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Quaternary alloy Zn12xMgxSySe12y
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~Received 29 September 1997!

The band-gap energy of II-VI compound semiconductors was simply calculated using a modified dielectric
theory. The calculated band-gap energies of MgS and MgSe were 4.62 and 3.67 eV. From the extrapolation of
the band-gap energies of Zn12xMgxSe and Zn12xMgxS, the band-gap energies of MgSe and MgS of zinc
blende at room temperature were determined to be 3.59 and 4.4560.2 eV, almost the same as the value
calculated using the modified dielectric theory. The bowing parameter of the Zn12xMgxSe ternary alloy was
experimentally obtained as 0 eV, which can be explained in terms of the modified dielectric theory. The lattice
constant of the quaternary alloy Zn12xMgxSySe12y can be expressed by Vegard’s law@Z. Phys.5, 17 ~1921!#.
The band-gap energy of Zn12xMgxSySe12y can be expressed by the parabolic function of the composition
considering the bowing parameter, where we use of 4.65, 3.59, 3.68, and 2.69 eV as the band-gap energies of
MgS, MgSe, ZnS, and ZnSe, respectively.@S0163-1829~98!10303-X#
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I. INTRODUCTION

In fabricating semiconductor devices, it is important
know the band parameters such as the band-gap en
Methods of calculating the band parameters from empir
parameters have been developed and applied to semicon
tor devices. First, the band structure was calculated using
pseudopotential theory reported by Phillips in 1958.1 In 1969
Van Vechten proposed the dielectric theory.2–4 Stringfellow
calculated the band-gap energy of III-V compounds us
the dielectric theory and found the calculated results con
tent with the experimental results.5 However, the band-gap
energy of some II-VI compounds had not been experim
tally obtained until recently because it was difficult to gro
high-quality crystals due to the high ionicity of these co
pounds. Thus this dielectric theory has not been applied
II-VI compounds.

The II-VI compound laser diodes~LD’s! have undergone
rapid development in the past few years. In 1996, Tanigu
et al. reported a long-life II-VI laser diode.6 The device life-
time under room temperature~RT! continuous-wave~CW!
operation was more than 100 h. It is expected that the de
lifetime of II-VI laser diodes will become comparable to th
of III-V LD’s such as AlxGa12xAs LD’s. In II-VI laser di-
odes, it is necessary to use Zn12xMgxSySe12y as the clad-
ding layer7,8 in order to achieve RT CW operation9

Zn12xMgxSySe12y is one of the most popular materia
among II-VI compound semiconductors now. It is importa
to obtain the band parameters of Zn12xMgxSySe12y in order
to improve the II-VI laser diodes.

Band parameters such as the band-gap energy and
bowing parameter and crystal structures in II-VI compou
semiconductors such as Zn12xMgxSySe12y are discussed in
this paper. We calculated the band-gap energy and la
constants of all II-VI compound semiconductors and co
pared the calculated values to the experimental values
calculate the band-gap energy we modified the dielec
theory of Van Vechten so that it could be applied to II-V
compounds whose crystal structure is zinc blende. Altho
the crystal structure of MgS and MgSe is reported to
570163-1829/98/57~4!/2257~7!/$15.00
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wurtzite or rocksalt,10 the structure becomes a zinc-blen
structure in quaternary Zn12xMgxSySe12y . The band-gap
energy of zinc-blende MgS and MgSe must be known
calculate the band-gap energy of this quaternary alloy.
though the properties of the III-V alloys were studied
Adachi11 and Williamset al.,12 there are few papers on th
properties of II-VI alloys. We therefore calculated the pro
erties of the Zn12xMgxSySe12y quaternary alloy.

II. ESTIMATE OF LATTICE CONSTANT

The lattice constants of compounds can be obtained f
the covalent radii and the ionic radii. The lattice constantaZB
of a binary compoundAB whose crystal structure is a zin
blende can be obtained using the following equation from
sum of the tetrahedral covalent radii13 (r covalent) of cationA
and anionB, which are shown in Table I:

aZB54/)~r covalent
A 1r covalent

B !. ~1!

Table II shows variousaZB calculated using Eq.~1! and
Table I. The lattice constant of a rocksalt structurearocksalt is
expressed by the sum of the ionic radii (r ionic) in Table I as

arocksalt52~r ionic
A 1r ionic

B !. ~2!

Table I also shows the electronegativity (X) and half of
the sum of the ionization energy (I ) and the electron affinity
(A) of various elements. We can see the following tend
cies in Table I.

~i! The covalent radiusr covalent decreases as the atom
number increases on the same row. This shows that the
erage radius of the outermost orbital~the outermost orbital
being the orbital with the outermost electron! becomes
smaller as the nuclear charge increases. Even when the
muthal quantum number increases, the shrinkage of the
erage radius of the orbital is more pronounced than the
pansion by the additional orbital in the same row.

~ii ! In the same column, the tetrahedral covalent rad
increases as the row number increases except for Ga, Al,
and Mg. This means that the degree of shrinkage of the
2257 © 1998 The American Physical Society
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TABLE I. Tetrahedral covalent radii (r covalent), ionic radii (r ionic), electronegativity (X), and half of the
sum of the ionization energy and the electron affinity@(I 1A)/2# ~Refs. 13, 16, 17, and 23!.

Column I II III IV V VI VII VIII

row II Li Be B C N O F Ne
ionic radius~nm! 0.068 0.035 0.023 0.015 0.171 0.140 0.136 0.15
covalent radius~nm! 0.106 0.088 0.077 0.070 0.066 0.064
electronegativity 1 1.5 2 2.5 3 3.5 4
(I 1A)/2 ~eV! 3.00 4.36 4.29 6.26 7.23 7.54 10.41

row III Na Mg Al Si P S Cl Ar
ionic radius~nm! 0.097 0.065 0.050 0.041 0.212 0.184 0.181 0.18
covalent radius~nm! 0.140 0.126 0.117 0.110 0.104 0.099
electronegativity 0.9 1.2 1.5 1.8 2.1 2.5 3
(I 1A)/2 ~eV! 2.84 3.37 3.21 4.77 5.62 6.22 8.29

row IV Cu Zn Ga Ge As Se Br Kr
ionic radius~nm! 0.074 0.062 0.053 0.222 0.198 0.195 0.200
covalent radius~nm! 0.135 0.131 0.126 0.122 0.118 0.114 0.111
electronegativity 1.9 1.6 1.6 1.8 2 2.4 2.8
(I 1A)/2 ~eV! 4.48 4.70 3.15 4.55 5.31 5.89 7.59

row V Ag Cd ln Sn Sb Te I Xe
ionic radius~nm! 0.126 0.097 0.081 0.071 0.245 0.221 0.216 0.21
covalent radius~nm! 0.152 0.148 0.144 0.140 0.136 0.132 0.128
electronegativity 1.9 1.7 1.7 1.8 1.9 2.1 2.5
(I 1A)/2 ~eV! 4.44 4.50 3.04 4.27 4.86 5.49 6.75

TABLE II. Calculated~Calc.! and experimental~Expt.! values of the lattice constantsa ~Å! andE0 ~eV!.
DX is the difference in electronegativity between a cation and an anion.D is a parameter that shows th
effect of thed electron. Calculated values were obtained using Eqs.~1! and ~6!. The experimental values
were obtained from Refs. 20, 24, and 25 and this experiment.

Material DX D a ~Calc.! a ~Expt.! E0 ~Calc.! E0 ~Expt.!

MgS 1.3 1.00 5.635 5.620 4.62 4.4560.2
MgSe 1.2 1.07 5.866 5.890 3.67 3.59
MgTe 0.9 1.07 6.282 6.280 3.01 2.90
ZnS 0.9 1.07 5.427 5.409 3.72 3.68
ZnSe 0.8 1.16 5.658 5.668 2.62 2.69
ZnTe 0.5 1.16 6.074 6.103 2.10 2.26
CdS 0.8 1.16 5.820 5.832 2.56 2.42
CdSe 0.7 1.26 6.051 6.050 1.85 1.70
CdTe 0.4 1.27 6.466 6.479 1.39 1.56
Si 0 1.00 5.404 5.431 4.10 4.10
Ge 0 1.25 5.635 5.646 1.02 0.90
Sn 0 1.46 6.466 6.489 0.08 20.40
AlP 0.6 1.00 5.450 5.451 4.23 3.58
AlAs 0.5 1.11 5.635 5.661 2.75 3.02
AlSb 0.4 1.17 6.051 6.136 1.92 2.22
GaP 0.5 1.11 5.450 5.451 2.90 2.75
GaAs 0.4 1.23 5.635 5.653 1.52 1.42
GaSb 0.3 1.31 6.051 6.096 1.00 0.73
InP 0.4 1.20 5.866 5.869 1.81 1.35
InAs 0.3 1.33 6.051 6.058 0.87 0.36
InSb 0.2 1.42 6.466 6.479 0.54 0.17
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57 2259QUATERNARY ALLOY Zn12xMgxSySe12y
erage radius of the outermost orbital caused by the incre
of the nuclear charge is less than the degree of enlargem
of the average radius of the outermost orbital caused by
addition of the new orbital due to the increase of the prin
pal quantum number in the same column.

~iii ! In group III, the tetrahedral covalent radii of Al an
Ga are the same.

~iv! In group II, the tetrahedral covalent radius of Mg
larger than that of Zn. This is an exception to tendency~ii !.
This means that shrinkage of the average radius of the
ermost orbital caused by the increase of the nuclear ch
~12 for Mg to 30 for Zn! is more pronounced than the e
largement of the average radius of the outermost orb
~3s,3p for Mg to 4s,4p for Zn! with the increase of the
principal quantum number. There is no such tendency in
ionic radius.

Next we discuss the possibility of lattice matching b
tween GaAs and Zn12xMgxSySe12y . Because Ga, As, Zn
and Se exist in the same row in the Periodic Table, the lat
constants of these compounds are almost the same.
ZnSySe12y to be lattice matched to GaAs,y must be 0.07,
while Zn12xMgxSySe12y has two parameters,x and y, and
its band parameters such as the band-gap energy can be
ied while maintaining the lattice match to GaAs.8 This is due
to tendency~iv! for the covalent radius of Zn to be smalle
than that of Mg.

When ternary alloyAxB12xC is fabricated, the lattice
constanta(AxB12xC) is expressed by the linear combinatio
of the lattice constants between binary compoundAC and
BC ~aAC andaBC!, the so-called Vegard law14

a~AxB12xC!5xaAC1~12x!aBC. ~3!

Because the lattice constants of all uniform semicond
tor alloys studied up to this point can be, without excepti
expressed by Vegard’s law, the crystal structure of an a
whose lattice constant is expressed by Vegard’s law can
considered to be uniform and the crystal structure of
alloy the same as that of binary compounds. Let us n
consider that if Vegard’s law does not apply, the alloy m
have a crystal structure different from binary compounds

III. MODIFIED DIELECTRIC THEORY
OF BAND-GAP ENERGY

One of the purposes of this paper is to calculate the ba
gap energy of II-VI compound semiconductors using the
tice constant, electronegativity, and atomic number. Fr
Phillips’s pseudopotential theory, the band-gap energyEg is
expressed by1–3

Eg5~Eh
21C2!1/2, ~4!

where Eh is the homopolar band-gap energy andC is the
heteropolar band-gap energy. From the dielectric theory,
difference in energy between the conduction-band minim
and the valence-band maximum at theG point (E0) is ex-
pressed by the following equation when the influence of
d electron is included:2,3

E05@Eh2~D21!DE0#@11~C/Eh!2#1/2, ~5!
se
ent
e

i-

t-
ge

al

e

-

e
or

ar-

-
,
y
be
e
w
y

d-
t-

e

e

whereD is a term reflecting the influence ofd electrons on
the band gap andDE0 and Eh are functions only of lattice
constanta. C can be estimated from the experimental val
of the dielectric constant and is almost proportional to
difference in electronegativity (DXAB) betweenA andB of
the binary compoundAB.2,3 However, we found that the
dielectric theory cannot be applied to II-VI compound sem
conductors as is. So we modified the theory to express
band-gap energy of II-VI compounds.

In our modified dielectric theory, a parameter express
the d-electron effect is added to the homopolar band-g
energy in Eq.~4! because the energy of thes orbital, which
penetrates thed band, decreases considerably whend elec-
trons exist. Therefore, the band-gap energyE0 can be ex-
pressed by

E05$@Eh02~D21!DE0#21C0
2%1/2, ~6!

Eh054.1~a/aSi!
22.75 ~eV!, ~7!

DE0512.8~a/aSi!
25.07 ~eV!, ~8!

C05kCDXAB ~eV!, ~9!

whereEh0 is the homopolar band-gap energy andC0 is the
heterepolar band-gap energy in the modified dielec
theory.D is a term reflecting the influence ofd electrons on
the homopoler band gap.Eh0 andDE0 are functions of lat-
tice constanta. aSi is the lattice constant of Si. Equations~7!
and~8! are experimentally derived from the band-gap ene
of group-IV semiconductors with no heteropolar band g
such as C, Si, Ge, and Sn and are the same equations
Van Vechten used.2,3 In Van Vechten’s theory,C0 is propor-
tional to the difference of the electronegativity between c
ion A and anionB in Table I. We define this proportiona
coefficient askC . The electronegativity defined by Pauling13

(X) is almost the same as that defined by Mulliken.15 The
electronegativity defined by Mulliken is expressed by half
the sum of the ionization energy16 @I ~eV!# and the electron
affinity17 @A ~eV!#, which is shown in Table I. Therefore, in
group-II and -VI elements, the following relation can be o
tained:

~ I B1AB!/22~ I A1AA!/252.1DXAB ~eV!. ~10!

If the arbitrary unit Pauling uses to express electrone
tivity is transformed into the eV Mulliken uses to expre
electronegativity, the proportional coefficient becomes 2.1
we assume thatC0 is equal to the left-hand side of Eq.~10!,
we can determine thatkC is 2.1. The experimental value i
almost the same as the calculated value if we make this
sumption.

The D parameter of a compoundAB composed of cation
A and anionB is expressed by the empirical equation2

D~A,B!5DADB2~dAdB21!~ZA2ZB!2, ~11!

whereZA (ZB) is the number of valence electrons of catio
A ~anionB! andDA (DB) is the parameter of cationA ~anion
B! that depends on the row number. In addition, if the ro
number is the same,DA5DB. WhenAB is a group-IV semi-
conductor andZA2ZB50, it is easily understood thatDA

5DB5D1/2. So D can be obtained from theD of group-IV



s

he
d

or
r

e

d

in
ha
of

x

e

c
in
-
e

fe
b
s
ir

re
c

ee
as

di
In

e

he

y
g

ned

us-

ng
e

ap
ing
the

r

ters
t the
tion

-
d of
ex-

I
ere
e
rials
en-
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semiconductors such as Ge and Sn. These parameter
summarized in Table III.dA (dB) is the parameter of the
cation ~anion!, which becomes more important as (ZA

2ZB)2 becomes larger.dA anddB are functions of the row
number. At rows II and III,D51 because there is nod
electron. At rows IV and V, we modified the values ofdA

anddB becauseZA2ZB of II-VI compound semiconductors
is twice of that of III-V compound semiconductors and t
contribution ofdA and dB becomes larger, as the modifie
theory can be applied to II-VI compound semiconduct
such as CdSe and ZnTe with largeD. So we use these fou
values ofdA anddB ~underlined in Table III! in our modified
theory. Although in Ref. 2dA and dB are the same on th
same row, we propose thatdA is different fromdB even on
the same row for the following two reasons.

~i! In a compound semiconductor, the conduction ban
formed from the antibonding states of thes orbital of the
cations and the valence band is formed from the bond
state of thep orbital of the anions. These facts suggest t
the effect of thed electron of the cation is larger than that
the anion because the energy of thes orbital, which pen-
etrates thed band, is reduced more by the effect of thed
electron than that of thep orbital.

~ii ! The d electron has various energy levels. For e
ample, the binding energy of both Zn 3d and Cd 4d is 9 eV
and the binding energies of Se 3d and Te 4d are 57 eV and
40 eV, respectively.18 It is obvious that the effect of thed
electron of a cation is different from that of an anion.

Next we calculated band-gap energyE0 using our modi-
fied dielectric theory. Table II shows calculatedE0 and the
experimental value ofE0 of various semiconductors. W
used only four adjusting parameters and calculatedE0 of 18
materials as quite close to the experimental values. The
culated E0 of zinc-blende MgS and MgSe are shown
Table II. From Eqs.~6!–~9! we can see that the main influ
ences on the band-gap energy are the bond length betw
the cation and anion~the lattice constant!, the difference of
electronegativity between the cation and anion, and the ef
of thed electron of both the cation and anion determined
the row number. These influences are reflected in the rea
that E0 of MgS is larger than that of ZnSe in spite of the
having almost the same lattice constants being that the
no d-electron effect in MgS and that the difference in ele
tronegativity between Mg and S is larger than that betw
Zn and Se. These influences are also reflected in the re
that E0 of CdSe ~1.70 eV! is different from that of ZnTe
~2.26 eV! being thatD of CdSe is different fromD of ZnTe,
although the lattice constants and the electronegativity
ferencesDXAB of both compounds are almost the same.
our model,d of the cation andd of the anion are different in
Eq. ~11!, even though their row numbers are the sam

TABLE III. D andd as a function of the row number.

Row D (cation) D (anion) d (cation) d (anion)

II 1 1 1.000 1.000
III 1 1 1.000 1.000
IV 1.12 1.12 1.003 1.003
V 1.21 1.21 1.003 1.009
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Therefore, theD of ZnTe and CdSe become different and t
origin of the E0 difference can be explained. Ifd of the
cation is the same asd of the anion2,3 when their row num-
bers are the same, the origin of the difference ofD value
between CdSe and ZnTe cannot be explained.

IV. BOWING PARAMETER

E0 of a ternary alloyAxB12xC is expressed by

E0~AxB12xC!5xE0
AC1~12x!E0

BC2cABCx~12x!,
~12!

where cABC is the bowing parameter of ternary allo
AxB12xC. In this section we discuss the origin of the bowin
parameter. The intrinsic bowing parameter can be obtai
using Van Vechten’s method.4 From the lattice constant,D,
and the electronegativity difference, which are obtained
ing Vegard’s law,E08(AxB12xC) is calculated using Eq.~6!.
The intrinsic bowing parameterci

ABC is calculated using

ci
ABCx~12x!5@xE0

AC1~12x!E0
BC#2E08~AxB12xC!.

~13!

Although Van Vechten proposed that the extrinsic bowi
parameterce

ABC is a function of the difference between th
heteropolar band-gap energy ofAC and that ofBC, we pro-
pose thatce

ABC depends on both the heteropolar band-g
energy and the homopolar band-gap energy. The follow
equation provides the extrinsic bowing parameter due to
effect of aperiodicity:

ce
ABC5~C0

A2B1Eh0
A2B!2/W, ~14!

whereC0
A2B (Eh0

A2B) is the difference betweenC0
AC andC0

BC

~Eh0
AC andEh0

BC! andW is a bandwidth. The bowing paramete
is expressed by

cABC5ci
ABC1ce

ABC . ~15!

The bowing parameters are calculated to becZnSSe50.7
and cZnMgSe50.1 eV from these equations andW51 eV.4

This result shows that these calculated bowing parame
are the same as the experimental values. We found tha
bowing parameter increases when the potential fluctua
expressed by the sum ofC0

A2B , which is determined by the
electronegativity, andEh0

A2B , which is determined by the lat
tice constant, increases. If we use Van Vechten’s metho
calculation, the calculated results are different from the
perimental results of Mg-contained compounds.

V. EXPERIMENTAL PROCEDURE

To obtain the experimental value, epitaxial layers of II-V
compound semiconductors with various compositions w
grown on GaAs~100! by molecular-beam epitaxy. Th
growth temperature was 275 °C and the source mate
used were Zn, Se, Mg, and ZnS. The lattice constant perp
dicular to the GaAs~100! surface (a') was measured by
double-crystal x-ray diffraction~XRD! using ~400! reflec-
tion. The lattice mismatchDa' /aGaAs was expressed by

Da' /aGaAs5~a'2aGaAs!/aGaAs3100 ~%!, ~16!
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57 2261QUATERNARY ALLOY Zn12xMgxSySe12y
where aGaAs is the lattice constant of GaAs, 0.5653 nm
Some samples were measured using~224! reflection to de-
termine botha' and the lattice constant parallel to th
GaAs~100! surface (ai). Photoluminescence~PL! measure-
ments were carried out at RT and 77 K. The samples w
excited by a He-Cd laser with an excitation energy of
mW. We regard the energy of the band-edge emission at
as E0 because the origin of band-edge emission at RT
considered to be a band-to-band transition atG. The compo-
sitions of ternary and quaternary alloys were determined
electron-probe microanalysis~EPMA!. EPMA measure-
ments were calibrated using chemical analysis. We u
samples whose thicknesses were between 1.3 and 1.8mm.

VI. TERNARY ALLOYS Zn 12xMgxSe, Zn12xMgxS,
AND ZnSySe12y

The first experiment was the growth of the ternary allo
and the measurement of the band parameters. From t
measurements, we determinedE0 of MgSe and MgS at RT
and the bowing parameter of Zn12xMgxSe and ZnSySe12y .
From XRD measurements, the crystal structures of
samples were found to be zincblende and all samples ex
ZnS0.24Se0.76were found to be fully relaxed because the me
sureda' is almost the same asai . Therefore, the band pa
rameters of these samples can be regarded as the valu
the bulk crystal of zinc-blende structure. Figure 1 shows
relationship between the mole fraction of Mg (x) andE0 of
the ternary alloys at RT. From extrapolation of these exp
mental values,E0 of zinc-blende MgS and MgSe were ob
tained as 4.45 and 3.59 eV, respectively, althoughE0 of MgS
has an error of about 0.2 eV because only two samples c
be measured. TheseE0 of MgS and MgSe are almost th
same as the values estimated using the modified diele
theory shown in Table II and are consistent with the te
dency of the band lineup of II-VI compounds derived fro
Harrison’s tight-binding theory.19 In this experiment, we did
not grow binary compounds of MgS and MgSe because
crystal structures of binary MgS and MgSe are wurtzite
rocksalt10 and because the crystal structure of binary M
and MgSe grown on a GaAs substrate may not be z

FIG. 1. Relation between the composition of Mg (x) andE0 at
RT and the lattice constant of the ternary alloys. The measuredE0

of MgS and MgSe is 4.4560.2 and 3.59 eV, respectively, and th
measured lattice constanta of MgS and MgSe is 0.562 and 0.58
nm, respectively.
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blende. The bowing parameters ofE0 of Zn12xMgxSe ob-
tained is 0 eV, as can be seen in Fig. 1. This value is q
close to the calculated value 0.1 eV in Eq.~15!. Although we
cannot determine the bowing parameter of Zn12xMgxS from
Fig. 1, we can assume it to be 0 eV because Asanoet al.
observed the small bowing parameter of a similar al
Zn12xMgxTe.20 Figure 1 also shows the relation between t
mole fraction of Mg and the lattice constant. By extrapo
tion of the lattice constant of Zn12xMgxSe and Zn12xMgxS,
the lattice constants of zinc-blende MgS and MgSe are 0.
and 0.589 nm, respectively. These experimental lattice c
stants are almost the same as the calculated lattice cons
in Table II.

Figure 2 shows the relationship between the mole fract
of S (y) andE0 at RT, which was obtained by PL measur
ments, and the lattice constant of ZnSySe12y . The E0 of
ZnSe and ZnS were 2.69 and 3.68 eV, respectively and
bowing parameter of ZnSySe12y was found to be 0.68 eV by
using the least-squares method. This value is almost
same as the value calculated using Eq.~15!. This value is
almost the same as that measured by Ebina, Fukunaga
Takahashi.21 We confirmed that the lattice constant
ZnSySe12y can be expressed by Vegard’s law.

VII. QUATERNARY ALLOY Zn 12xMgxSySe12y

In this section we discuss the lattice constant andE0 of
the Zn12xMgxSySe12y alloy. Figure 3 shows the compos
tion dependence of the contour curves of the experime
Da' /aGaAs andE0 at RT. In Fig. 3 the compositions of th
samples are expressed by the open squares and the co
curves are drawn based on the experimentalDa' /aGaAs and
E0 of these samples using interpolation and extrapolati
We usedDa' /aGaAs in Fig. 3 because we cannot calcula
the lattice constant of the bulk crystal because the ela
constant of the alloy is not known. From the XRD measu
ment, the crystal structure of all samples was found to
zinc blende and that of MgS and MgSe can be regarded
zinc blende when these compounds are incorporated
Zn12xMgxSySe12y alloy. The lattice constant of samples d
noted by the shaded square was measured using~224! reflec-

FIG. 2. Relation between the composition andE0 of ZnSySe12y

at RT. The measuredE0 of ZnS and ZnSe is 3.68 and 2.69 eV
respectively. The bowing parameter is 0.68 eV. The fitted curv
drawn using the least-squares method.
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tion peaks to determineDai /Da' , whereDai5ai2aGaAs

andDa'5a'2aGaAs. In this paper we hold thatDai /Da'

.0.7 indicates that the epitaxial layer is fully relaxed a
that Dai /Da',0.2 indicates that the epitaxial layer ha
grown coherently.

If Mg atoms exist at interstitial sites of the crystal due
high ionicity, the contour curve for the lattice mismatc
would not be linear. In Fig. 3 the contour curve that e
presses the composition of Zn12xMgxSySe12y lattice
matched to GaAs is almost linear. This result shows t
Vegard’s law holds well for the lattice constant. Therefore
can be considered that Mg atoms exist at the host lattic
zinc-blende Zn12xMgxSySe12y even if the crystal structure
of binary MgS and MgSe is rocksalt or wurtzite.

From the measured Dai /Da' in Fig. 3, the
Zn12xMgxSySe12y quaternary layers are grown coheren
when20.5%,Da' /aGaAs,0.5%. Even whenx50.30 and
y50.39,Dai /Da'50. Zn12xMgxSySe12y can be grown co-
herently as zinc blende, although the mole fraction of Mg
relatively high. Even thoughDa' /aGaAs,0.5%, the binary
compound ZnSe, whoseDa' /aGaAs is 0.27%, is fully re-
laxed. This result shows that the critical thickness of
quaternary alloy is larger than that of the binary compoun
Other experimental results with ZnSe and ZnSySe12y ~Ref.
22! are similar. WhenDa' /aGaAs511% and 21%, the
Zn12xMgxSySe12y quaternary layer is partially relaxed an
when Da' /aGaAs,21.5% and Da' /aGaAs.1.5%,
Zn12xMgxSySe12y is fully relaxed. The ternary alloy
ZnSySe12y is fully relaxed at Da' /aGaAs521% and
Zn12xMgxSe is fully relaxed whenDa' /aGaAs50.7%.

In the region wherex,0.5 andy,0.5 in Fig. 3, there are
many kinks in the contour curves. Some kinks are due t
fluctuation about 10–20 meV ofE0 by the stress in the
samples. Some samples are coherently grown and s
samples are partially relaxed due to differences in the gro
conditions. Variations of the alloy composition in the who
epitaxial layer may exist due to imperfect controllability
the flux intensity and the substrate temperature. There ar
large kinks due to discontinuity, which indicates a miscibil

FIG. 3. Experimental data of lattice mismatch (Da' /aGaAs) and
E0 of Zn12xMgxSySe12y at RT. The contour curves are draw
based on the experimentalDa' /aGaAs and E0 of these samples
using interpolation and extrapolation. Samples denoted by sha
squares were measured using XRD using~224! reflection to deter-
mine Dai /Da' . Dai /Da' is expressed in bold characters.
-
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of
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gap and/or that the crystal structure is different.
Figure 4 shows 77-K PL spectra of undoped ZnS0.07Se0.93,

Zn0.85Mg0.15S0.20Se0.80, Zn0.82Mg0.18S0.22Se0.78, and
Zn0.68Mg0.32S031Se0.69, which are almost lattice matched t
GaAs. The band-edge emission, which is the emission du
the donor-bound exciton or free exciton, is dominant and
intensity of the deep emission is very weak. The peak
served in the lower-energy side of the band-edge emis
originates from the impurity of the sources. Extraordina
broadening of the band-edge emission, which indicates ph
separation, was not observed at 77 K and RT.

E0 and the lattice constanta of the quaternary alloy
Zn12xMgxSySe12y are expressed by the parabol
function6,11,12

E0~x,y!5xyE0
MgS1~12x!yE0

ZnS1x~12y!E0
MgSe1~12x!

3~12y!E0
ZnSe2x~12x!$ycZnMgS1~12y!

3cZnMgSe%2y~12y!$xcMgSSe1~12x!cZnSSe%,

~17!

a~x,y!5xyaMgS1~12x!yaZnS1x~12y!aMgSe

1~12x!~12y!aZnSe. ~18!

Because the cations mixed in are the same, we assum
equation

cZnMgS5cZnMgSe ~19!

and because the anions mixed in are the same, we assum
equation

cMgSSe5cZnSSe, ~20!

E0 and the lattice constanta of the Zn12xMgxSySe12y qua-
ternary alloy were calculated using Eqs.~17!–~20!. The cal-

ed

FIG. 4. 77-K photoluminescence~PL! spectrum of undoped
samples.
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culated contour curves ofE0 and the lattice constanta are
shown in Fig. 5. We adjusted theE0 value of MgS to the
experimental value in Fig. 3 within the range of error ofE0
of MgS in Fig. 1. The calculated contour curves~E0 and
Da/aGaAs! in Fig. 5 overlapped the experimental conto

FIG. 5. Calculated value of the lattice mismatch (Da/aGaAs) and
E0 at RT. The calculated values were obtained using Eqs.~17!–
~20!. The parameters used are as follows.E0 of ZnSe, ZnS, MgSe,
and MgS is 2.69, 3.68, 3.59, and 4.65 eV, respectively. The bow
parameter of ZnSySe12y and MgSySe12y is 0.68 eV and that of
Zn12xMgxS and Zn12xMgxSe is 0 eV. The lattice constants o
ZnSe, ZnS, MgSe, and MgS are 0.5668, 0.5409, 0.589, and 0
nm, respectively.
nd

J.

h

M

n,
curves in Fig. 3 when we useE0 of MgS of 4.65 eV. Al-
though the contour curves in Fig. 3 are drawn referring to
measuredDa' /aGaAs, Fig. 5 shows the contour curves o
the lattice mismatch of the bulk parameterDa/aGaAs.

VIII. CONCLUSION

The E0 of MgSe and MgS at room temperature were e
perimentally obtained as 3.59 and 4.4560.2 eV, respec-
tively. E0 of various compound semiconductors was calc
lated using a modified dielectric theory. The experimentalE0
of MgS and MgSe are almost the same as the calcula
values. The bowing parameter of the Zn12xMgxSe ternary
alloy is nearly 0 eV. This value can be explained in terms
our modified dielectric theory. The lattice constant of t
quaternary alloy Zn12xMgxSySe12y can be expressed by Ve
gard’s law.E0 of Zn12xMgxSySe12y can be expressed by th
parabolic function of the composition including the bowin
parameter, when we use 4.65, 3.59, 3.68, and 2.69 eV aE0
of MgS, MgSe, ZnS, and ZnSe, respectively.
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