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Using a combination of first-principles molecular dynamics and conventional electronic-structure calcula-
tional methods, we examine the pronounced bowing phenomenon, which characterizes the direct energy gap
Eg in ZnSq _,Te, alloys. The bowing oEg is found to be attributable to significant electronegativity differ-
ence between the two anions. We also examine the structure of sinusoidally modulated,ZaSsuperlat-
tices whose composition varies in the range of 8:250.75. We find an elongation of the Zn-Te bond and a
contraction of the Zn-Se bond relative to those of the corresponding binary compounds. The elongation of the
Zn-Te bond may explain the redshifts EE of 0.14 eV observed in the photoluminescence measurements on
these supperlattices. We also study the electronic and structural properties of thB&Se and Zp_,Cd,Se
alloys and find that in the 4n ,Be,Se alloys the Zn-Se bond length decreases slightly, while the Be-Se bond
length increases by 10% relative to those of the binary compounds. This result suggests a softening of the
Be-Se bond in the Zn ,BeSe alloys. For Zp ,Cd,Se, the Zn-Se and Cd-Se bond lengths deviate from those
of the respective binary compounds by not more than 2%. We also find that the direct baﬂ @apa
function of x bows down for both Zn ,Be,Se and Zp_,Cd,Se in agreement with experimental data.
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I. INTRODUCTION covalent radius of 0.90 Ais much smaller than the Zn ion
(whose covalent radius is 1.25 ADue to this large discrep-

The ternary alloy ZnSe ,Te, is known to exhibit a strik- ancy between the covalent radii in the ;ZpBeSe alloy

inalv nonlinear dependence of the direct ener n System, it is relevant to_question Whe_ther_ the Zn-_Se and
thg )(/:om ositior Sp ecifically. the value &L as%yffr;ég?on Be-Se bond lengths remain unchanged in this alloy. Since the
P - 9P Y, 9 electronic structure strongly depends on the cation-anion

of x eﬁh“_’its_ a relatively deep rpinimL_Jm of 2.22 eV &t pong lengths in the alloy, the deviation in the bond lengths in
=0.65; significantly lower tharE of either of the binary  this alloy may in turn have significant influence on its elec-
end pointg2.702 forx=0.0 and 2.44 fox=1.0). The value tronic structure and related physical properties. Recently, the
of the bowing coefficient for this materiéle., the parameter direct band gapﬁg’s in the Zn _,Be,Se family of alloys
which determines the nonlinearity of the energy @%[()x) is  were meaSlFJred by Peiri;t al. for_ X up to al?out_O.Sg.The.
1.621—among the largest ever reported for a ternary systenfeasurede, as a function ofx in this region is approxi-
Furthermore, recenﬂy Yangt a|'2 and Leeet a|'3 performed mately linear with a pOSSible Sllght downward bOWing. More
photoluminescencéPL) measurements on short-period sinu-Tecently, Chauvet, Tournie, and Faurie measuEgdof the
soidally modulated ZnSe  Te, superlattices grown by mo- ZMi-xB&Se alloy in tp? whole composition ran@e‘l;hey
lecular beam epitaxyMBE) with x varying between 0.25 fitted the variation ofg, into the quadr_atlc equatloEg(x)_
and 0.75(i.e., with an average of 0.50 and a periodicity ~ — 2-80(1~ XHS'?O(_Q'_Q?X(l_X)’ which shovgt’ed signifi-
ranging between 13.5 and 58 A, and found redshiftEg)f cant bowing ofE, . Peiriset al. alsoF measureé,’s f_or the
down to 2.08 eV, which is even lowéby as much as 0.14 ZM-xCdSe alloys and found thd g bows down slightly’

eV) than the Ioweleg value of the alloy. These unusual To understand the electronic and s_tructural properties of
these 11-VI ternary alloys and superlattices mentioned above

electronic properties of the ZngSg Te, system are still not ' .
well underStoopd Be.Te, sy we carry out the present study, in which we employ a com-
' gpination of first-principles molecular-dynami¢sID)’~® and

In semiconductor ternary alloys the cation-anion bon ional el X lculati HdEn
lengths are usually very nearly conserved, i.e., over the entirfgonventional electronic-structure calculation methtdshe
D method is used in the energy minimization application,

composition range of the alloy they retain nearly the same” - . o X o
P g y they y gvhlch provides an efficient means to obtain equilibrium

values as the cation-anion bond lengths, which exist in th ) . S
“parent” binary compounds. Whether this property is univer- atomic positions. This in turn enables us to calculate the

sally true for semiconductor ternary alloys is an interestingt!€ctronic structure, which strongly depends on the atomic

question. Intuitively, one may expect that it may becomed/"angement.

increasingly difficult to conserve the cation-anion bond
lengths when the difference between the sizes, the cova-
lent radi) of the anions and the cations becomes excessive. The MD method used in this study originates from the
For the II-VI ternary alloy Zp_,BegSe the Be ionwith a  Sankey-Niklewskiab initio multicenter MD method, later

Il. CALCULATION METHODS
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modified to include charge transfeMost recently, this pro- TABLE I. Bond lengths dz,se and dgese, in A in the
cedure has been extended to enable self-consistent calcufar:-xBeSe alloy.

tion of the full charge densities and the corresponding
potentials  This method uses  norm-conserving X dzn-se Oge-se
pseudopotentiats? with the Ceperley-Alder exchange-

) . . . 0.00 2.480
correlation potentials® The basis set is composed of Bloch 0.25 2 475 2364
sums ofs, p, p,, andp, pseudoatom orbitals. To accurately 0'50 2'471 2'366
treat charge densities and potentials in interstitial regions, as ' ' '
. . . 0.75 2.425 2.317
well as their nonspherical parts inside the atoms, we use 1.00 2146

plane-wave expansions and the fast-Fourier-transform tech-
nigue for obtaining the matrix elements. This method has
worked well for semiconductoré°

The conventional electronic-structure calculation method-DA is well known to underestimate the band gaps of semi-
is the pseudofunctiofPSH method!® which uses the linear conductors. This deficiency can be improved by the quasi-
theory of Andersef? for solving the Schidinger equations particle or density-gradient correction. It has been shown the
inside the muffin-tin spheres similar to the well-known linear correction is insensitive to the point?” Thus, the LDA still
augmented plane wavi@APW) and linear muffin-tin orbital  predicts reliable conduction band with approximately a rigid
(LMTO) methods® The basis set used in the PSF methodshift from the experimentd;, data.
contains two sets of Bloch sums of muffin-tin orbitals. One The semiconductor ternary alloys are random alloys. The
uses exponentially decaying tailing functions described bycations and anions should be treated statistically for the
the spherical Hankel functions, which are suitable for deA;_,B,C- and AB,_,C,-type alloys, respectively. Due to
scribing localized states. The other contains oscillating tailthe limitation of our calculation methods, we cannot use
ing functions described by the spherical Neumann functionsyirtual-crystal-type calculations to take into account statis-
which are suitable for describing extended itinerant statedics. Thus we have to use ordered-crystal models. Here, we
The pseudofunctions are smooth mathematical functions exwould like to caution the readers that the use of ordered-
pandable by a minimal set of plane waves. They are simplgrystal models might result in structural properties that are
devised to efficiently calculate, by means of the fast-Fourierdifferent from real alloy samples. In the calculation of the
transform technique, the interstitial and nonspherical parts oftructural properties, we have started our MD calculations
the charge density and potential. The choice of the number ofith the zinc blende structure and let the calculated forces to
plane waves is guided by the criteri@y,,,Ryt>n, heren move the atoms to their equilibrium positions. We have cho-
=7, 5, and 3 ford, p, ands orbitals, respectively, an@,,,, ~ sen the basic cubic cell as the unit cell. In the unit cell there
and Ry are the magnitudes of the cutoff reciprocal vectorare fourC anions and threé and oneB, two A and twoB,
and the smallest muffin-tin radius, respectively. The PSFRand oneA and threeB cations, respectively, fok=0.25,
method uses the Hedin-Lundgvisform of local density ap- 0.50, and 0.75 for theA;_,B,C-type alloys. For the
proximation (LDA) for the exchange-correlation potential. AB;_,C,-type alloy we use similar structural models. Dur-

3.0
—_ d
oL 254 nse — -
75}
£
= FIG. 1. Bond lengthsdz,.ge
qc) anddge_seare plotted with respect
; d b to the compositionx for the
< Be-Se Zn,_,Be,Se alloy.
O 20 - r
m
Zn, Be Se
15 . : . . ; . . . .
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TABLE Il. The coordinates of the atoms in the cubic unit cell TABLE lll. The coordinates of the atoms in the cubic unit cell
for x=0.25. The values are given in terms of the equilibrium latticefor x=0.50. The values are given in terms of the equilibrium lattice
constanty=0.00845. constanty=0.01629.

Atoms X y z Atoms X y z
Zn 0.25 0.25 0.25 Zn 0.25 0.25 0.25
Zn 0.25 0.75 0.75 Zn 0.25 0.75 0.75
Zn 0.75 0.25 0.75 Zn 0.75 0.25 0.75
Be 0.75 0.75 0.25 Be 0.75 0.75 0.25
Se -7 -n 7 Se 0.0 -n 0.0
Se -7 0.5+ 7 0.5-7 Se 0.0 0.5 7% 0.5
Se 0.5t 7 -n 0.5-7¢ Se 0.5 -n 0.5
Se 0.5+ 7 0.5+ 7 7 Se 0.5 057 0.0

ing the MD calculations, we did not impose any constraint omificantly softened. The physical reason of this behavior
any symmetry on the movement of the atoms other than thgight be that the Be atom has a smaller electronegativity

periodicity of the unit cell. (being 1.57 vs 1.65 of the Zn atdmso that the Be-Se bond
is more ionic and less rigid than the Zn-Se bond. This argu-
Ill. LATTICE CONSTANTS AND BOND LENGTHS ment is consistent with the results of our electronic-structure

We first the MD method in th inimizati calculations to be stated later. We find that the charges inside
e first use the method In the energy minimization v, ge  yffin-tin spheres in the alloys are significantly

application to obtain the lattice constants of the binarie . ] . . : ;
ZnSe, ZnTe, BeSe, and CdSe. Using the basic cubic unit Ces]lmaller than that in the Be-Se binary. This trend is opposite

q ling thé point btain the latti ¢ ‘ r the charges in the Zn muffin-tin spheres. Thus, there is a
and sampling point, we obtain the fatliceé parameters o charge transfer from the Be ions to the Zn ions in the

5'728’. 5.945, 4.955, and 6'045 A, respectively, for'these fou.ﬁnl_XBexSe alloys. The near conservation of the Zn-Se bond
materials. These values differ from the corresponding experic

length and the significant increase of the equilibrium lattice
mental values of 5.6676, 6.101, 5.139, and 6.06R&f. 23 0 n .
by +1.1, 2.6, —3.6, and—0.1%, respectively, The MD constant(4.5% atx=0.50), which tends to approach that of

method is also used to calculate the equilibrium lattice con:[he Zn-Se binary, indicate that the Zn-Se bond not only tends

to conserve the bond length but also the bond angles. This

3tants afntc:] thze ZnéSeS antljl Bef-Se_t(J)ogg gggiﬂ‘ssg %n;jS tendency of the Zn-Se bond to conserve both bond length

Be-se Of tN€ 2N —,BES€ alloy Torx=0.2>, U.50, and 0.15. 54 angles reflects that the Zn-Se bond is more covalent than
For eachx value, we have varied the lattice constant. For

h |atti tant h btained ilibri ; .the Be-Se bond.
each lattice constant we have obtained equilibrium atomic "\, " ,ave also studied the Zn.Cd Se alloy—which in-

p?smqnsl usTﬁq thg fm\?/r"&?n_r:]hat) thz :‘orceihactmg oln Eia,::rl/olves cations of comparable covalent radii—in order to see
atom 1s less than .1 eviA. 1he bond fengihs are ca CuaeS{Ihether the cation-anion bond lengths are conserved when

frqtrr‘:] ttrr:e eq_u.|I|br|uth] ?tcl)mm p03|t_||9hns forl thle tla;cjtlce C.(lj.gs.tantthe sizes of the constituent cations do not differ greatly. By a
}Nltt' € ml?lmtum O5a6§r(])elg)g81 € c:gu4i()eA§q%| 'Zg'um similar procedure we calculate the lattice constant and then
attice constanis are 5.654, 5.962, and . .29, the Zn-Se and Cd-Se bond lengths in thg ZiCd, Se alloys.

0.50, and 0.75, respectively. At=0.50, the equilibrium lat- P ;
fice constant differs from that determined by the Vegard'sThe calculated equilibrium lattice constants are 5.807, 5.877,

and 5.946 A forx=0.25, 0.50, and 0.75, respectively. These
trulbe I5.t3?12' ATbyt/)|4.|5%. dThe C?I?tmgtgﬁ’lgise alndTﬂBe'SelarT ‘ alculated values essentially obey the Vegard's r(lde
abufated in fable | and are piotted in Fg. 1. 1he calculateqye, iatinns are less than 0.4p@he Zn-Se and Cd-Se bond
coordinates of the atoms in the cubic unit cell given in terms

of the equilibrium lattice constant are tabulated in Tables Il, TABLE IV. The coordinates of the atoms in the cubic unit cell

i, Qnd IV for x:Q.25, 0'50.’ a_nd 0.75, respectlyely. By ig- for x=0.75. The values are given in terms of the equilibrium lattice
noring some negligible deviations these coordinates can b@onstantr;=0 00875
described by a single parameteithat characterizes the de- ' '

viation from the atomic positions of the zinc blende struc-

) atoms X y 4
ture. Tables I, 1, and IV show that the Zn and Be cations
remain at the fcc sublattice. Only the common anions, i.e., Se  Zn 0.25 0.25 0.25
ions, adjust their positions to accommodate the size differ- Zn 0.25 0.75 0.75
ence of the Zn and Be cations. Our results show thalse Zn 0.75 0.25 0.75
deviates from that of the Zn-Se binary by not more than Be 0.75 0.75 0.25
about 2%, whiledge_sc increases significantly from that of Se -7 -7 -7
the Be-Se binary by as much as 10%. However, it is inter- Se - 0.5+ 7 0.5+ 7
esting to note thadlz._g.S are approximately elongated with Se 0.5+ -7 0.5+ 7
the same extent for=0.25, 0.50, and 0.75. This result sug- Se 0.5+ 7 0.5+ 7 -9

gests that the Be-Se bond in the;ZpBe,Se alloys be sig-
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TABLE V. Bond lengths dz,.se and degse, in A in the TABLE VI. Bond lengthsd,,.s. and d,,. 1 in the ZnSe_,Te,
Zn,_,Cd,Se alloy. alloy (in A).
X dzn-se deg-se X Ozn-se dzn-te

0.00 2.480 0.00 2.480

0.25 2.474 2.648 0.25 2.480 2.580
0.50 2.453 2.644 0.50 2.474 2.583
0.75 2.422 2.630 0.75 2.464 2.581
1.00 2.618 1.00 2.574

lengths obtained fox=0.000.25, 0.50 0.75, and 1.00 are Stants determined from the Vegard's rule directly for
tabulated in Table V and are plotted in Fig. 2. The coordi-ZnS& -, Te, calculation. The good agreement between our
nates of the atoms in the unit cell are the same as thosealculated and the experimentally observed bowingehf
shown in Tables II, 1, and IV, with Be replaced by Cd and suggests that our use of the Vegard's rule is adequate. In
with »=0.0132, 0.0283, and 0.01486 for=0.25, 0.50, and addition, we have identified as to be described later that the
0.75, respectivelyThough thesey's are larger than those of bowing ong is not due to the deviations of the cation-anion
the Zn _,BeSe alloys, it does not necessarily mean that thebond lengths or lattice constants but due to the significant
bond lengths have larger deviations from those of the enddifference in the electronegativities of Se and Te ions. We
point binaries. They's in the Zn _,Be,Se case are smaller then apply the MD method to calculate the equilibrium val-
because the Be-Se bond length increases significantly angs of the Zn-Se and Zn-Te bond lengths,.sc and dz,,.te,
becomes close to the Zn-Se bond length as shown in Big. 1lof the ZnSe¢_,Te, alloy. Specifically, we carry out this cal-
The bond lengthsl,,.s. and d¢y.se, deviate from those of culation forx=0.25, 0.50, and 0.75. The calculatdg,.se
their respective Zn-Se and Cd-Se binaries within abeft andd,,.r. are tabulated in Table VI. Our results show that
and+1 %, respectively. The bond-length results show that ind,,.scanddz, 1. are essentially conserved in the ZnSgTe,
the A;_,B,C-type semiconductor alloys, the cation-anion alloy within 0.016 A(or 0.699 relative to their value in the
bond lengths do not deviate much from those of the respeaorresponding binary compound despite thats.andd,, e
tive binaries if the covalent sizes of ti#eand B ions them-  differ by 7.4%.
selves do not differ greatly. We consider short-period sinusoidally modulated
Zn-Se and Cd-Se lattice constants differ by 6.5%. WhileznSe _,Te, superlattices, since this affords us the opportu-
Zn-Se and Zn-Te lattice constants differ by 7.4%, which isnity to explore similarities and differences between such pe-
only about 1% larger. Based on the calculated lattice conriodic systems and random alloys with the same average
stants for Zp_,Cd,Se stated previously, we expect that thecomposition. As a representative example we have chosen a
lattice constants of the Znge, Te, alloys will approximately — superlattice in which the compositionvaries sinusoidally
follow the Vegard’s rule. Thus, we have used the lattice conalong the[100] direction between 0.25 and 0.7be., x av-

3.0
dCd-Se
*— o— - Py
—_ 1 d
< 25 » Zn-Se . L
~ —— o
70}
£
= FIG. 2. Bond lengthsdz,.se
c and dcg.se, are plotted with re-
Q .
; spect to the compositior for the
c Zn, _,Cd,Se alloy.
O 20 B
[a1]
Zn,, Cd Se
15 T r " . T T T T r
0.0 0.5 1.0

Composition x
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TABLE VII. Bond lengthsdz, se anddz, 1o in the ZnSe_,Te, specialk points of Chadi and Cohéhfor a cubic lattice to
superlattice(in A) for 0.25<x<0.75. The parameter represents  obtain the self-consistent potential. The self-consistent po-
standard deviation. tential is then used to calculals, . We have calculateB,’s
for x=0.0, 0.25, 0.50, 0.75, and 1.0 on the same footing to

X dzn-se dzne avoid errors caused by the use of different unit cells and
0.00 2.480(expt. 2.454 differentk points. Although the percentage errors of the cal-
0.25 2.487 ¢=0.026) 2.616 ¢=0.019) culated equilibrium lattice constants are typical of LDA cal-
0.50 2.462 ¢=0.039) 2.596 ¢=0.040) culations, these errors are not similar or proportional for the
0.75 2.440 ¢=0.030) 2.571 6=0.037) various binaries considered, so that they will give rise to
100 2.574(expt. 2.642 incorrect trend oiEg, sinceEg is very sensitive to the de-

viation of the bond length. For example, the changeE@f

erages to 0.50We assume a lattice parameter of 5.837 A forWith respect to the bond length is7 eV/A, which will give

this structure, i.e., we take it to be the average of Zn-Te anise to a deviation ifEg by 0.14 eV if the bond length devi-
Zn-Se lattice constants. For performing the calculation weates by only 0.02 A. The direct use of the lattice constant
have chosen the celb 2ax 4a), with thez coordinate in  determined from MD calculation will then defeat our pur-
the [001] direction. The unit Ce” ContainS EIght Cation'anion pose Of |00king for the physica' origin Of the bowing Eg X
bilayers. Each bilayer contains four Zn ions and four Se/Terps in electronic structure calculations, we need to prorate
ions. Within the unit cell, the numbers of Te ions in theseyhe atomic positions obtained by MD calculations with the
eight bilayers are 1, 1, 2, 2, 3, ? 12’12’3re35p?Ct'V9|y1' Theexperimental MD lattice constant ratio.

corresponding compositions _au% o 2 2 & a2 @nds, Since to our knowledge the experimental lattice constants
respectively. Since we are limited by our calculation methodfor these alloys are not available, we have tried to devise a

we have to choose a piecewise or stepwise variation of th?easonable way to overcome the accuracy problem stated

composition rather than a continuous sinusoidal function. We,p o "\ne have chosen the lattice constdm) by the equa-
have therefore chosen the above sequence of compositions N exptycal expt calc
an approximation of the sinusoidal distribution of anions in&% a(x) =acadX) (avg /avg). whereay, anday, are the

PP ) lattice constants evaluated using the Vegard’s rule with the
the structure of interest.

A . . ._experimental and calculated end-point lattice constants, re-
The energy minimization calculation is carried out on this

system until the force criterion for the equilibrium atomic spectively, andidX) is the equilibrium lattice constant ob-

o ) . - ained by MD calculations. We then adjust to obtain
positions stated previously is satisfied. The process reveals .. . )
. e Cation-anion bond lengths that have the same ratio as that
significant variations ofl,,.s. and dz,, .. Calculateddy,,_se

andd;, . are tabulated in Table VII. It is immediately clear \?VlgaégﬁdkggthﬁeC?rlgﬁLag??rsleazg\'/\i/;?o:;—r;btlﬁel'tl)gr:zlslevr\g{r’]s
that the bond lengths in the superlattice differ substantiall

vy . .
. close to that determined by MD calculations.
from those of the random Znge, Te, alloy. In particular, we T
find interesting trends in the variation df,,.s. and dz,te The calculatedg,’s for Zn, _.Be,Se are 2.265, 2.480,

with respect tox. In the x=0.25 region of the superlattice, 2.844, 3.461, and 4.750 eV, respectively, for 0.00, 0.25,

where Se is the majority aniody,,_s.is very close to that of 0;58 0'75;’Pan.d. 1.00|.5Thz c?lél:]latE@’s "f‘rnd th.e eXperng!'
the binary compound Zn-Se, while in the=0.75 region, tal data of Peirist al.” and o auvet, Tournie, and Farie

. . l", .
where Te is the majoritydl, 1. is very close to that of the are plotted in Fig. 3E,’s are underestimated as expected.

. g A
binary compound Zn-Te. On the other hand, in the regiorfigure 3 shows thaky bows down. The bowing of,
where Se is the minoritytly, e is significantly decreased, S€€ms to reflect the elongation of the Be-Se bond as shown

while in the region where Te is the minorityz, o is signifi- N Fig. 1. In the regiox<0.5 the average slope is 1.16 eV,
cantly increased. These trends indicate that Zn-Se and zn-1#hich is about one half of the experimental data of 2.3V,
bonds compete in trying to conserve their binary bondPespite the significant underestimate of the slope and the
lengths. In thex=0.25 region the majority Se atoms domi- Overestimate of the bowing, our calculatgg(x) shows a
nate, pulling the Zn atoms away from the Te atoms, so tha¢imilar trend to that of the experimental data as shown in
d,nreis increased by about 1.7%. And in the=0.75 region,  Fig. 3. That isEg(x) is approximately linear with a slight
the majority Te atoms win and push the Zn atoms towardglownward bowing in the regior<0.50. This property can
the Se atoms, so that,, .. is decreased by a comparable be attributed to the near constant values of bdghs.and
amount of about 1.9%. These properties arise from the fadlzn.sein this region as shown in Fig. 1.
that constraint of the atomic arrangements inxke0.25 and CalculatedEg’s for Zn, _,Cd,Se are 2.265, 1.874, 1.704,
0.75 regions must have the same average lattice periodicit}.535, and 1.478 eV, respectively, fae=0.00, 0.25, 0.50,
as in thex=0.50 region. In contrast, in the case of the 0.75, and 1.00. Calculatei,'s and the experimental data of
ZnSe _,Te, alloy, the Zn-Se and Zn-Te bond lengths arePeiriset al® are plotted in Fig. 4. The dashed line shown in
uniform and binarylike throughout. this figure is a straight line linking thEy’s of the Zn-Se and
Cd-Se binaries. In this figure, the experimerﬁ'fgl can be
seen to bow down slightly. The calculat also bows

In calculating the electronic structure of ZnBe,Se, we  down. However, our calculation overestimates the bowing.
have chosen the basic cubic unit cell and sampled the foufor x<0.5, the calculate;, as a function ok has a slope

IV. ELECTRONIC STRUCTURE
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FIG. 3. Ej versus the compo-
sition x for the Zn _,Be,Se alloy.
The solid circles and open squares
are the calculateﬂg’s and the ex-
perimental Eg’s of Peiris et al.
(Ref. 2, respectively. The dashed
line shows the quadratic equation
fitted from the experimental data
by Chauvet, Tournie, and Faurie
(Ref. 3. The thin dash-dotted
straight line is a guide to show the
bowing of Ey, .

2.0 4 . . : : r : : . T
0.0 0.5 1.0

Composition x

of —1.12 eV, which is in good agreement with the experi-Zn-Te is 0.511 eV, which is somewhat larger than the experi-
mental value of-1.20 eV. Forx>0.5, the calculate; has  mental values of 0.32 eV at room temperattiand 0.43 eV
a slope of—0.25 eV, which is much smaller in magnitude at 4 K! Figure 5 shows theEg as a function ok bows down
than the experimental value 6f0.90 eV. The discrepancy with a minimum of 1.61 eV at about=0.67, which is in
between calculated and experimental slopeE@x) for x  good agreement with experimental data, where the minimum
>0.5, for which the Cd ion is the majority cation, may be is observed ak=0.65! The calculated bowing coefficient,
due to a deficiency in LDA, which gives rise to a smalleri.e., the coefficient of the quadratic term, is 1.576, which
error in theEr for Cd-Se than for Zn-Se. again agrees quite well with the experimental value 1%621.
The calculated values oE' for ZnSq_,Te, for x  The values oE depend of course on the cation-anion bond
=0.00, 0.25, 0.50, 0.75, and 1 00 are 2.265, 1.899, 1.663ength, the varlatlomEr/adzn seand 6’Er/(9d2n 1e being cal-
1.616, and 1.754 eV, respectively. These are plotted in Fig. Zulated to be-7.11 and—7 22 eVIA, respectlvely However,
The difference between the caIcuIatEtg for Zn-Se and with these rates of change Eig the variation of the bond

Zn, Cd Se

FIG. 4. Ej versus the compo-
sition x for the Zn _,Cd,Se alloy.
The solid circles and open squares
are the calculated and experimen-
tal Eg’s, respectively.

1 r T T v T

0.0 - 05 1.0
Composition x

235202-6



ELECTRONIC AND STRUCTURAL PROPERTIES OF-II .. PHYSICAL REVIEW B 65 235202

3.0
¥ ZnSeq.yTey

™

FIG. 5. Dependence of the en-
ergy gapEg on compositiorx for
ZnSq _,Te, alloys.

1.5 T - T : . - . : .
0.0 0.5 1.0

lengths shown in Fig. 6 cannot by itself account for the bow-significant charge transfer from Te to Se as mixing of the
ing of Eg in the ZnSe_,Te, alloy. material takes place. The charge transfer from Te to Se ren-
One must therefore look for other mechanisms that lead tders the Te ions in the alloy to have a smaller negative ef-
bowing of Eg. In considering alloys of the typAB;_,C,  fective charge than the Te ions in Zn-Te, and the Se ions to
the value oiEg is expected to vary linearly witkonly when  have a larger negative effective charge in the alloy than the
the electronic properties of the constitueBtand C (in our ~ Se ions in Zn-Se. Then the corresponding changes in the
case, the two aniofngemain approximately the same in the local Coulomb potentials are expected to render the orbital
alloy as in the end-point binaries. In such cases the electronienergies of the Te ions to become lower, and those of the Se
states as well aE! are linear averages of their respective ions to become higher relative to the respective binary com-
values in the two binaries. This is not the case in thepounds. Thus, the contributions of Te and Se ions to the state
ZnSg _,Te, alloy because Se has a significantly larger elec-at the valence band maximu(fBM) are increased and de-
tronegativity than Tg2.55 vs 2.4), and there will thus occur creased, respectively. The increased importance of the Te

3.0
l.
dZn-Te
~ o —®
£ 254 . . — '
2 dZn-Se
k) FIG. 6. The calculated bond
5 lengthsdy,,.seanddy,, 1. as a func-
— tion of the compositionx for
g 20 ZnSq _,Te, alloys.
@ ZnSe, Te,
15 v T T . T . r . .
0.0 0.5 1.0
ZnSe Composition x ZnTe’
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CBM=1.434
VBM=0.0

FIG. 7. Energy bands calcu-
lated for sinusoidally modulated
ZnSq _,Te, short-period superlat-
tices.

E(eV)

contribution means thafg will shift towards that of ZnTe. region. Due to the itinerant nature of conduction electrons
Our calculated coefficients of the eigenvector of the state &€BM has negligible offset among the three regions. The
VBM obtained for a ZnSg ,Te, alloy(x=0.50) are 1.551 VBM offset results reflect the trend of variation Eg shown
and 0.886 for Te and Se, respectively. The contribution of Tén Fig. 1, though the magnitude of the variation is greatly
(which is proportional to the square of these coefficieigs reduced in the superlattice. The above reduction in the VBM
therefore about three times larger than that of Se, consisteoffset can be attributed to the small layer thickness charac-
with the above argument. teristic of these short-period superlattices, as well as to the
Another effect of the charge transfer occurring in the alloyabsence of well-defined interfaces due to the sinusdica)
is on the conduction band. The itinerant conduction electronsmooth modulation of the composition. The period of our
are expected to shift from the neighborhood of Se ions to thetructural model is 23.54 A, which is representative of the
neighborhood of the Te ions, since these have a reducetB.5 to 58 A range of the Zn$e,Te, superlattice samples
negative effective charge due to the charge transfer from Tased in the PL measurements of Yagigal2 and Leeet al?
to Se, and consequently their local Coulomb potential is
shifted to lower their energies. Thus, the conduction band
minimum (CBM) is reduced further. A combination of the V. CONCLUSION
two effects stated above rend£§ even lower than that of We have employed the real-space density-functional
Zn-Te. ) ) molecular-dynamics and conventional electronic-structure
In the calculation of the electronic structure of the cajculation methods to study electronic and structural prop-
Z_n_Sa_,XTeX _supe_rlattice, we use th_e quilibrigm atomic PO- erties of Zn_,BeSe, Zn_,Cd,Se, and ZnSe ,Te, alloys
sitions obf[amed in th_e MD calculations just discussed, usingind znSe_, Te, superlattices. For Zn$e,Te, we have fo-
the experimental lattice constants. Due to the complexity otysed on understanding the pronounced bowing phenomenon
this system, we sample only one spedabpoint (27/a)  of EL in alloys and the redshift o} in superlattices. The
X(%.5.15) (Ref. 25 for the (a,2a,4a) unit cell to obtain the  bowing of Eq is found to be attributable to significant elec-
self-consistent potential, which is then used to calculate theronegativity difference between the two aions. The calcu-
electronic structure. The energy bands are shown in Fig. fated Eg’s have a minimum ak=0.67 in good agreement
from J, (27/a)(1/2,0,0), tol’ and fromI" to J', (2@/a)  with experimental data. The calculation for the structure of
%(0,1/4,0). The calculatel is 1.43 eV, which is smaller ~sinusoidally modulated Zn$e,Te, superlattices whose
than the minimum calculatelﬂg of the ZnSe_,Te, alloy by  composition varies in the range of 02%<0.75 yields an
0.18 eV. The redshift irE. is comparable to the 0.14 eV elongation of the Zn-Te bond and a contraction of the Zn-Se
dispersion of the PL peak towards a lower value of 2.08 e\bond relative to those of the corresponding binary com-
observed by Yangt al? and Leeet al® From the occupa- pounds. The elongation of the Zn-Te bond may explain the
tions of the anion orbitals in th&=0.25, 0.50, and 0.75 redshifts ong of 0.14 eV observed in the photolumines-
regions for the states in the vicinity of VBM, we find that cence measurements on these supperlattices.
there is no VBM offset betweex=0.50 and 0.75 regions of For Zn,_,Be,Se and Zp ,Cd,Se we have focused on
the superlattice, but there is a0.064 eV offset in thex understanding bond length conservation in these alloys. We
=0.25 region relative to that in the=0.50 (or the 0.7%  are particularly interested in whether Zn-Se and Be-Se bond
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lengths are conserved in ZnBeSe because Zn and Be Eg as a function ofx bows down for both Zp_,Be,Se and
have very different covalent radii. We find that in the zn,  cd,Se in agreement with experimental data, though
Zn,_,Be,Se alloys the Zn-Se bond length decreases slightlyye overestimate the bowing.

by 2.2%, while the Be-Se bond length increases by 10%
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