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Abstract: A first principles calculation isused © smulate the changesof the lattice constant, band gap, total energy
and structure of M gZnO samiconductor alloyswith the differentM ¢O mole fractions The calculated results show that
the lattice constant diminishes and the crystal structure departures gradually fran the wurtzite type as the M ¢O mole

fraction increases By comparion with the different positions of the Mg atom, it is suggested that the structure of

Mg, Zn, ., O alloywill change and the possibility of the phase transitionwill be higher than that of the phase sparation

as theM ¢O mole fraction increases On the other hand, when theM gO mole fraction is increased, the band ggp en-

larges, which ismainly attributable o the shift of the top of the valence band avay fram the Femi level By constru-

ing the influence of all kindsof electronic states inM g atom on the valence band, it shows that the contribution ofM g
o the energy band near the top of the valence band takes tumn fram itsp, d, s states The density of the p states near

the top of the valence band enhances praminently when the M O mole fraction is increased

It indicates that the

hybridization not only affects the structure of the crystal but al® plays an mportant ole for its electronic structures
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1 Introduction

Recently, considerable attention has been paid
o ZnO material for realizing a roam-temperature
ultraviolet laser, which was enabled by the wide di-
rect band gap (E, = 3 4 &/) and large excion
binding energy (60 meV) at roam temperature To
obtain high-quality optoelectronic devices, the key
problem is o find away t adjust the band ggp while
keeping the lattice constants smilar © the materials
for constructing the heterojunction M agnesium oxide
(Md¢D) hasaband ggp of 7 9 &/. The ionic radius
ofMd"* (Q 057 rm) is smilar o thatof zr’* (Q 06
mm) ,  replacament of Zn by Mg should not cause
a significant change in lattice constants By mixing
qitableM @O inb ZnO, itmay be possible o obtain
theM g, Zn, ., O alloywith awider band ggp than that
of pure ZnO, vyet ill having a lattice constant
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smilar o that of pure Zno'"?'. But MO has a
cubic crystal structure differing fran wurtzite type of
Zro, the phase sparation and transition are likely
0 occur as the M@ mole fraction increases® *.
Therefore, it is significant © understand the struc-
ture characteristicsof Mg, Zn, . ,O varyingwith diffe-
rentM @O mole fractions

In this work, a first principles calculation is
used o smulate the changes of sme main parane-
tersof MgZnO alloyswith the M dO mole fractions,
including the lattice constant, band gegp, total en-
ergy, and  on

2 Calculations and Models

The Vienna ab-initio Smulation Package
(VASP) isusd o calculate in thiswork VASP is
a complex package for perfoming ab-initio quantum-
mechanical molecular dynamic (MD) smulations
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using pseudopotentials and plane wave basis st
The gpproach mplemented in VASP is based on the
local-density goproximation with the free energy as a
variable and an exact evaluation of the instantaneous
electronic ground states at each MD-step using effi-
cient matrix diagonalisation schemes and an efficient
Pulay /B royden charge density mixing These tech-
niques awid all problens possibly occurring in the
original Car-Parrinello method

The aupercells of wurtzite ypeMg. Zn,., O al-
loyswith the differentM O mole fractions and diffe-
rentM g distributions are constructed The supercells
of ZnO with 64 and 32 atoms are firstly used o study
the change of the basic characteristics under the dif-
ferent sizes In addition, theM g, Zn,.,O alloyswith
x=0 000, Q 0625, Q 1250, Q 1875, andQ 250 0
are constructed  understand the influence of the
differentM dO mole fractionson the structure charac-
teristics Finally, the structures with different Mg
digtributions at the ssme M ¢O mole fraction are in-
vestigated in order o know the possible changes of
structure of theM g, Zn,.,O alloys

3 Realts and D iscussion

Camparing the calculated data of the supercells
of ZnO with 64 and 32 atoms, no change of their
basic paraneters, such as lattice constant, band gep

and  on, have been observed within the canputing
eror Thus, the supercell with 32 atoms is mainly
calculated and discussed as follovs

Table 1 shows the calculated total energy of
Mg Zn,_,O alloyswith the differentM ¢O mole frac-
tions It isobvious that the total energy of the system
becomesmore and more snall with the increase of x,
i e the gysten becomes more and more stable
According o Ref [6], the measured reaults of X-
ray diffraction have showed that there exists an ob-
viousM O diffraction peak when theM ¢O mole frac-
tion is higher than O 22, which means that the
phase sgparation occurs Generally, the phase spa-
ration is possible © happen if the total energies of
Zm0 and M@ are minma However, the data in
Table 1 reveal that the total energy of ZnO ismaxi-
mum and the tal energy of Mg Zn,., O does not
increazewith theM gO mole fraction even x = Q 25
It illuminates that the bonding energy of M g—O is
larger than that of Zn—O. The more Zn atoms are
replaced byM g atoms, themore the nunber of Mg—
O bonds increases, ® that the btal energy of the
systan decreases and the systan becomesmore stable
Therefore, it excludes theoretically the possibility of
the phae sparation at lov M@ mole fraction The
experiment result deviated fram the calculation sems
reflecting unusual characteristicsof Mg, Zn, . ,O.

Tablel Partial calculated parametersof M g, Zn,.,O.

X 0 Q 062 5 01250 0 1875 02500

Total energy Before relaxation - 145 314 3 -148 2150 - 151 1158 - 154 002 4 - 156 892 7
(ev) After relaxation - 145 316 7 - 148 246 2 - 151 1756 - 154092 9 - 157. 008 5
L attice constant a (rm) Q 326 82 0. 326 56 0 326 30 0 325 89 0 325 69

In addition, the lattice constant of Mg Zn,.,O
becames gnaller with the increase of the M O mole
fraction x These reaults are compared with the ex-
perimental values, as showed in Fig 1 The calcu-
lated lattice constant is a bit larger than the experi-
mental value, but the difference betveen them is
within the experimental error range It further proves
the rationality and reliability of the calculation me-
thod, model structure and smulation results men-
tioned above

Generally, the variation of the lattice constant

is attributable 1o the bond flex of anion and cation,
radius difference of subgtitutional ion, and change of
the crystal structure In order o clarify the physical
origin that the lattice constant varieswith the M O
mole fraction, we further calculate the above models
with ion relaxation It is known that there are the
different distributions of M g atoms at a certain M ¢O
mole fraction The ttal energies of all kinds of the
distribution models are calculated Their average
value isobtained by the weight which is detemined
by the possibility that each distribution occurs The
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Fig 1 Dependence of lattice constant in c-axison theM O
mole fraction

calculated reaults listed in Table 1 exhibit that the
total energy minishes after relaxation and the mi-
nished magnitude increases obvioudly as the MO
mole fraction increaxe It indicates that the locate
stress in Mg, Zn,., O around the aubtitutional Zn in
Mg site due o the length difference betveen the
Mg—O and Zn—O bonds, caused by the electro-
negativity difference beiveenM g and Zn and the ion
radius difference of Mg (Q 057 rm) and Zn (Q 06
m) , will be released after relaxation Therefore,
the otal energy of Mg Zn,., O after relaxation is
lover and the structure becanesmore stable

By comparing the atom positions before-and-
after relaxation, it can be sen that the atoms sur-
rounding substitutional M g atom relax outvard The
relaxation magnitude increaseswith increasing of the
MO mole fraction and reach up o 1 5% 1 7%
and1 2% 1 4% along a and c axes, regectively.
This relaxation aniotropy indicates that the stress in
a axis is larger than that in c axis afterM g substitu-
ting intb Zn site A s the reault of the relaxation ani-
Dtopy, the angle betveen the bonds changes up
5° and forcesM g, Zn,_, O deviating fran wurtzite
structure gradually. At the sane time, it is interes
ting thatM g—O bond is longer than Zn—O bond al-
though the radiusof M g ion is larger than that of Zn
ion It further shows that the lattice constant de-
creae with the increase of the M O mole fraction,
and it ismainly caused by the variation of crystal
structure  This implies that phase transition fran
wurtzite o cubic structure will occur when the M O
mole fraction exceeds a certain value

To further confim the relative stabilization of

the structure variation, we compare the differences
of the ttal energieswith differentM g atom distribu-
tions for the same composition The total energies
vary fom - 151 166 4 © - 151 181 0 eV,
-154 0418 o - 154 1147 ¢/, and - 156 9753
o - 157 035 1 &/ for the MO mole fractions of
01250, 0 187 5, and O 250 0, regectively.
Detailed analysis showv's that the stabilities are diffe-
rent forM g atoms aligned in betveen a and c axes
For example, for x =Q 125 0 as shown in Fig 2
(a) and (b), the calculated ttal energies are
- 151 1145 and - 157. 035 1 &/, regectively,
which indicates that the distributionswithM g atoms
aligned in ¢ axis aremore stable than that in a axis
This al© agrees with the above analysis that the
stress around M g along a axis is larger than that in ¢
axis Secondly, the difference between the M g con-
gregated tgether  form M O cluster and distributed
unifomly is analyzed, as models of x =Q 187 5
shown in Fig 2(c) and (d). The otal energy of the
fomer is - 153 985 3 &/ and evidently higher than
that of the later of - 154 092 9 &/. This further
confims the result mentioned above that the phase
separation is hard to hgppen in theMg zZn,., O al-
loys, which sems attributable  the ttal energy en-
hancament due  the interaction betveen the second
nearest neighbor Mg atoms Furthemore, we cam-
pare the difference betveen the woM g atoms at the
scond nearest neighbor in the same horizontal and
vertical planes, asmodelsof x = 0 250 0 shown in
Fig 2(e) and (f), repectively The total energy of
the fomer is - 156 975 3 &/ larger than
- 157. 008 5 &/ of the later one, which indicates
that the structure with the wo Mg atoms at the
scond nearest neighbor in the same vertical plane is
more stable than that in the same horizontal plane
On the basisof above reaults it is believed that the
phase transition from wurtzite o cubic structure may
occur rather than the phase sparation if the struc-
ture of theM g.Zn, ., O alloyswill change as theM ¢O
mole fraction increases

The calculated density of states (DOS) of the
Mg Zn,.,O alloyswith differentM O mole fractions
shawss that the energy band changesonly in the valence
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Fig 2 The models of different distributions for M O mole

fractions

and conduction bandswhen Zn is substituted by M g
and no M g-related states gppear in band ggp. Fur-
themore, the band gap enlargeswith increasing the
M O mole fraction, as Fig 3 shown, which agrees
In view of thisy MO
and ZnO are aitable to fom the samiconductor alloy
with adjustable band gap. The band gegp enlargament

with the experimental reaults

as the M @O mole fraction increase ismainly contri-
buted © the <hifts of the valence and conduction
bands avay fran the Femi level where the fomer is
more visible If theMg Zn,.,O alloys are used ©
fabricate a heterojunction, the band offset of the var
lence band will be larger than that of the conduction
band Thes theoretical data gppear more mportant
at present without adequate experimental results

On the other hand, the obvious shift of the
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Fig 3 The density of states with the different M@O mole

fractions

valence band as theM ¢O mole fraction increase im-
plies that the influence of M g atam on the electronic
structure mainly concentrates on the valence band

In the light of this we investigate the effects of the
various electronic states of Mg atom on the valence
band by caomparing the ttal and partial DOSs of the
Mg aom. It is seen fram Fig 4 (a) that the contri-
butions o the top of the valence band takes tumn
fran the p, d, and s statesof Mg This contribution
is prominently enhanced when theM gO mole fraction
isincreased, aspartial DOSsof the p stateswith dif-
ferent M O mole fraction shown in Fig 4 (b). It
show s that the 9 hybridization not only affects the
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Fig 4 The density of statesof aMg atom (a), and of p
states for differentM g0 mole fractions (b).
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geametrical structure of the crystal but al® plays an
important role in its electronic structures

4 Conclusion

VASP has been used o calculate the geome-
trical and electronic structures of Mg, Zn,_, O alloys
with different MO mole fractions The calculated
reaults show that the lattice constant diminishes and
the crystal will departure gradually fran the wurtzite
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