensive literature suey shows thaZnz, Cch, Te, ZnCd, ZnTe, CdTe dimers of Cd,
Znand Te triple havgreatlybeennvestigateds discussed in the introduction section.
However, the ternary ZnCdTe clusters have not been investigated extensively.
However there is currentlypnly onework about ternarglusters of 0 &€ 6 QY Qfor

y=6 and 8 with TDDFT calculations considering only spin singlet 4. In the
present study all possible combinationsm+n+k =2- 4 have been taken into

account considering different spin multiplicities.

ZnmCdnTexk Clusters for m+n+k=2:

We begin the study aof ¢ 6 QYQclusters by investigating Z2nCc, Te, ZnCd,
ZnTe, and CdTelimer structures with lowest energy by optimizing the sysiEne
dimerswereoptimized and minimum total energiesrecalculated. Thegectroscopic
constants foritedimersare listed iTable4. Total energies are given irua(Hartree).

The binding energy has been defined aattulated using the relatigd O

O 'O 'O .Thisrelation always gives a positive value for binding energy. The
calculated spectroscopic constants of the ground state-adizyer is compared in
Table4 together with the theoretical and experinanésults from other studiekhere

are some studies on dimersZiCeh, Tep, ZnCd, ZnTe, and CdTe. The studies
conducted on the dimers have so farbet¢naddressedor the various possible spin
multiplicities. The results of the present calculatiortsgated that for Teand CdTe,

spin multiplicity at 3 (spin triplet) is the lowest state in linear geometry. The total
magnetic moment for t@and CdTe alisters are found to be 6 and‘13respectively.
Figure 32 shows the optimized geometries, bond distances, excess charges, spin
density (SD), charge density (CD) and electrostatic potential (ESP) of all the diatoms.
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Table 4. Spectroscopic constants of thessible dimer combination®issociation energy
(De¢), equilibriumdistancgre) thevibrationalfrequency € ¢), total energy iy in Hartree) the
multipliciti es of the spin system (2S+1he dipole moment£in Debye).Er (Zn) = -226.126,

Er (Cd) =-166.937 andEr (Te) =-7.974.The corresponding total energies for the triplet states

are given in the parenthesis.

Dimers O Qw 1 B 1T wa (0] 2S+1 ‘

Zn, 0.012 3.559 32.97 -452.253 1 0.00
0.022 4112 259 21.¢¢
0.272 4.19, 45% 25.9

-452.152 3
Ck 0.007  4.013 18.17 -333.875 1 0.00
0.02¢  4.01% 2.74 18.¢%
1.41%
-333.769 3
Tez  4.902 2.700 222.37 -16.128 3 0.00
4108  2.700 220.63 -16.099 1 0.00
1.419 2557 2.74 246.0
ZnCd 0.010  3.703 24.79 -393.064 1 0.02
-392.962 3
ZnTe 1.834  2.417 241.90  -234.168 1 4.19
0.72F  2.5409,2.64F  186.0
CdTe 1.738  2.619 110.90  -234.166 3
1.632 2.619 188.72 -174.975 3 1.91
1.57 2.80F, 2.92 188.78,  -174.971 1 4.88

157

4127] PP, CPP; CCSD(T¥[128] Exp. 129] Exp., 9[130] Exp. [131] FPMD, 966] BOP,
h[87] BOP, K[132] Ab-initio
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' 3.559 . o |' 4.013 c ’ ‘ . 2.700 i '

2417 8 c ' 26195 ’ e 3.703 o
(0.156) (-0.156) (0.099) (-0.099) (0.009) (-0.009)
CdTe(SD) Tes(SD) CdTe(CD) Tey(CD) Cd,(CD)

Zny(CD) ZnCd(CD) ZnTe(CD) Zn,(ESP) Cd,(ESP)

L

Te(ESP) ZnCd(ESP) ZnTe(ESP) CdTe(ESP)

Figure 32. Dimer geometries (Zn is purple, Cd is grey and Ter&ge), spin density (SD),
charge density (CD) and electrostatic potential (ESP) pictures of dimers. Green (alpha spin)
and blue (beta spin) colors represent the positive and negative spin density, respectively.
Electrostatic potential picture: yellow peesents positive potential and orange negative
potential. The corresponding charge densities for dimer geometries are given in the

parenthesisThe color is the same in thelfawing figures.
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Figure32displays thatthe spin density distribution is not symmetric over CdTe dimer
and both positive and negative parts apparent, whereas it is symmetricaomd Daly

the negative part is apparent. Charge density is uniformly distributed for homonuclear
dimers andheteronuclear ZnCd clusters, however, in dimers containing Te atom
charge density is not symmetrically distributed over the atoms; charge on Te looks
broader. This is due to the electronegativity property of the Te atom. ESP is a measure
of electronegatity and partial charges of a molecule. As it can be seen Figuare

32, negative ESP is mainly localized over the Te atom and it looks like a yellowish

blob while the positive regions are mainly localized arounazthCd atoms.

ZnmCdnTexk Clusters for m+n+k=3:

For® & 6 Q'YQclusterss & "Q o, in order to obtain geometry with the lowest
enegy, several atomic arrangementere considered; foinstance, it was studied
ZnCdTecluster having the lirer structures witEnCdTe, ZnTeCd, and TeZd. This
procedure was done for all the clusters in this study. The initial geometries of the
clusters fora ¢ 'Q o were chosen with all possible geometries, linear and
triangular structuresThe optimum structes and correspondingpond distanceare
shown inFigure 33. The spin density (SD), charge density (CD) and electrostatic
potential (ESP) pictures of trimer clusters coasd aralisplayedn Figure34. From

Figure 34, the spin density distribution is symmetric over the linear cluster (TeZnTe)
and the negative spin density is localized on Te atoms, whereas the positive spin
density localization ison Zn atom in the center. Charge density has a uniform
distribution for homonuclear trimers and Zn and Cd containing trimers. On the other
hand, charge density of trimers with Te atom is not equally distributed between the
atoms. Positiveegion of the ESP is mainly localized around Zn and Cd atoms and

negative region has localization around the Te atoms.
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(0.122) (-0.245) (0.122) (-0.015) (0.030) (-0.015)
e 2.562 e 2.8272 3 a 2540 e 2.398 0
(0.091) (-0212) (0.121) (0.193) (0.041) (-0.234)

3.664 3.662 2.019 2.919

T |

2.919

(-0.024) (-0.012)

(-0.021)

3.398 3.398
2.706

3.682

3.244
(0.012) (0.012)  (-0.012) (0.024) (0.041) (-0.020)

Figure 33. Trimer geometriesThe corresponding chargaluesfor trimer geometries are

given in the parendsis.
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I LY XYY

ZnTey(SD) CdTex(SD) Zn3(CD) Cd;(CD) Tes(CD)  ZnCdy(CD)

ZnTey(CD) Zn,Cd(CD) Zn,Te(CD) CdTe,(CD) Cd,Te(CD) ZnCdTe(CD)

Oae e

Zn3(ESP) Cay(ESE) Tes(ESP) ZnCd,(ESP) ZnTe,(ESP)

o - M A
Zn,Cd(ESP) Zn;Te(ESE) dTey(ESP) Cd;Te(ESP) ZnCdTe(ESP)

Figure 34. Spin density (SD), charge density (CD) and electrostatic potential (ESP) pictures

of trimers.

The binding energies, total energy, spin multiplicity, and the dipole moments of the
lowest energy structures @& 6 QYQclusters for& & "Q o aregiven in
Table5 and the vibratioal harmonic frequencies atabulatedn Table6. Triatomic
clusters forthe homonulear Znz, Cck and Te are in equilateral trianglshapewith
Dan symmetry. In the case of mixed (heteronuclear) clusters, the lanesyy
structures of ZsCd and ZnCgdclusters are in isosceles trianglth 'O symmetry.
The isomers of these tr@nhs with linear geometry havecal minima. The lowest
total energyalues of the triangular structures are slightly smétian that of the linear
shape ZnTe and CdTe clusters are in lineggeometrywith'O  symmetry. ZaTe
and CdTeare in lineageometrywith O and the angulad configuration vith the
Tel Te bond (sed-igure 33) respectively. Zflre-Cd configuration among the linear

ternaries has the lowesthergy. The spin multiplicitiesonsdered for trimers indicate
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that spin multiplicity at 3 giveshe ground state for ZnTe@nd CdTe trimers (see

Table5). The total magnetic moment for ZreTend CdTe clustersare found to be

10.6/7.

Table 5. The binding energiek, in eV), total energyHr, in Hartree), the multiplicities of

the spin systen2S+1), and the dipole moment§),(in Debyes) ofrimer structures with lowest

energy The corresponding totahergies for the triplet states are given in the parenthesis.

Dimers  Geometry (0] (0] <Y p
Zn3 Equilateral 0.085 -678.382{678.279) 1(3) 0.00
Cds Equilateral ~ 0.047  -500.813¢(500.726)  1(3) 0.00
Tes Equilateral  7.181 -24.18624.180) 1(3) 0.00
ZnCc  Isosceles 0.057 -560.003¢(559.905)  1(3) 0.01
inTe Linear 0.383 -242.270 3 0.00
Linear 0.462 -242.242 1 0.00
Zn,Cd Isosceles 0.057  -619.193(619.102) 1(3) 0.00
Zn,;Te  Linear 2.379  -460.314{460.301)  1(3) 7.90
CdTe Angular 0.016 -183.066 3 0.53
Angular 0.027 -183.037 1 0.60
CdTe  Linear 2.196  -341.929¢341.914)  1(3) 0.00
ZnCdTe Linear 2.296 -401.122¢401.120) 1(3) 0.15
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Table 6. Thevibratioral frequencies, in cm?) of all the trimer structurewith the lovest

energy
Trimers Vibration frequencies
¥1 ¥2 ¥3 ¥4

Zn3 49.2 50.8 53.2

Cas 26.7 28.5 32.2

Tes 145.9 145.9 198.5

ZnCch 26.3 30.0 30.9

nTe 48.9 48.9 137.9 300.6
Zn.Cd 32.7 35.6 48.9

Zmn;Te 29.1 110.3 283.8

CdTe 8.8 20.0 215.7

Cd:.Te 27.5 27.5 108.3

ZnCdTe 30.2 111.5 166.2 132.5

ZnmCdnTexk Clusters for m+n+k=4:

The initial trial geometries for the tetramers with all positive vibration frequencies to
obtain a global minimum energy structure are linear, rhombus, tetrahedral-and Y
shaped structures, in addition to square structure for homonuclear structwges. Th
optimum structures, the bond distances, charge density (CD) and electrostatic potential
(ESP) pictures of all tetrametusters are shown iRigure 35 and Figure 36. From
Figure36, although the number of Zn, Cd and Te increases, CD and ESP distributions
show the same trend like structsingith two and three atomd he binding energy,

total energy, spin multiplicity, and the dipaleoment of® &€ 0 ‘Q"YQfor tetramer
clusters with the lowest energye given inTable7 and the correspondingbration

harmonic frequencies are given iffable 8. The ground state configurations of
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homonuclear Zn Cd: and Te are nearly in tetrahedral structure. A tetrahedral
structure for ZeCd and ZnCgand ZnCd: clusters is the mostable structure (see

Figure 35). According to MD simulation$77] the structures of 2¢d, ZnCd and

Zn,Ccb clusters were in tetrahedron geometry andCgh bond distances were
determined intherange ®43 . 185 j . I n the present stud
in agreement with those bond distances in the range of-3.16@ 0 A rhgmbus

structure withO  symmetry hashe lowest energy for 2ie; tetramer while a planar

(nearly rhombus) and linear structure has the lowest energy fors ZmbeZnTe

clusters, respectivelfthe most stable structure of £J@ cluster is a tetrahedral with

O symmeé ry and the bond +«d sohdadistaree in Glle;2 . 7 0 8
cluster i s e d@&d GdTgjclusterk, dhe geGnaetries with the lowest
energy are linear and planar nearly rhombus structure, respectively.

The lowest energy geometry for28dTe and ZnCdTeis a 2D distorted rhombus and

for ZnCdTe cluster is a linear structure. The bond distance ef&Zm ZnCdTe and

ZnCTe were 2.659 | and 2.826 | Ffempect i v
ZnCdTewas 2.403 . The bo{laatoths is tha temazys be't
structures ZsCdTe and ZnCgl'e were longer than ZnTe dimer bond length, but the

bond distance between Are atoms in ternary structure ZnCdweere shorter than

ZnTe dimer. On the contrary, the bond distance of CdTe dimer wagistiah Ced

Te bond lengths in the 28dTe and ZnCgl'e clusters, however it was longer in the

ZnCdTe cluster (sed-igure35).
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(0.137)

3.146
(0.099)
3.021
(0.104)
2.665 2.505 2.723
(0.137)
(0.123) (0.021) (-0.289) (0.064)

(-0.046)

(-0.071) (-0.071)

(0.094) (0.047)

(-0.106) (0.106)  (-0.009) %2

¥

+ 2.998

(0.009)

(0.034) (-0.011) (0.021) (0.021)

Figure 35. Tetramer geometrie$he corresponding chargensities for tetramer geometries
are given in the parenthesis.
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Zny(CD) Cdy(CD) Tey(CD) Zn;Cd(CD) Zn;Te(CD)
Cd;Te(CD ‘ I
ZnCd,Te(CD) 3Te(CD) ZnCds(CD) ZnTex(CD) CdTes3(CD)
Zn,CdTecp) CHTeCD) 2 Uegieh) ZnCdTex(CD) Zn,Cd>(CD)
Zny(ESP) Cd,(ESP) Tey(ESP) Zn3Cd(ESP) Zn;Te(ESP) Zn,Cd,(ESP)
Cd;Te(ESP)
Zn,Tey(ESP) ZnCdESP) 5. cq Wgsp) Cd,Te,(ESP)

ZnCdTe,(ESP) Zn,CdTe(ESP) ZnTe;(ESP) CdTe;(ESP)

Figure 36. Charge density (CD) and electrostatic potential (ESP) pictures of trimers.
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Table 7. The binding E», in eV) and total Er, in Hartree) energies, the multiplicities of the
spin system3S+1), and the dipole moment§,(in Debyes) fotetramer structures witthe
lowest energy The corresponding total energies for the triplet states are given in the

parenthesis.

Tetramers Geomety 0O O <Y p !
Zny Tetrahedral  0.067 -904.519¢904.438) 1(3) 0.00
Cds Tetrahedral  0.069 -667.756(667.671) 1(3) 0.00
Tes Tetrahedral  9.592 -32.258(32.184) 1(3) 0.93

Zn3Cd Tetrahedral  0.231 -845.328(845.257) 13) 0.12
ZnsTe Linear 2.585 -686.451¢686.445)  1(3) 4.25
ZnCch  Tetrahedral  0.057 -786.137¢786.132)  1(3)  0.00
Zn,Te Rhombus 1.999 -468.455¢468.404)  1(3)  0.00
ZnCak Tetrahedral ~ 0.012 -726.946¢726.942)  1(3) 0.20
ZnTes Rhombus 1.379 -250.363¢250.341) 1(3) 2.09
CdsTe Linear 2.391 -508.875¢508.856) 13) 4.16
CdTe Rhombus 1.252 -350.049¢350.009) 1(3) 0.00
CdTe Rhombus 0.919 -191.157¢191.156)  1(3) 2.96
Zn,CdTe  Rhombus 2.649 -627.261¢627.255)  1(3)  3.53
ZnCcTe  Linear 2.548 -568.069¢568.050)  1(3) 11.7
ZnCdTe  Rhombus 1.635  -409.252{409.220) 1(3) 1.14
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Table 8. Calculated vibration harmonic frequencies (in'gmif all the tetramestructures with
the lowest energy a&nnCd.Tex clusters for m+n+k=4ZnsTe, CdTe and ZnCdTehave one
morefrequency value 223.0, 163.5 and 285.5, respectively

Tetramers Vibration frequencies
¥1 ¥2 ¥3 ¥4 ¥s5 ¥e

Zng 5.3 1.7 7.8 20.0 43.7 a47.7
Cds 0.3 8.7 9.0 13.6 15.4 28.0
Tey 43.6 52.6 94.0 122.6 178.2 209.1
Zn:Cd 56.3 57.3 58.5 73.5 74.2 80.8
ZnzTe 10.5 10.5 36.7 36.7 84.4 110.0
Zn.Cap 0.1 6.7 9.6 18.6 26.6 294
Zmle; 70.9 131.4 136.4 182.8 213.0 255.3
ZnCas 0.8 6.6 6.9 10.1 13.9 15.9
ZnTes 23.8 88.8 141.0 142.1 186.8 265.1
CdsTe 9.3 9.3 28.3 28.3 59.9 98.5
ChTe 525 102.9 108.4 131.8 165.8 192.1
CdTe 29.9 73.2 131.2 141.0 165.2 181.5
ZnCdTe 53.0 80.2 86.0 146.9 150.7 196.4
ZnCcTe 100 10.0 35.9 35.9 46.6 110.2
ZnCdTe 63.9 113.7 124.0 143.5 188.8 238.9
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3.2 HOMO-LUMO gap energies Eg)

The highest occupied molecular orbital@MO), the lowest unoccupied molecular
orbital (LUMO) and the frontier molecular orbital energy g&tOMOi LUMO
difference in energy ) for all the clustersonsidered are given Fable9. The energy
gapO decreases with increasisgethe clusterTheO of the clusters withZn and

Cd atoms are relatively larger than that daflusters with Te atom TheO of
heteronuclear ZnCd dimer (4.76 eV) is larger than that of the heteronuclear ZnTe
dimer (1.46 eV) and CdTe (1.52 eVnterestingly,the element Te shows quite
different features than that of Zn and Cd elements. HOMO and LUMO pictures of the
dimer clusters are shown iRigure 37. In the case of Z#CdTex (m+n+k=3) three
atom clusters,O of homonuclear Znand Cd trimers are larger than that of
homonuclear Tetrimers, same as the dimers. Similarlq) of the Te containing
clusters are relatively smaller than that ahers without Te. We have foun® of
heteronucleaZnCdTe cluster to be 1.76 eV. This value changes from 1.5 e\B8to 2
eV in terms of stoichiometrfp2]. HOMO and LUMO pictures of the trimelusters

are shown irFigure 37. For tetramersQ has the same properties as other clusters,
dimers and trimers, bi® decreases with increasing number of atoms. HOMO and
LUMO pictures of the tetrameclusters are shown iRigure38. From Figure 37 and
Figure38, HOMO and LUMO localizations in models with Te are mainly on and near
the Te, whereas localization in the other models is almost symmetric over the
structuresln addition, the clusters with spin multiplicity 3 have botmdb Molecular
Orbital (MO) eigenvalues. It has been found thabf b states are comparatively

smaller than that dflstates on the outside of Jdimer.
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Table 9. HOMO, LUMO energies (in Hartree) and HOMOUMO gap enegies Eg, in eV)
of ZnmCdhTe clusters for m+n+k=4Ent ri es with U and b corresp
correspond to 2S+1=1

Cluster HOMO LUMO (@) Cluster HOMO LUMO (@)

Zny -0.223 -0.041 4.952 CdTe -0.199 -0.138  1.165
Ca: -0.216 -0.045 4.652 ZnCdTe -0.203 -0.138 1.768
Te2 (U -0.231 -0.094 3.727 Zmn -0.224 -0.070  3.972
Te2 (D) -0.668 -0.151 14.07 Cds -0.216 -0.068  3.999
ZnCd -0.218 -0.043 4.761 Te& -0.209 -0.145  1.687
ZnTe -0.210 -0.156 1.469 ZnsCd -0.207 -0.066  3.754
CdTeQ) -0.207 -0.042 4.489 ZmgTe -0.196 -0.128  1.850
CdTep) -0.208 -0.152 1523 Zn.Cdh -0.218 -0.069 4.054
Zn3 -0.221 -0.058 4435 ZnTe -0.212 -0.120 2.503
Cdas -0.214 -0.056 4.299 ZnCa -0.216 -0.068  4.027
Tes -0.218 -0.138 2.176 ZnTes -0.205 -0.134 1931
ZnCa -0.173 -0.081 2.503 CdsTe -0.189 -0.129 1.632
ZnTe() -0.253 -0.057 5.333 CdTe -0.208 -0.129  2.149
ZnTe(b) -0.220 -0.181 1.061 CdTes -0.203 -0.135 1.850

Zn,Cd -0.169 -0.084 2.312 Zn.CdTe -0.181 -0.125  1.523
Zn;Te -0.206 -0.137 1.877 ZnCdTe -0.175 -0.132  1.170
CdTe(0) -0.216 -0.094 3.319 ZnCdTe -0.210 -0.131  2.149
CdTe(b) -0.227 0.149 2.122
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Figure 37. HOMO (H) and LUMO (L) pictures of dimers and trimers. Green and red colors
represent the positive and negative isosurfaces for HOMO and LUz atévely.
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