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Abstract

Usually, semiconductor ternary alloys are studied via a pseudo-binary approach in which the semiconductor
is described like a crystalline array were the cation/anion sub-lattice consist of a random distribution of the
cationic/anionic atoms. However, in the case of reported 1lI-V and II-VI artificial structures, in which an
ordering of either the cations or the anions of the respective fcc sub-lattice is involved, a pseudo-binary
approach can no longer be employed, an atomistic point of view, which takes into account the local
structure, must be used to study the electronic and optical properties of these artificial semiconductor
alloys. In particular, the ordered Z€d, Se alloy has to be described as a crystal with the simple-tetragonal
Bravais lattice with a composition equal to the zincblende random ternary alloy. The change of symmetry
properties of the tetragonal alloy, in relation to the cubic alloy, results mainly in two effects: i) reduction of
the banned gap, and ii) crystal field cleavage of the valence band maximum. In this work, the electronic
band structure of the ordered 0g@d0 Se alloy is calculated using a second nearest neighbor semi-empirical
tight binding method. Also, it is compared with the electronic band structure obtained by FP-LAPW (full-
potential linearized augmented-plane wave) method.

Key words: band gap narrowing; electronic band structure; ordered alloys; Semi-empirical thigh binding
method; ZnCdSe alloy.

Resumen

Aunque la descripcion de las aleaciones ternarias semiconductoras se hace tradicionalmente asumiendo la
aproximacion de compuesto pseudo-binario. Para el caso de aleaciones artificiales de compuestos II-VI y
IlI-V, en las cuales se ha reportado un ordenamiento inducido por el crecimiento, una aproximacion de este
tipo no es aplicable, de modo que, con el fin de hacer una descripcion adecuada de las propiedades 6pticas
y electrénicas de dichas aleaciones artificiales, se debe asumir una descripcion atomistica que tenga en
cuenta la estructura local. En particular, para la aleacion ordenadg, g Z8e, el cambio de simetria

implica que se debe usar una estructura tetragonal simple, dando lugar, principalmente, a dos efectos: i)
disminucion de la brecha prohibida del material y ii) un desdoblamiento en el maximo de la banda de
valencia. En este trabajo se calcula la estructura de bandas de la aleacion ordengdadd&Se&msando

la aproximacion semi-empirica de enlace fuerte teniendo en cuenta interaccion a segundos vecinos y se
compara con la estructura de bandas obtenida por el método FP-LAPW (full-potential linearized augmented-
plane wave). Se obtiene una buena concordancia de las principales caracteristicas entre las estructuras de
bandas calculadas por el métoskmi-empiricay el métodoab initio.

Palabras clave aleaciones ordenadas; aleaciones de ZnCdSe; Disminucion de la brecha de energia; Es-
tructura electrénica de bandas; Modelo de enlace fuerte.
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INTRODUCTION In particular, in the CuAu ordered structure, a sequence of

A-C-B-C-A-C-... planes along the [001] azimuth is found.
From the traditional point of view, when two zincblende Sometimes, this structure is described as an (BC),
binary compounds AC and BC are mixed homogeneouslsuperlattice. However, it is not a true superlattice. It is a
obtaining a random ternary alloy 8 C, the ternary II-VI  crystal with the simple tetragonal Bravais lattice and the
and Ill-V semiconductors alloys are treated as pseudosame A B, .C composition of a zincblende random ternary
binary compounds (Bernard and Zunger, 1987), in whichalloy. Due to changes in symmetry, local ordering, and, in
traveling along the [001] direction, a sequence of cationparticular, to the change from zincblende unit cell -with
anion planes can be found. The Aand B cations, in a pseudspace grouf?, - to simple tetragonal primitive cell -with
binary alloy, are randomly distributed in each cation planespace group®,, - predicted and observed changes in ma-
In particular, for the 1I-VI pseudo-binary zincblende terial properties such as band gap reduction, valence band
Zn, Cd, Se alloy, the Se layers are alternating with splitting, polarization dependence of optical transitions,
Zn, Cd,  layers with a random distribution in average of vibrational spectrum, and others may be expected (Salcedo-
the same amount of Cd and Zn atoms. However, orderingReyes and Hernandez-Calderdn, 2005). In the case of a
of isovalent A B .C semiconductors alloys has been pseudo-binary alloy most of the optical, structural and
widely observed and studied (Kuahal, 1985; Swet al, electronic properties are correctly described by the virtual
1994; Luet al, 1987; Wei and Zunger, 1991). That is how, crystal approximation (VCA). However, it is evident that
at least four ordered structures related to the zincblendim the case of an ordered alloy, with x=0.5, the VCA approach
structure have been found to date (see Table 1): CuRtan no longer be employed to explain the physical
(Gomyoet al, 1987), CuAu (Mowgrayet al, 1992), properties and a more suitable crystalline structure must
femetinite (Wang, 1989), and chalcopyrite (8eal, 1986).  be considered.

TasLe 1. Different ordered structures related to the zincblende structure, that have been found to date. The related
compounds, the growth method (MOCVD, Metal-Organic Chemical Vapor Deposition, MBE, Molecular Beam
Epitaxy, and/or LPE, Liquid Phase Epitaxy), and a example of the semiconductor allow obtained as shown.

CuAu CuPt Chalcopyrite Femetinite

ABC»

MOCVD-MBE MOCVD MOCVD MBE
Aly sGag sAS IngsGag 5P GaysAsy 5Sb Ing 5sGag sAS
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On the other hand, the Semiempirical Tight-Binding (STB)whereA is the band index. In this work osend three

is one example of the so- callsimplified quantum orbitals (axvpy, andp) are used per every atom, that &pa
mechanical method& which a compromise between the basis, and all first and second nearest neighbor interaction
computational efficiency and the physical correctness ofs taken into account. As every atom in a zincblende struc-
the approximation is used. The usefulness of theséure is tetrahedrally coordinated, each atom (anion/cation)
approximatedmethods comes from the balance betweenrhas four first nearest neighbor of the other specie (cation/
theoretical rigor and pragmatism, speed, and accuracy. That a3

is, despite the generality and transferability of the methodanion) to? ===, and twelve second neighbor of the same
is limited, the heavy computational effort of first-principles . . . a ] ) ]
calculations is avoided by replacing difficult integrals, ~ SP€Cie (anion/cation) 0=z, whered s the inter-atomic

the so called two centers (Coulombic) integrals, bygistance. The resultifgx8tight binding Hamiltonian ma-
empirical parameters to fit experimental results. In generajriy is shown in appendix 1, were the site ind¢’), is
terms, in the STB method the solution to the time-gijthera for anions and for cations, and = ak /4, B = &/
independent single electron Schrédinger equation isy v = &4, o’ = ak/2, B’ = ak,/2,y = ak,/2, beinga the
assumed as a linear combination of atomic orbitals centerggttice constant. ThE® s are the on-site parameters, the
at each lattice point. The atomic orbitals are assumed to b s are the first-nearest-neighbor parameters, and the
very small at distances exceeding the lattice constant (thige | s are the parameters that represent the second-near-
is what is meant by tight-binding), and, therefore, est-neighbor interaction. The nineteen tight binding pa-
practically all matrix elements are approached by analyticajameters (TBP) to be determined by fitting band structure

functions of the inter-atomic separation and of the atomicjata have the same sense of those described by Slater-
environment. In section 2, the STB method, taking intokoster (Slater and Koster, 1954).

account all first and second nearest-neighbor interaction,

is applied in order to obtain the tight binding parameters order to calculate the TBP, symmetry properties of the
(TBP) of the binary compounds ZnSe and CdSe. In sectioBincplende structure are used. From the irreducible repre-
3, the tetragonal STB Hamiltonian is deduced and, ingentation (IR) of the wave vector grogg(k), at each high

electronic band structure of the ordered ZnCdSe alloy ishe TBP can be described by the relation

obtained, and then, in section 4 it is compared with the
band structure obtained by FP-LAPW.

(k)= @+ p)e (=57 +4r7) ®

TIGHT BINDING METHOD FOR ZINCBLENDE ZnSe .
AND CdSe BINARY COMPOUNDS where the plus sign corresponds to the energy of the con-

duction band, in eack-value, and the minus sign to the

In the STB method the basis of the system is assumed as’ lence band. For thépoint =(0,0,0) ancgo(k_) :Td). two
IR can be found: One three-fold degener&tein whicha

lineal combination of quasi-atomic functions centered in_"_~ . e n s e e
each lattice point. That is, the tight binding basis is writ-— B+ V5, + V5 p=E ot MXXJF V ¢ ANdy =B,
ten as and one one-fold degenerafe, in whicha =E° + 3V°_,
B=E® +3Va,andy=E* . FortheX point k=(217a,0,0)
\nbk)=N~"/2 S exp(ik [R; )|nbR;) 1) andgyk) =D, three IR can be found: One two-fold de-
b ’ generateX;, in whicha =E° —\* , B=FE% —V° , andy=
_ _ Ea°ny one one-fold degeneradg, witha=E° —V°, B = Eap
where the numbens runs over the atomic orbitals, the - 2v2 +Vv’2 andy=E=® _ and one one-fold degenerate,
wavevectork lie in the first Brillouin zone (FBZ), the site X, in whicha =E2—V& B = E°p— ¢ +V'c  andy=
index, b, is eithera for anions orc for cations, and the E* . For thel. point (x=(17a, Tva, Wa) andg (k) =C,) the
anion/cation positions arg. The Schrodinger equation relationshipsy = E2 -\ . B= B -\ andy = {E*_+

x X!

for the Bloch function4), written in terms of the tight E* }/2 can be found to the two-fold degeneratelR.

binding basis, is Since in this work the spin-orbit interaction is not included,
the single group notation of the IR’s of Parmenter (1955) is
Z{(nbk\H\mb'k)—g(k/\)J 5bbl<mb’k\k/1>}:0 used to label the energy bands at the points and axes of
£~ m v (2 symmetry.
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A group of twelve equations and seventeen unknown quariained from the calculated TBP shown in Table 2, are com-

tities, then, have to be solved. The paramdiegsandE’s
pare used to fit the light holéhj and heavy holenf) mass

pared with other —experimental and theoretical— values in
Table 3 and the resulting band structures for ZnSe and

effective of each compound. The energy eigenvalues, obcdSe are shown in Figure 1.

TasLe 2. TBP (in eV) for ZnSe and CdSe. The_represent the on-site parameters, the,,, parameters represent the
first-nearest-neighbor interaction, and theV,,, the second-nearest-neighbor interaction

ZnSe CdSe
ES 2.498 ES 3.317
Esa -10.55 Esa -10.40
Ep° 7.110 Ep° 7.270
Epa -0.681 Epa -1.016
E*, . -6.040 E*, . -0.238
E*, 2.427 B, , 0.029
E*,, 5.465 Ex,, 4.659
E*, 2.767 S 0.213
B, 6.637 E*,, 3.812
Ve, -0.668 Ve, -0.517
Ve -0.773 Ve -0.366
Ve 1171 Ve, 0.892
Ve -1.054 Ve -1.453
Ve 1.277 Ve 0.999
v -1.171 v -0.981
Ve, -1.221 Ve, -3.249
& -1.349 & -0.597

TasLE 3. Comparison of the energy eigenvalues (in eV) of ZnSe at some symmetry points in the FBZ. The refer-

ences are: GW (PP-LDA) in Zakharowet al.(1994), FLAPW (all-electron full-potential linear-augmented-plane-
wave) in Continezaet al.(1994), PVMB (all-electron mixed-basis approach to the density-functional formalism) in
Bernard and Zunger (1987), PP-LDA (ab initio pseudopotential total-energy calculations) in Lest al.(1995), XPS
(x-ray photoemission spectroscopy) in Legt al. (1974), and (AR)-PE (Angle-resolved photoemission) in Fleszetr
al. (2004).X, X,, andL, correspond to double group notation.

Therein GW FLAPW PVMB  PP-LDA XPS (AR)-PE
X -15.2 -13.49 -13.43 -12.86 -12.06  -15.2(6) -
K 0.0 0.0 0.0 0.0 0.0 - -
° 2.82 2.84 1.10 1.45 2.29 - -
K 9.1 7.67 5.69 5.77 6.23 - -
XY 125 -12.07 -12.33 -11.79 1076 -12.5(4) -
K -5.31 -5.03 -4.92 -4.82 -4.28 -5.6(3) € -5.10
K -2.35 -2.08 -2.27 -2.20 -1.57 2.1(3) % -2.36, X'= -2.54
© 4.07 4.41 2.79 2.88 3.07 - -
K 6.43 5.01 3.33 3.47 3.62 - -
; 11.0 - - - - -
K -13.09 -12.44 -12.61 -12.06 1110 -13.1(3) -
K -5.61 -5.23 -5.41 5.21 -4.44 -5.6(3) = -5.55
K -1.0 -0.81 -0.31 -0.87 -0.56 -1.3(3) -
° 3.91 4.14 2.38 2.63 3.20 - -
K 8.02 - 6.32 - - - -
£ 10.0 8.18 8.43 6.36 - - -
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ZnSe CdSe
c b
10-L>_r° ﬁ‘Qba) 10 {BX iy ’(ij )
L,° /
5 3° 5 | LoS y\
[
—~ 0 0 4
> Xs" v X5
e W/ -67 L N-&7
D -5 -5 4 X3
v v v
g L, {34 Lo
LLI
-10 - -10 A
v v v  [Xi
L1 v~ 1 F1
v X,
-15-\/ \ -15
r

L I’ X L r X I
Ficure 1. Second-nearest neighbor Tight Binding band structure for ZnSe (a) and CdSe (b).
The simple group notation of Parmenter (1955) is used.

TasLE 4. Comparison of the energy eigenvalues (in eV) of b-CdSe at some symmetry points in the FBZ. The
references are: GW (PP-LDA) in Zakharovet al.(1994), TB in Pantelides and Harrison (1975), OPW (modified or
thogonalized plane wave method) in Kurgansket al.(1980), AR-PE (Angle-resolved photoelectron spectroscopy)

in Magnussonet al.(1998), and Extrap. ép’ tight-binding model) in Wang and Duke (1988)X,, X,, andL
correspond to double group notation.

Therein GW TB OPW AR-PE Extrap.
N -11.5 -12.71 -11.5 -13.6 - -11.5
A 0.0 0.0 0.0 0.0 -
.° 1.77 2.01 - - - 1.9
S 7.6 7.60 - - - 6.25
N -11.0 -11.65 -11.0 -134 -
N -4.0 -4.22 -39 -3.6 X=-4.0 -5.1
5 -2.05 -1.78 -1.6 -1.6 X=-1.95,X'=-2.15 -2.45
N 3.84 4.37 - - - 3.81
S 5.0 5.20 - - -
s 10.73 - - - -
N -11.49 -11.91 -11.1 -13.5 -
N -4.99 -4.42 -3.7 -3.6 l'=-5.55
N -0.9 -0.71 -0.8 -0.8 - -1.20
. 3.31 3.87 - - - 3.36
S 4.64 - - - -
. 11.0 8.04 - - -
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TIGHT BINDING METHOD FOR THE ORDERED The matrixes on the diagonal are
Zn, Cd, Se

E;(ZnSe)+V(ZnSe)g, V,(ZnSe)g, V,,(ZnSe)g, 0
. Ve (ZnSe)g, E' (ZnSe)+V:.(ZnSe)g, V.. (ZnSe)g, 0
In order to calculate the electr_onlc band structure of thie = Kfp(ZnSe)g; Uy nsog, E;(Z”Sew“\(z;&,)gl 0
tetragonal Zp.Cd, Se alloy, their crystal structure has to 0 0 0 EX(ZnSe)+ V< (ZnSe
be taken into account. In this case each cation (Cd, for
example) has four anions (Se) first-nearest neighbors, to
, and eight cations of the same specie (Cd) and four cations | (C‘ﬁ“z; ‘g*;cfis"’g‘ R (C:S(ﬁdlf‘ii " Itsgji‘;g .
. . _ » €)g, ,(CdSe)+ V., e)g, o e)g,
of the other specie (Zn) as second-nearest neighbors, tGu.c = g, Vo(CdSeg;  E;(CdSe)+V(CdSo)g, 0
,as is shown in Flgure. 2. 0 0 0 EE(CdSe) +V5(CdS
Q) and
N\
A EX{(ZnCd)+V;(ZnCd)g, V,(ZnCd)g, V., (ZnCd)g, 0
; B I{‘I’,(ZnCd)g; E (ZnCd)+V(ZnCd)g, Vi(ZnCd)g, 0
> a e-se = Vi(ZnCd)g, V(ZnCd)g, E4(ZnCd)+V:(ZnCd)g, 0
( 0 0 0 E(ZnCd)+ V.
4 . .
> The functiongy,, g,, 9,, andg, are given by
g, =cosx’cog3,
O Z g, =i sina’ cog3,
n g,=icoxa’'sinf’,
o g,=sina’sinb’.
e 4
Ficure 2. Crystal structure (not the unit cell) used to The off-diagonal matrixes are

calculate the electronic band structure of the

tetragonal ZnO-SCdOISSe a”oy Ecv (Cdse)gsl E (CdSe)gé Evp‘(Cdse)gb Evp (CdSe)gﬁ

sp
Ej;(CdSe)g, Ey(CdSe)gs Ey(CdSelg; E(CdSe)g, |,
Ey(CdSe)g, E(CdSeg; E(CdSe)gs E(CdSe)g,

Ey(CdSe)g, Ey(CdSe)g; Ey(CdSe)g, Ey(CdSe)gs

hey_se =

Itis very important to note that the Hamiltonian matrix has
to be invariant under the chosen origin. That is, it has the
same form when the origin coincides with one cation or E*(ZnSe)g, E*(ZnSe)g, E™(ZnSo)g, E“(ZnSe)g,

p p

when it coincides with one anion. E“(ZnSe)g, E“(ZnSog, E“(ZnSog, E“(ZnSog,

sp 3%

. . E“(ZnSe)g. E“(ZnSe)g. E“(ZnS E“(ZnS '
In this work, the ZnSe and CdSe first and second nearest y(ZnSe)gs  E, (ZnSe)gs  Ey(ZnSe)gs ., (ZnSe)g

neighbor TBP’s are used simulatethe parameters of the By (ZnSe)gq  Ey(ZnSe)gs  Ey,(ZnSe)gs  Ey(ZnSe)gs
ordered alloy. Tha.6x16ordered STB-Hamiltonian ma-
trix, in thesp’ basis, is where

th—Se =

g, = {cosncogBcosy - sinasinBsiny} + i { cosicoPBsiny -

th—Zn th—Se th—Cd th—Se SinaSinBSinV},
*
H = th—Se hSe—Se th—Se hSe—Se
th—Cd th—S@ th—Cd th—Se
hy o he o Pegs T g, = {-sinacogBsiny - cosusinBcosy} + i { cosusinBcosy

sinacog3cosy}.
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Vi, (ZnCd)g, V., (ZnCd)g,,

0 Vo (ZnCd)g,,

Vi(ZnCd)g,, + V" (ZnCd)g,, V,,(ZnCd)g,
Ve(ZnCd)g,, Vi(ZnCd)g,

Vo (ZnCd)g, Vo (ZnCd)g,,

0 Vo (ZnCd)g,

Va(ZnCd)g,, + V" (ZnCd)g,, Vi (ZnCd)g,,

Also
Vi(ZnCd)g, Ve (ZnCd)g,
P - V\;,(ZnCd)gx Vi(ZnCd)g, +V", . (ZnCd)g,,
-
| renca, 0
~V;(ZnCd)g, Vi (ZnCd)gy,
and
Vi(ZnCd)g, Va(ZnCd)g,
n | TenCdg ViZnCdyg, + V", (ZnCd)g;,
| = @nCayg, 0
~V(ZnCd)g,, Ve(ZnCd)g;,
with

Vo(ZnCd)g;,

g, =cos/{ cost’ + coP’},

g, =1 sina’cosy,

g, =i sinB’cosy’,

g,,=isin’{ cosa’+ cod’},

g,, =cosx’'cosy/,

g,, = cof3’cosy,
g,, =sina’siny’,

and

g,,=sinp’siny'.

Vi(ZnCdyg,

vare like in the zincblende case, amthe lattice constant
calculated from the Vegard’s law.

RESULTS

Since there is no experimental information on optical tran-
sitions of the ordered ZpCd, .Se alloy, the band structure
obtained by STB is compared to the electronic band struc-
ture obtained by the FP-LAPW method (that do not in-
clude spin-orbit interaction), as it is implemented in the
Wien97 code (Blahat al, 1997), in the Fig 3, along the
[100] direction of the FBZ of the simple tetragonal lattice,
and in the Fig. 4, along the [110] direction. It is remarkable
the good qualitative agreement between both methods.

SUMMARY

An improved STB calculation of the band structure of the
Zn, . Cd, Se ordered alloy, employingsg’ basis that takes

into account second nearest neighbor interaction, necessary
to describe the alloy ordering, was made. A complete
description of the electronic band structure of the tetragonal

In all cases, the ZnCd parameters are the average betweahpy employing both, the STB and FP-LAPW methods,
the corresponding ZnSe-CdSe parameter,y,a’, ',y

10

was done obtaining numerical values for crystal field

B FP-LAPW
1qsc a) Z° b)
T 7 o 10 \
Ly |
-1—~IC Z]c_ 5 - 4
1—‘lc Zlb /
rs' 7
I - 0 \ -
s A ___)
T, i 5F ]
F oy {1 -10¢+ ]
F] Zlv
= —
I Z
r A Z r A Z

Ficure 3. Calculated electronic band structure of the Zp.Cd Se ordered alloy along the [100] direction/{ axis).
(a) Band structure from an ETB calculation. (b) Band structure from FP-LAPW method.
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B FP-LAPW

10

I
!

on
>
on

w S ——
5F le- -5F 4
10t ] -1 ]
x|
r A X I A X

Ficure 4. Calculated electronic band structure of the Zp.Cd  .Se ordered alloy along the [110] direction/{ axis).
(a) Band structure from an ETB calculation. (b) Band structure from FP-LAPW method.
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Salcedo-Reyes

) (sa|xa)
xa|sa> <xa|xa>
a|sa> <ya|xa>
a|sa> <Za|xa>

~ ~— ~—— ~—

(sb |sby

(sb |xb)=(xb |sb)"
(sb |yb)= (b |sb)"
(sb |zb) = (zb |sb)"
(xb |xb)

(xb |yb) = (b |xb)’
(xb |zb) = (zb |xb)"
(vb |yb)

b |zb) = (zb |yb)’
(zb |zb)

(sb |sb")

(sb |xby=(xb’ |sb)"
(sb |yb)= (b |sb)”
(sb |2b"y=(zb" |sb)
(xb |xb"

(xb |yb’y=(yb’ |xb) " =(yb |xb")
(xb |zb’y ={(zb’ |xb) "= (zb |xb")

b |yb’)

b |zb") = (b |yb) "= (zb |vb")

(zb |zb")
(xb |sb’y=(sb" |xb)"

b |sby=(sb" |yb)"

APPENDIX 1

(safse) (salxc) (salye)
)| (xalse) {xalxe) (xalye) (
) {yalse) {yalxe) {valye) {
(za|sc) {za|xc) (za|yc) {

EX+V {cosolcosP’+cosar’ cosy+cosP’cosy }

i V2, sino’ {cosp’+cosY}
i V2, sinf’{coso/+cosy'}

i V2, siny {coso/+cosP’}

E}+V2cos o {cosP’+cosy }+V . cosp’cosy

V2, sino!sinf’

e,
Vi, sino!siny

E)+ V2.cosP’ {coso/+cosY }+V ", cosolcosy

V2, sinp’siny

E)+ V2, cosy {coso/+cosP’}+V " cosocosP’

E™ , {cosacosPcosy - i sinosinBsiny }
E”;, {-cososinPsiny + isincicosPcosy}
E”,, {-sinocosPsiny + icososinBcosy}
E";,{-sinosinBcosy + icosocosPsiny}
E™.. {cosacosPcosy - isinosinPsiny}
E"., {-sinosinBcosy + icosocosPsiny}
E”., {-sinocosPsiny + i cosasinBcosy}
E™.. {cosacosPcosy - i sinosinBsiny}
E”., {-cososinPsiny + isinocosPcosy}
E™.. {cosacosPcosy - i sinasinPsiny}
E", {-cososinBsiny + isinocosPcosy}

E", {-sinocosPsiny + icososinfcosy}.
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