Trade Science Ine.

ISSN : 0974 - 7478 Volume 8 | ssue 2

Macromolecules

A Jndian Joaraal

— Ful] Paper

MMAIJ, 8(2), 2012 [36-41]

Theoretical study on the origins of the gap bowingin Mg Zn,_ O alloys

F.Z.Aoumeur-Benkabou*, M.Ameri, A.Kadoun
LaboratoiredeM icroscopie, Microanalyse et Spectr oscopie M oleculair e, Faculté des Sciences, Département de
Physique, Djilali-LiabesUniver sity of Sidi-Bel-Abbes, Sidi-bel-abbes22000, (ALGERIA)
E-mail: benkabouz@yahoo.com
Received: 17" March, 2012 ; Accepted: 26" July, 2012

ABSTRACT

The full potential linear muffin-tin orbital (FP-LMTO) method was applied to study the structural and electronic
properties of the compounds MgO, ZnO and their alloy Mg Zn, O in the zinchlende and NaCl structures.

Results are obtained using the local density approximation (LDA), the ground-state properties like lattice constant
and bulk modulus obtained agree very well with experimental and other theoretical calculations.

The effet of composition on latti ce constant from Vegard’slaw and the bulk moduluswasinvestigated. The microscopic
origins of the gap bowing were explained by using the approach of Zunger and co-workers. It is concluded that the
energy band gap bowing is primarily due to chemical charge-transfer effect. Contribution of volume deformation and
structural relaxation to the gap bowing parameter is found to be very small.

© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

[1-V1 semiconductors have been of growinginter-
est because of their wide band gap character and the
potentia applicationsfor optod ectronic devices.

Currently, devices composed from the binary ox-
idesof Mg, Zn, Cd and related alloys are generating
considerableinterest asthey can provide, in principle,
an accessi bledirect band-gap rangefromaround 2.3eV
to 7.7 eV,

Thismakesthem promising candidates even for
deep ultrat violet (UV) lighting applicationg?2.

The B1 phase is found to be stable over all
(Mg,Zn)O compositiong*, as expected from the pref-
erencesof thebinary oxides. However, thereexiststhe
serious problem of phase separation dueto thelarge
dissmilarity of stablecristd structure, thay is, wurtzite
for ZnO and rocksalt for MgO.

Many ab initio calculations of the parent com-
pounds, i.e, MgO and ZnO can befoundinthelitera-
ture*3, To the best of our knowledge, thereisno theo-
retical work on the structura and el ectronic properties
of Mg Zn,  Oaloy using FP-LMTO method.

Very recently, Fritsh et all® have calculated the
electronicproperties of therocksalt Mg Zn, Oalloy
using empirica pseudopotential method, and Amrani et
a using FP-LAPW method.

The present study focus mainly on the composi-
tions dependence on the structura and € ectronic prop-
ertiesof Mg Zn,_ Oternary alloy intheNaCl structure,
using thefull-potential linear muffin-tin orbital (FP-
LMTO) method, within thelocal -density approxima-
tion (LDA) scheme, to determineaset of physica pa-
rametersof MgO, ZnO and their ternary aloy, namely
the optimized lattice constant, bulk modulus, energy
band gap and gap bowing.


mailto:benkabouz@yahoo.com

MMAIJ, 8(2) 2012

F.Z.Aoumeur-Benkabou et al. 37

A brief description of the computationd detailsand
methodology aregivenin Section 2. Themost relevant
results obtained for the structural and electronic prop-
ertiesforMg Zn, Oinrocksdtphaseare presented and
discussedin Section 3. Theconclusionisgivenin Sec-
tion4.

METHOD OF CALCULATIONS

Inorder to study the structural and € ectronic prop-
ertiesof thebinary compoundsMgO andZnOinrocksd
andtheir dloy Mg Zn, O, insodiumchloride(B1), we
carried out the present work, in which we employed
thefirst principlesfull potentia linear muffin-tinorbital
(FP-LMTO) method® withintheloca -density approxi-
mation (LDA).

Inthismethod the spaceisdividedinto anintersti-
tia region (IR) and nanoverlapping (M T) spherescen-
tered at theatomic sites.

Inthe (IR) region, the basis setsare described by
radial solutionsof the one particle Schrodinger equa-
tion (at fixed energy) and their energy derivativesmulti-
plied by spherical harmonics.

Inorder to achieve energy elgenva ue convergence,
the charge density and potential insidethe muffin-tin
spheresarerepresented by spherical harmonicsupto
| _=6.

~ Theexchange-correation potential wastreated by
thelocal density approximation (LDA) devel oped by
Perdew and wang®. Thek integration over Brillouin
zoneisperformed using thetetrahedron method™.

A short description of thismethod canbefoundin
Ref.[8,

Thevdueof thesphereradius(MTS) and the num-
ber of planewaves (NPLW), used in our calculations
arelistedinTABLE 1.

RESULTSAND DISCUSSIONS

Sructural properties

Wefirst calculated structural propertiesof thebi-
nary compounds ZnO and MgO in therocksalt (B1)
phases.

Then, the aloy was simulated for the composi-
tions x = 0.25, 0.50 and 0.75 by applying Special
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Quasi-random Shemeproposed by Zunger et all29l,
This scheme has been applied to many semiconduc-
tors alloys17 successfully. We cal culated the the
equilibrium structura parameters (lattice constant and
bulk modulus) for the parent binary compoundsvigO,
ZnO and their ternary alloy. Asfor the semiconductor
ternary alloy inthetype B A, Cwehave started our
FP-LMTO cdculaionsof thestructura propertieswith
B1 structure. We have chosen the basic cubic cell as
theunit cell.

Intheunit cell therearefour C anionsand three
A and one B, two A and two B, and oneA and three
B cationsrespectively, for x =0.25, 0.50 and 0.75.
Andtheatomic positionsfor Mg Zn, Oaregivenin
TABLE 2.

TABLE 1: Theplanewavenumber PW, ener gy cuttof (in Ry)
and themuffin-tinradius(RMT) (ina.u.) used in calculations
for binary MgO, ZnO and their alloy in rocksalt (B1)
structures.

Zn0O (B3) (BD
PW 2974 2955
RMT (ua) Zn 2.4564 2.1657
RMT (ua) O. 1.89 1.94
CutoffRy 136.62 174.54612
MgO (B3) (BD
PW 2974 2485
RMT (ua) Mg 2.017593 2.1585
RMT (ua) O. 1.89 1.94
CutoffRy 130.2546 151.24
(B1) Mg o7s Mgos Mg o2s
Zn 9250 Zn s O Zn o750
PW 44472 44472 44472
RMT (u.a)
Mg 2.208 2.091 2.046
Zn 2.208 2.091 2.046
(@] 2.208 2.091 2.046
Cutoff (Ry) 196.8642 226.486 235.2752

TABLE 2: AtomicpositionsintheMg Zn, O alloy.
Compaosition

(x) Atom Atomic positions
0.25 Mg (1/2,272,1/2)

Zn (2/2,0,0), (0,2/2,0), (0,0,1/2)

o] (0,0,0), (0,1/2,1/2), (1/2,0,1/2),(1/2,2/2,0)
0.50 Mg (1/2,2/2,2/2), (0,0,1/2)

Zn (1/2,0,0), (0,1/2,0),

o] (0,0,0), (0,1/2,1/2), (1/2,0,1/2),(1/2,2/2,0)
0.75 Mg (2/2,0,0), (0,2/2,0), (0,0,1/2)

Zn (12,1/2,1/2)
O (000), (0,12,12), (V2,0,1/2),(1/2,1/2,0)
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We have assumed that theatomsarelocated at the
idedl latticeSitesin ordered positions.

The calculated latti ce constant, bulk modulusand
first-order pressure derivativesof bulk modulus (B’),

for theZnO, MgO and Mg, Zn, , O aloy are summa
rized in TABLE 3. For the considered structures, we
performthe structura optimization by minimizingtheto-
tal energy with respect to unit cell parameters.

TABLE 3: Calculated lattice parameter a, (A°), bulk modulus B (GPa) and first-order pressure derivatives of bulk modulus

(B’) for theZnO, MgO and Mg ,Zn_ O alloy.

X agq(A°) aeq(Exp) otherwork B (GPa) B’ B(Exp) other work
Zno 4.220 4.283%.4.271° 4.345° 4.223° 198.02 4.23202.5%166.7
0.25 4.208 4316 190.032 4.29161.4
0.5 4.196 4.298 186.628 4.39157.2
0.75 4.185 4.279 179.08 4.36153.3
MgO 4.173 4.213°, 4.212" 4.259° 4.247° 175.06 4.02 156 "161.9
aRef[Zl]; bRef[zz]; cRef[zs]; dRef[24]; eRef[zs]; fRefIZSJ; gReﬂzﬂ; hRefm]; Refl™
The calculated | attice constant, bulk modulusand =t N
itspressurederivativefor each x of theMg Zn, xOwith .
respect tothecell parametersandalsotheatomicposi- = '] B Moz
tions. g 420 \\\\
Thetota energieswere calculated asafunction of % s Y
volumeand werefitted totheuniversal Murnaghan's & *"] e
equation of state™®. Thepredicted latticeparameters £ «.s- \
for thebinary compoundsareinreasonableagreement  ~ . .
withthosemessured experimentaly aswel| aswiththose ‘

cd culated from theoretical methods.

However, wehaveasmall underestimation of the
|attice parameters, when we compare our resultsto the
experimental data, thisisdue essentially to the use of
theLDA.. Thecalculated values of the bulk modulus
decreasefrom ZnOto MgO, i.efrom the higher to the
lower atomic number. Thissuggeststhat ZnO ismore
rigidthanMgO.

Usudly, inthetreatment of dloy problems, itisas-
sumed that the atoms arelocated at ideal |attice sites
and thelattice constants of alloysshould vary linearly
with compositionsx accordingto theso-called Vegard’s
[aw;

a(A,B, C)=xa, +(1-x)a,.

wherea, .and a, . aretheequilibrium lattice constants
of thebinary compoundsA Cand BC respectively, and
a(A B, C)istheadloylattice constant.

The calculated | attice constants at different com-
positions, asshownin Figure 1, wherewd | fitted with
thefollowingreation:

a(A B, C)=xa, +(1-x)a,. —x(1-x)b

the quédrati cterm b representsthe disorder parameter
(bowing), the obtained bowing parameter bis0.00114.

0,0 02 0?4 06 08 10
Composition x
Figurel: Compostion dependencelatticeconstant of Mg, Zn,
O alloy (black line) and with VCA (red line).

Thelinear dependencein x isthereforein accor-
dancewith Vegard’sLaw with negligiblebowing. Fig-
ure 2, show thevariation of the bulk modulusversus
concentrationx forMg Zn,_ aloy.

200 4=

Bulk modulus (GPa)

T . T ¥ T X T 2
00 0,2 0.4 0,6 08 10

Composition x
Figure2: Composition dependence of the calculated bulk
modulus (solid squares) of Mg,Zn, O alloy compar ed with
thelinear composition dependence prediction (red line)

Theoveral behaviorsof thevariation of the bulk
modulus as a function of the composition for the
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MgxZnl-xOispresented in Figure 2 iscompared to
theresultspredicted by linear concentration dependence
(LCD). A deviation from the LCD is observed with
downward bowing equal to 4.19 GPais obtained by
fitting acal cul ated datawith apolynomial of second
order. Thisdeviationfrom Vegard Lav®! isduetothe
fact that bulk modulusof ZnOis11.2% higher than that
of MgO.

Electronicproperties

We have calculated the band structures for the
Mg, Zn, ,Oaloyadongthehighdirectionsin thefirst
Brillouin zoneat the cal cul ated equilibrium lattice con-
gants.

Theband structure calculationsgive adirect band
gapI - I for MgO and anindirect band gap M- T
forZnOandMg,Zn, O. Theca culated band gapsfor
al studied compositions (x = 0, 0.25, 0.50, 0.75, 1)
aregivenin TABLE 4. We cal culated the gap bowing
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by fitting thenon-linear variation of the cal cul ated band
gap versuscomposition x with the quadratic semi-em-
pirica formula

Eg" 2, = XEQ °+(1- X)Eg®® ~x(1-x)b_ @A)
Where Eg* °, ©, Eg*© and Eg°° are the energy band
gapsof theternary alloy A B, Canditshinary parents
AC and BC, respectively. The curvature bg iscom-
monly known as gap bowing parameter. Theresults
showninFigure3 arewell fitted by theexpression (1),
and aresummarized asfollows:

Mg,Zn, O(M-T)>E (x)= 1.376-1.379x + 4.981x* (2)

Mg, Zn, O(I - T)>E (x)= 2.754 + 0.104x + 1.861* (3)
Itisclear from the above equationsthat thedirect (I -
I') andindirect (M- I') bands gaps versus concentration
haveanonlinear behavior. Thisbehavior was observed
by Amrani et d'™ by using ab initio FP-LAPW. The
indirect gap hasadownward bowing with avalue of
4.98, and 1.86 for the direct gap.

TABLE4: Indirect and direct band gap energy of Mg, Zn, O alloy.

Ir-r M-T
Present work Experiment Other work Present work Experiment Other work
ZnO 2.715 2.60°2.55 1.196 2.45° 1.1° 1.46
0.25 2.956 2.90 1.644 1.74
0.50 3.297 331 2.069 2.20
0.75 3.780 3.89 2.581 2.88
MgO 4.766 7.8 4.98°5.40 5.130 5.98

a Ref[zg]; b Ref[231; c Ref[ZA]; dRef[30]; eRef[3l]; i Refl™

FromtheFigure 3, it isclear that the crossover of
indirect band gap (M- T) todirect (I - I') isat concen-
tration of 0.9.

5.5

30 —=— direct gap 7

—=*— indirect gap S
40 A

45

354

2,54 ‘

Band gap energy (eV)

204 o b

1,54 )
-
1,0

T T T T T T
0,0 02 04 06 08 1,0

Composition x
Figure3: Direct and indirect band gap energiesof Mg Zn_
O alloy asafunction of M g concentration.

In order to better understand the physical originsof

the gap bowing parameterinMg, Zn, O dloys, wefol-
low the procedure of Bernard and Zunger™™ and de-
composethetotd bowing parameter binto threephysi-
cdly distinct contributions. Theoveral bowing coeffi-
cient at each composition x measuresthe changeinthe
band gap according to theformal reaction:

XM gO(aMgO) +(1-x)Zn0(a,, )>M gXan_xO(aeq) 4
whereg, ,anda, , aretheequilibrium|atticeconstants
of thebinary compoundsand a, istheequilibrium lat-
tice constant of the alloy with average composition x.
Eq. (4) isdecomposed into three steps:

M gO(aMgO) +2Zn0(a,,,)>Mg0(a) + ZnO(a) (5)
xMgO(a) +(1-x) ZnO(a)>Mg,Zn, O(a) (6)
Mg,Zn, O(a) >MgZzn, 0O(a,) (7

Thefirst step measuresthe volumedeformation (VD)
effect on thebowing. The corresponding contribution
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b, , tothebowing parameter representstherel ativere-
sponse of the band structure of the binary compounds
MgO and ZnO to hydrostatic pressure, which here
arisesfromthechange of their individua equilibrium
|attice congtantstothealloy valuea=a(x). The second
contribution, thechargeexchange (CE) contributionb
reflectsthe chargetransfer effect whichisdueto the
different (averaged) bonding behavior at thelattice con-
stant a. Thelast contribution, the so called: structural
relaxation (SR), measures changesin passing fromthe
unrelaxed to therelaxed alloy by b.. Consequently,
thetota bowing parameter isdefined as:

b= bVD +bCE + bSR (8)
The generd representation of the composition-depen-
dent band gap of thealloy in terms of the gaps of the
binary compoundsE,, (a,,.0): E;o(&,,0), andtheto-
tal bowing parameter bisgivenby:

Eg(X) = XE,; 0(ay0) T (1-X)E, o (a,,0) —bx(1-x) ©)
Thisallowsasplitting of thetota bowingbinto three
contributionsaccordingto:

_ERM g a Mgl -CMg ] FEnladnd =T EAndiu)

b, = 10
vD 1—-i X (19)
Bid gl AT AT
cET  1-x x ill—ad (1)
Eidgemiie—En gini(aey)
R~ xil-x (12)

where E istheenergy band gap cal culated for theindi-
cated compound with theindicated atomic positions
and latticeconstant ,, ., &, , and a, aretheequilib-
rium lattice constants of MgO, ZnO and Mg Zn, O
aloysrespectively. Thelattice constant (a) isca culated
by linear composition dependence rule? for the al-
loys.

Using Egs.(10)-(12), thebowing coefficientsb cal-
culated at molar fractionsx = 0.25, 0.50 and 0.75 for
theMg,Zn,_Oalloy arelistedin TABLES5, together
with thebowing obtained using aquadratic variation of
the band gap energy versuscomposition x. Thecalcu-
lated quadratic parametersof thegap bowingareingood
agreement with the va uesfound from the approach of
Bernard and Zunger™®. The chargetransfer contribu-
tion b dominatesthetotal gap bowing parameter in
the three compositions x: (x= 0.25, 0.50 and 0.75);
thisisrelated to € ectronegativity mismatch between the
congtituting atoms: Mg(1.31), Zn(1.65) and O(3.44).

Macromolecules « —

Thelowvaueof b, isrelated to theweak mismatch of
thelattice parameters of MgO and ZnO compounds.
Thesmdl contribution of thestructura rdaxationtothe
bowing parameter it duetothat our calculationsarefor
ordered structure.

TABLE 5: Decomposition of optical bowing into volume
deformation (VD), charge exchange (CE) and structural
relaxation (SR). contribution compared with the optical
bowing obtained by aquadraticinter polation. (All valeurs
areineV).

zungrappron Qe e
bvp 0.415
Mdo 25 ZNo 750 boe 4391
bsr 0.160
b 4,966 4.98
bvp 0.311
MdosZNnesO boe >1%0
bsr -0.010
b 5,431 4.98 6.206, 6.219
bvp 0.519
bce 5.129
Mdo.75ZN0 250 b 0.021
b 5,627 4.98
CONCLUSION

Inthisstudy, we have presented acompl ete theo-
retical anaysisof thestructural and €l ectronic proper-
ties of Mg Zn,_O alloys by using the FP-LMTO)
method within theloca-dengity gpproximation (LDA).
Theequilibrium lattice congtants, bulk modulusandfirst
order pressurederivatives of the bulk modulus of the
binary compounds and Mg, Zn, O alloy have been
studied.

Theenergy gapsof ZnO and MgO compoundscal-
culated with the equilibrium | attice congtant, arefound
to bereasonable agreement with theexperimenta data.

Wehaveinvestigated the composition dependence
of thelattice congtant, bulk modulusandband gap. The
cd culated | attice congtants scd elinearly with composi-
tion, showingthevalidity of Vegard’slinear ruleinthe
definition of lattice constantsof Mg Zn, Oalloys. A
significant deviation of thebulk modulusfromLCD is
observed for thesealloys. The gap bowingismainly
caused by the charge-transfer effect, whilethevolume
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deformation and thestructural relaxation contribute at
amdler magnitude.
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