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The band-gap energy of 1I-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 ZnMg,Se and Zp_,Mg,S, the band-gap energies of MgSe and MgS of zinc
blende at room temperature were determined to be 3.59 and-8.2%V, almost the same as the value
calculated using the modified dielectric theory. The bowing parameter of the, Mig,Se 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 ZnMg,S,Se _, can be expressed by Vegard's [ Phys.5, 17 (1921)].

The band-gap energy of Zn,Mg,S,Se _, 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, respectivedl$0163-18208)10303-X]

[. INTRODUCTION wurtzite or rocksalt® the structure becomes a zinc-blende
structure in quaternary Zn,Mg,S,Sg _,. The band-gap

In fabricating semiconductor devices, it is important toenergy of zinc-blende MgS and MgSe must be known to
know the band parameters such as the band-gap energgalculate the band-gap energy of this quaternary alloy. Al-
Methods of calculating the band parameters from empiricathough the properties of the IlI-V alloys were studied by
parameters have been developed and applied to semiconduddach* and Williamset al,*? there are few papers on the
tor devices. First, the band structure was calculated using thgroperties of 11-VI alloys. We therefore calculated the prop-
pseudopotential theory reported by Phillips in 1958.1969  erties of the Zp_,Mg,S,Se _, quaternary alloy.
Van Vechten proposed the dielectric theé§ Stringfellow
calculated the band-gap energy of IlI-V compounds using Il. ESTIMATE OF LATTICE CONSTANT

the dielectric theory and found the calculated results consis- ) )
tent with the experimental resuftsHowever, the band-gap The lattice constants of compounds can be obtained from

energy of some 1I-VI compounds had not been experimenlhe covalent radii and the ionic radii. The lattice constt
tally obtained until recently because it was difficult to grow f @ binary compound\B whose crystal structure is a zinc
high-quality crystals due to the high ionicity of these com-blende can be obtained using the following equation from the
pounds. Thus this dielectric theory has not been applied t§UM of the tetrahedral covalent radi(r covaien) Of cationA
1I-VI compounds. and anionB, which are shown in Table I:

The 1I-VI compound laser diodg$.D’s) have undergone
rapid development in the past few years. In 1996, Taniguchi
gt al. reported a long-life II-VI laser d|oq%.The device life- Table Il shows variousig calculated using Eq(l) and
time under room temperatur@®T) continuous-wave(CW) Table I. The lattice constant of a rocksalt structafgysaiis

operation was more than 100 h. It is expected that the devicg ressed by the sum of the ionic radii (.) in Table | as
lifetime of 11-VI laser diodes will become comparable to that Xp y N on! ofic) 1

azp= 4/‘/3( r 'conaIent+ r E’ovalen) . (1)

of IlI-V LD’s such as AlGa _,As LD’s. In II-VI laser di- Arocksal™ z(rgnichr%nic)_ 2)
odes, it is_necessary to use ZnMg,S,Se _, as the clad-
ding layef® in order to achieve RT CW operatidn. Table | also shows the electronegativitf)(and half of

Zm _4Mg,S,Se _, is one of the most popular materials the sum of the ionization energy)(and the electron affinity
among I1-VI compound semiconductors now. It is important(A) of various elements. We can see the following tenden-
to obtain the band parameters of,ZgMg,S,Se _, in order  cies in Table I.
to improve the II-VI laser diodes. (i) The covalent radius .oy decreases as the atomic
Band parameters such as the band-gap energy and tinember increases on the same row. This shows that the av-
bowing parameter and crystal structures in 1lI-VI compounderage radius of the outermost orbiféthe outermost orbital
semiconductors such as ZnMg,S,Se _, are discussed in being the orbital with the outermost electjobecomes
this paper. We calculated the band-gap energy and latticemaller as the nuclear charge increases. Even when the azi-
constants of all 1I-VI compound semiconductors and com-nuthal quantum number increases, the shrinkage of the av-
pared the calculated values to the experimental values. Terage radius of the orbital is more pronounced than the ex-
calculate the band-gap energy we modified the dielectripansion by the additional orbital in the same row.
theory of Van Vechten so that it could be applied to II-VI ~ (ii) In the same column, the tetrahedral covalent radius
compounds whose crystal structure is zinc blende. Althouglncreases as the row number increases except for Ga, Al, Zn,
the crystal structure of MgS and MgSe is reported to beand Mg. This means that the degree of shrinkage of the av-
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TABLE |. Tetrahedral covalent radiir(oyaen), i0NIC radii (fionic), €lectronegativity X), and half of the
sum of the ionization energy and the electron affifity+ A)/2] (Refs. 13, 16, 17, and 23

Column | Il 1 \Y \% VI Vi VIl
row Il Li Be B C N 0] F Ne
ionic radius(nm) 0.068 0.035 0.023 0.015 0.171 0.140 0.136 0.158
covalent radiugnm) 0.106 0.088 0.077 0.070 0.066 0.064
electronegativity 1 15 2 25 3 3.5 4
(1+A)/2 (eV) 3.00 4.36 4.29 6.26 7.23 7.54 10.41
row Il 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 0.188
covalent radiugnm) 0.140 0.126 0.117 0.110 0.104 0.099
electronegativity 0.9 1.2 15 1.8 21 25 3
(1+A)/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 radiugnm) 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+A)/2 (eV) 4.48 4.70 3.15 455 5.31 5.89 7.59
row V Ag Cd In Sn Sb Te I Xe
ionic radius(nm) 0.126 0.097 0.081 0.071 0.245 0.221 0.216 0.217
covalent radiugnm) 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 25
(I1+A)/2 (eV) 4.44 4.50 3.04 4.27 4.86 5.49 6.75

TABLE II. Calculated(Calc) and experimentalExpt.) values of the lattice constaras(A) andE, (eV).
AX is the difference in electronegativity between a cation and an abiois. a parameter that shows the
effect of thed electron. Calculated values were obtained using Ehsand (6). The experimental values
were obtained from Refs. 20, 24, and 25 and this experiment.

Material AX D a (Calc) a (Expt) E, (Calc) E, (Expt)
MgS 1.3 1.00 5.635 5.620 4.62 449.2
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 —0.40
AIP 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
AISb 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
GaSh 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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erage radius of the outermost orbital caused by the increasghereD is a term reflecting the influence dfelectrons on
of the nuclear charge is less than the degree of enlargemetite band gap andE, and E,, are functions only of lattice
of the average radius of the outermost orbital caused by theonstanta. C can be estimated from the experimental value
addition of the new orbital due to the increase of the princi-of the dielectric constant and is almost proportional to the

pal quantum number in the same column. difference in electronegativityA(X*) betweenA andB of
(i) In group IlI, the tetrahedral covalent radii of Al and the binary compoundAB.?® However, we found that the
Ga are the same. dielectric theory cannot be applied to II-VI compound semi-

(iv) In group I, the tetrahedral covalent radius of Mg is conductors as is. So we modified the theory to express the
larger than that of Zn. This is an exception to tendefity ~ band-gap energy of 11-VI compounds.
This means that shrinkage of the average radius of the out- In our modified dielectric theory, a parameter expressing
ermost orbital caused by the increase of the nuclear chargte d-electron effect is added to the homopolar band-gap
(12 for Mg to 30 for Zn is more pronounced than the en- energy in Eq.(4) because the energy of tiseorbital, which
largement of the average radius of the outermost orbitapenetrates the band, decreases considerably whikelec-

(3s,3p for Mg to 4s,4p for Zn) with the increase of the trons exist. Therefore, the band-gap eneEyycan be ex-
principal quantum number. There is no such tendency in th@ressed by

ionic radius.

Next we discuss the possibility of lattice matching be- Eo={[Eno— (D —1)AEy]?+C3}*2, (6)
tween GaAs and 2zn,Mg,S,Sg . Because Ga, As, Zn,
and Se exist in the same row in the Periodic Table, the lattice Eno=4.1(alag) >" (eV), (7)
constants of these compounds are almost the same. For 507
ZnS,Se _, to be lattice matched to GaAg, must be 0.07, AEp,=12.8alag) " (eV), 8
while Zn,_,Mg,S,Se _, has two parametersg, andy, and
its band paramesyters sdch as the band-gap energy can be var- Co=kcAX A (eV), ©)

ied while maintaining the lattice match to GaA%his is due  where Eyo is the homopolar band-gap energy abglis the

to tendency(iv) for the covalent radius of Zn to be smaller heterepolar band-gap energy in the modified dielectric

than that of Mg. theory.D is a term reflecting the influence dfelectrons on
When ternary alloyAB,_,C is fabricated, the lattice the homopoler band gafE,, and AE, are functions of lat-

constani(A«B; _,C) is expressed by the linear combination tice constana. ag; is the lattice constant of Si. Equatiof@®

of the lattice constants between binary compod@ and  and(8) are experimentally derived from the band-gap energy

BC (a*® anda®®), the so-called Vegard laW of group-IV semiconductors with no heteropolar band gap
such as C, Si, Ge, and Sn and are the same equations that
a(AB1_C)=xa"+(1-x)a" (3 van Vechten use@?®In Van Vechten’s theoryC,, is propor-

tional to the difference of the electronegativity between cat-
Because the lattice constants of all uniform semiconducion A and anionB in Table I. We define this proportional
tor alloys studied up to this point can be, without exceptioncoefficient akc . The electronegativity defined by Pauliig
expressed by Vegard's law, the crystal structure of an alloyX) is almost the same as that defined by MulliRérThe
whose lattice constant is expressed by Vegard’s law can belectronegativity defined by Mulliken is expressed by half of
considered to be uniform and the crystal structure of the@he sum of the ionization enerjgﬂz[l (eV)] and the electron
alloy the same as that of binary compounds. Let us nowveffinity!’ [A (eV)], which is shown in Table I. Therefore, in

consider that if Vegard’s law does not apply, the alloy maygroup-Il and -VI elements, the following relation can be ob-
have a crystal structure different from binary compounds. tajned:

B ABY/9_ (1AL AAY/o— AB
I1l. MODIFIED DIELECTRIC THEORY (IF+ADRZ=(17+AT2=2.1AX (eV). (10

OF BAND-GAP ENERGY If the arbitrary unit Pauling uses to express electronega-

One of the purposes of this paper is to calculate the bandlVity is transformed into the eV Mulliken uses to express
gap energy of II-VI compound semiconductors using the |at-electronegativity, the proportional coefficient becomes 2.1. If
tice constant, electronegativity, and atomic number. Fron{V€ @ssume tha, is equal to the left-hand side of E(L0),

Phillips’s pseudopotential theory, the band-gap endigys we can determine tha(. is 2.1. The experlimental vaIue_ is
expressed bly3 almost the same as the calculated value if we make this as-

sumption.
E,=(E2+C2)12 4) The D parameter of a compourB composed of cation
9 h ' A and anionB is expressed by the empirical equafion

where E,, is the homopolar band-gap energy a@dis the _ AAAB_ [/ ASB_ A_ 5B\2
heteropolar band-gap energy. From the dielectric theory, the D(A,B)=AA"= (576"~ 1)(27~25)%, (1)
difference in energy between the conduction-band minimunwherez” (Z®) is the number of valence electrons of cation
and the valence-band maximum at thepoint (Ey) is ex- A (anionB) andA” (AB) is the parameter of catioh (anion
pressed by the following equation when the influence of thes) that depends on the row number. In addition, if the row
d electron is included: number is the same\*=AB. WhenAB is a group-IV semi-
conductor andzZ*—ZB=0, it is easily understood that”
Eo=[En—(D—1)AEq][1+(C/Ep)?]*2 (55  =AB=D'2 SoA can be obtained from th® of group-1V
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TABLE Ill. A and ¢ as a function of the row number. Therefore, thd of ZnTe and CdSe become different and the
origin of the E, difference can be explained. ¥ of the
Row A (cation A (anion S(cation) S(anion) cation is the same a8 of the aniod® when their row num-
I 1 1 1.000 1.000 bers are the same, the origin of the diffe'renceDofvaIue
i 1 1 1.000 1.000 between CdSe and ZnTe cannot be explained.
v 1.12 1.12 1.003 1.003
v 1.21 1.21 1.003 1.009 IV. BOWING PARAMETER

E, of a ternary alloyA,B; _,C is expressed by

semiconductors such as Ge and Sn. These parameters are Eo(AB1—xC)=XEGS+(1-x)EG —cBX(1-x),
summarized in Table 115" (6%) is the parameter of the (12)

cation (anion), which becomes more important aZ”(  where c*BC is the bowing parameter of ternary alloy
—Z®)? becomes largers” and 6° are functions of the row A B, _C. In this section we discuss the origin of the bowing
number. At rows Il and Il,D=1 because there is n@  parameter. The intrinsic bowing parameter can be obtained
electron. At rows IV and V, we modified the values & using Van Vechten’s meth(f’d[:rom the lattice constanD,

and 6° because”—Z® of I1-VI compound semiconductors and the electronegativity difference, which are obtained us-

is twice of that of Ill-V compound semiconductors and theing Vegard's lawEj(A,B;_,C) is calculated using Ed8).
contribution of 8* and 5% becomes larger, as the modified The intrinsic bowing parameter*eC is calculated using
theory can be applied to 1lI-VI compound semiconductors '

such as CdSe and ZnTe with larBe So we use these four ciABCx(l—x)=[xE§C+(1—x)ES’C]—E()(AXBl_XC).

values ofs* and 5% (underlined in Table I} in our modified (13

theory. Although in Ref. 25" and 6% are the same on the

same row, we propose thaﬁ is different from 5B even on Although Van Vechten prOpOSEd that the extrinsic bOWing
ABC

the same row for the following two reasons. parameterc,” - is a function of the difference between the
(i) In a compound semiconductor, the conduction band igeteropolar band-gap energy A€ and that of8C, we pro-

formed from the antibonding states of tseorbital of the pose thatc5®© depends on both the heteropolar band-gap

cations and the valence band is formed from the bondingnergy and the homopolar band-gap energy. The following

state of thep orbital of the anions. These facts suggest thatequation provides the extrinsic bowing parameter due to the

the effect of thed electron of the cation is larger than that of effect of aperiodicity:

the anion because the energy of therbital, which pen-

etrates thed band, is reduced more by the effect of the ceBC=(Cp P+ ERo DHW, (14
electron than that of thp orbital. whereCj~® (Ef, ®) is the difference betwee@y© andC5¢

(i) The d electron has various energy levels. For ex-
ample, the binding energy of both Zrd3&nd Cd 4 is 9 eV
and the binding energies of Sel &nd Te 4l are 57 eV and
40 eV, respectively? It is obvious that the effect of thd
electron of a cation is different from that of an anion.

Next we calculated band-gap enery using our modi- The bowing parameters are calculated tod3&>5%=0.7
fied dielectric theory. Table 1l shows calculateg and the gpngcZ"™9Se=( 1 eV from these equations ami=1 eV.*
experimental value of, of various semiconductors. We Thjs result shows that these calculated bowing parameters
used only four adjusting parameters and calculétgdf 18  are the same as the experimental values. We found that the
materials as quite close to the experimental values. The caowing parameter increases when the potential fluctuation
culated By of zinc-blende MgS and MgSe are shown in expressed by the sum G52, which is determined by the
Table II. From Eqs(6)—(9) we can see that the main influ- o|actronegativity, anéh, ®, which is determined by the lat-
ences on the band-gap energy are the bond length betwegRy ¢,nstant, increases. If we use Van Vechten's method of

tr;e cation ar_1d_ art;lo(the Iattt]|ce cqnstam(';the_ differe dncr? Ofﬁ calculation, the calculated results are different from the ex-
electronegativity between the cation and anion, and the effect, imental results of Mg-contained compounds.

of thed electron of both the cation and anion determined b
the row number. These influences are reflected in the reason
that Eq of MgS is larger than that of ZnSe in spite of their
having almost the same lattice constants being that there is To obtain the experimental value, epitaxial layers of II-VI
no d-electron effect in MgS and that the difference in elec-compound semiconductors with various compositions were
tronegativity between Mg and S is larger than that betweegrown on GaA&100 by molecular-beam epitaxy. The
Zn and Se. These influences are also reflected in the reasgpowth temperature was 275 °C and the source materials
that E, of CdSe(1.70 eV is different from that of ZnTe used were Zn, Se, Mg, and ZnS. The lattice constant perpen-
(2.26 eV) being thatD of CdSe is different fronD of ZnTe,  dicular to the GaA€00 surface &,) was measured by
although the lattice constants and the electronegativity difdouble-crystal x-ray diffraction’)XRD) using (400 reflec-
ferencesAX*® of both compounds are almost the same. Intion. The lattice mismatchha, lagaas Was expressed by

our model,s of the cation ands of the anion are different in

Eq. (11), even though their row numbers are the same. Aa, lagaas— (8, —agapd/8cansX 100 (%), (16)

(Eps andERS) andW is a bandwidth. The bowing parameter
is expressed by

CABC= cABC,y (ABC, (15)

V. EXPERIMENTAL PROCEDURE
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FIG. 1. Relation between the composition of Mg) @ndE, at
RT and the lattice constant of the ternary alloys. The meashged
of MgS and MgSe is 4.450.2 and 3.59 eV, respectively, and the
measured lattice constaatof MgS and MgSe is 0.562 and 0.589
nm, respectively.

FIG. 2. Relation between the composition d&glof ZnS Se, _,
at RT. The measurelf, of ZnS and ZnSe is 3.68 and 2.69 eV,
respectively. The bowing parameter is 0.68 eV. The fitted curve is
drawn using the least-squares method.

where agax is the lattice constant of GaAs, 0.5653 nm. Plende. The bowing parameters B of Zn, ,Mg,Se ob-
Some samples were measured usi2g4) reflection to de- tained is 0 eV, as can be seen in Fig. 1. This value is quite
termine botha, and the lattice constant parallel to the close to the calculated value 0.1 eV in E&5). Although we
GaAg100 surface ). Photoluminescencé’L) measure- cannot determine the bowing parameter of ZfMg,S from
ments were carried out at RT and 77 K. The samples werEig. 1, we can assume it to be 0 eV because Aseinal.
excited by a He-Cd laser with an excitation energy of 100bserved the small bowing parameter of a similar alloy
MW. We regard the energy of the band-edge emission at RZN - xMgyTe 2’ Figure 1 also shows the relation between the
as E, because the origin of band-edge emission at RT ignole fraction of Mg and the lattice constant. By extrapola-
considered to be a band-to-band transitiol" aThe compo-  tion of the lattice constant of Zn,Mg,Se and Zp_,Mg,S,
sitions of ternary and quaternary alloys were determined byhe lattice constants of zinc-blende MgS and MgSe are 0.562
electron-probe microanalysi$EPMA). EPMA measure- and 0.589 nm, respectively. These experimental lattice con-
ments were calibrated using chemical analysis. We usegtants are almost the same as the calculated lattice constants
samples whose thicknesses were between 1.3 angrt.8  in Table II.
Figure 2 shows the relationship between the mole fraction
VI. TERNARY ALLOYS Zn ;_,Mg,Se, Zn,_,Mg,S, of S (y) andE, at R_T, which was obtained by PL measure-
AND ZnS,Se_, ments, and the lattice constant of 288 _,. TheE, of
ZnSe and ZnS were 2.69 and 3.68 eV, respectively and the
The first experiment was the growth of the ternary alloyshowing parameter of ZnSe _, was found to be 0.68 eV by
and the measurement of the band parameters. From thegsing the least-squares method. This value is almost the
measurements, we determinEg of MgSe and MgS at RT same as the value calculated using Etp). This value is
and the bowing parameter of ZnMg,Se and ZngSe . almost the same as that measured by Ebina, Fukunaga, and
From XRD measurements, the crystal structures of allTakahashfl We confirmed that the lattice constant of
samples were found to be zincblende and all samples excepghs,Se _, can be expressed by Vegard's law.
ZnS, ,.S58 7 Were found to be fully relaxed because the mea-
sureda, is almost the same &s . Therefore, the band pa- VIl. QUATERNARY ALLOY Zn ;_,Mg,S,Se_,
rameters of these samples can be regarded as the values of
the bulk crystal of zinc-blende structure. Figure 1 shows the In this section we discuss the lattice constant &gdof
relationship between the mole fraction of Mg)(andE, of  the Zn_,Mg,S,Se _, alloy. Figure 3 shows the composi-
the ternary alloys at RT. From extrapolation of these experition dependence of the contour curves of the experimental
mental valuesg, of zinc-blende MgS and MgSe were ob- Aa, /agaasandEgy at RT. In Fig. 3 the compositions of the
tained as 4.45 and 3.59 eV, respectively, althoEglof MgS  samples are expressed by the open squares and the contour
has an error of about 0.2 eV because only two samples coulelirves are drawn based on the experimenia| /ag,as and
be measured. Thedg, of MgS and MgSe are almost the Ey of these samples using interpolation and extrapolation.
same as the values estimated using the modified dielectridd/e usedAa, /agaasin Fig. 3 because we cannot calculate
theory shown in Table Il and are consistent with the tenthe lattice constant of the bulk crystal because the elastic
dency of the band lineup of 1I-VI compounds derived from constant of the alloy is not known. From the XRD measure-
Harrison’s tight-binding theor}® In this experiment, we did ment, the crystal structure of all samples was found to be
not grow binary compounds of MgS and MgSe because theinc blende and that of MgS and MgSe can be regarded as
crystal structures of binary MgS and MgSe are wurtzite orzinc blende when these compounds are incorporated in a
rocksalt® and because the crystal structure of binary MgSZn, _,Mg,S,Se _, alloy. The lattice constant of samples de-
and MgSe grown on a GaAs substrate may not be zinooted by the shaded square was measured (224 reflec-
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PL ZnS, ,;Se,
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FIG. 3. Experimental data of lattice mismatchg, /ag,s9 and ZN6,66MT0.5550.515€0 69
Eo of Zn,_,Mg,S,Sg_, at RT. The contour curves are drawn
based on the experimentdla, /ag,as and Ey of these samples
using interpolation and extrapolation. Samples denoted by shaded
squares were measured using XRD usipg4) reflection to deter- 0

mineAa,/Aa, . Aa;/Aa, is expressed in bold characters. 300 400 500 600 700 800

Zng 5M3g 1850.225€0.78
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tion peaks to determinda,/Aa, , whereAa;=a,—acaas FIG. 4. 77-K photoluminescencéPL) spectrum of undoped
andAa, =a, —agaas. In this paper we hold thaka,/Aa; samples.
>0.7 indicates that the epitaxial layer is fully relaxed and
that Aa,/Aa, <0.2 indicates that the epitaxial layer has gap and/or that the crystal structure is different.
grown coherently. Figure 4 shows 77-K PL spectra of undoped ZpSe).os

If Mg atoms exist at interstitial sites of the crystal due to zn, . Mg 155 2658 80 Zny sMJo.155 2558 78 and
high ionicity, the contour curve for the lattice mismatch zn, . Mg 2,53:.58, 69 Which are almost lattice matched to
would not be linear. In Fig. 3 the contour curve that eX-GaAs. The band-edge emission, which is the emission due to
presses the composition of ¢ZnMg,SSe_, lattice the donor-bound exciton or free exciton, is dominant and the
matched to GaAs is almost linear. This result shows tha'.htensity of the deep emission is very weak. The peak ob-
Vegard’S law holds well for the lattice constant. TherEfore, itserved in the |ower-energy side of the band-edge emission
can be considered that Mg atoms exist at the host lattice dfriginates from the impurity of the sources. Extraordinary
zinc-blende Zp_,Mg,S,Se _, even if the crystal structure proadening of the band-edge emission, which indicates phase
of binary MgS and MgSe is rocksalt or wurtzite. separation, was not observed at 77 K and RT.

From the measuredAa;/Aa, in Fig. 3, the E, and the lattice constara of the quaternary alloy

Zn;_4Mg,S,Se -y quaternary layers are grown coherently an_ngXSSiSe_L_y are expressed by the parabolic
when —0.5%<<Aa, /agaas<0.5%. Even whenx=0.30 and  fynctiorf1112

y=0.39,Aq,/Aa, =0. Zmn_,Mg,S,Se _, can be grown co-
herently as zinc blende, although the mole fraction of Mg is Eq(x,y) =Xy EN9S+ (1—x)yE5"S+x(1—y)E§95+ (1—x)
relatively high. Even thoughha, /ag,ss<0.5%, the binary

compound ZnSe, whosAa, /agas is 0.27%, is fully re- X(1=y)EF"=x(1-x){yc™ ™95+ (1-y)
laxed. This result shows that the critical thickness of the ZnMgSq _ _ MgSSe _ )\ ~ZNSS
guaternary alloy is larger than that of the binary compounds. e Foy(d=y)ixe (1),
Other experimental results with ZnSe and 78&_, (Ref. 17
22) are similar. WhenAa, /agaa— +1% and —1%, the MgS 7nS MgSe
Zn,_,Mg,S,Se _, quaternary layer is partially relaxed and a(x,y)=xya™>+(1-x)yya”™+x(1-y)a
when Aa /ag,as<—1.5% and Aa, /agaas>1.5%, +(1—x)(1—y)a?se (18)
Zm_,Mg,S,;Se _, is fully relaxed. The ternary alloy
ZnS,Sg_y is fully relaxed at Aa, /agaas=—1% and Because the cations mixed in are the same, we assume the
Zn; _,Mg,Se is fully relaxed whela, /ag,a=0.7%. equation

In the region wherex<<0.5 andy<<0.5 in Fig. 3, there are
many kinks in the contour curves. Some kinks are due to a ¢Z"MgS— ¢ZnMgsSe (19

fluctuation about 10-20 meV o, by the stress in the

samples. Some samples are coherently grown and so
samples are partially relaxed due to differences in the growt
conditions. Variations of the alloy composition in the whole cMosSe_ oZnsse (20)
epitaxial layer may exist due to imperfect controllability of '

the flux intensity and the substrate temperature. There are i, and the lattice constasat of the Zn_,Mg,S,Se _, qua-
large kinks due to discontinuity, which indicates a miscibility ternary alloy were calculated using Eq$7)—(20). The cal-

n?@d because the anions mixed in are the same, we assume the
|gquation
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curves in Fig. 3 when we usgé, of MgS of 4.65 eV. Al-
though the contour curves in Fig. 3 are drawn referring to the
measuredAa, /agaas, Fig. 5 shows the contour curves of
the lattice mismatch of the bulk parametea/acas.

Zny.,Mg,S,Sey.,
E, [eV]RT
Adlagaps [%]

VIIl. CONCLUSION

The Ey of MgSe and MgS at room temperature were ex-
perimentally obtained as 3.59 and 448.2 eV, respec-
tively. E, of various compound semiconductors was calcu-
lated using a modified dielectric theory. The experimeBtal
of MgS and MgSe are almost the same as the calculated
values. The bowing parameter of the ZpMg,Se ternary

X alloy is nearly 0 eV. This value can be explained in terms of
our modified dielectric theory. The lattice constant of the

FIG. 5. Calculated value of the lattice misr_nat(zkeﬂgeaAs) and quaternary alloy Zp ,Mg,S,Se _, can be expressed by Ve-
E, at RT. The calculated values were obtained using EH8— gard’s law.E, of an,XMgXSySe_l,y can be expressed by the
(20). The parameters used are as follolig.of ZnSe, ZnS, MgSe, 5 an0lic function of the composition including the bowing

and MgS is 2.69, 3.68, 3.59, and 4.65 eV, respectively. The bowm%arameter, when we use 4.65, 3.59, 3.68, and 2.69 &%, as

parameter of ZnBe _, and MgSSe _, is 0.68 eV and that of .

Zn, _,Mg,S and Zn_,Mg,Se is 0 eV. The lattice constants of of MgS, MgSe, ZnS, and ZnSe, respectively.
ZnSe, ZnS, MgSe, and MgS are 0.5668, 0.5409, 0.589, and 0.562

nm, respectively. ACKNOWLEDGMENTS
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