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The energy band gaps and the density of state®©S of the quaternary alloy semiconductor
In;_,GaAs, _,P, lattice matched on InP and GaAs are calculated and analyzed by using the universal tight-
binding (UTB) method based on a modified pseudo¢MPC). Good agreement was obtained between the
calculated values and the experimental data for the lattice-matched alloy to InP, and a new band gap trend was
observed for the lattice-matched alloy to GaAs. In addition, the entire composition variationslgflithend
X band gaps for the In,GaAs, P, alloy are obtained. The calculations suggest that the alloy
In;_,GaAs,_,P, in the low composition range of(y) and lattice matched to InP can be used for efficient
light emitting devices, but not for lattice matching to GaAs. The origin of band bowing is interpretated as the
atomic orbital interactions through the bond alternation. The anion mixing affects on the shift of the DOS peak
position and the cation mixing plays a dominant role on the change of the DOS peak intensity in the conduc-
tion band. The theoretical model is generic and applicable to various quaternary alloy systems.
[S0163-182698)05319-3

I. INTRODUCTION (SPT) (Ref. 11 and the semiempirical tight bindingGETB)
method$? have been proposed, in which the disorder effects

The 11I-V semiconducting alloys have received consider-are incorporated semiempirically. These methods have
able attention for various semiconductor-device applicationyielded good results for th€ energy gap compared to the
because their energy band structure and lattice parameteggperimental data. However, these methods have limitations
can be changed and fabricated independently. The electronés they require either experimental or theoretical data for the
structure of semiconductor alloys plays a crucial role in de-alloy system in order to fit the band bowing parameters. To
termining their optoelectronic properties for devices such ashe best of our knowledge, there does not exist any unified
lasers, light emitting diode@d.ED), optical amplifiers, modu- theory to predict the electronic structure of semiconductor
lators, and detectors? Recently developed techniques for alloys without suffering from computational complexity
growing crystalline random alloys, such as molecular beanand/or employing experimental data. The universal tight
epitaxy (MBE), liquid phase epitaxy(LPE), and metal- binding method aims at presenting an efficient and accurate
organic chemical vapor depositidiMOCVD), have stimu- means to calculate the electronic structure of the alloy with-
lated theoretical and experimental research as well as deviegait those restrictions. The availability of reliable theoretical
fabrication®’ techniques for treating alloys is essential to improve device

In spite of an abundance of experimental work on thedesigns.
alloys, there has been little theoretical effort because of the Previously, we have developed a universal tight binding
computational difficulties and complexities that arise in deal-method as a simple efficient method to predict the electronic
ing with the disorder in the alloys. The simplest approxima-structure of ternary alloy semiconductbt& which compo-
tion for the electronic structure of alloys is the virtual crystal sitional disorder and lattice relaxation effects were incorpo-
approximation(VCA) in which the alloy potential is re- rated by interpolating between the TB parameters of con-
placed by the concentration weighted average of the corstituent semiconductors without recourse to experimental
stituent potentials while neglecting compositional disorderinformation. The calculated results of the main band gaps of
effects. The coherent potential approximati@PA) (Refs. 8  ternary alloys were found to be in close agreement with ex-
and 9 takes considerably better account of compositionaperimentally determined energy values.
disorder for the alloy by including the disorder effects in a  In this paper, we adopt similar methodology to investigate
single-site approximation in which the remainder of the crys-quaternary alloy systemd,_,B,C,_,D, and propose the
tal is still treated as a mean environméhfThe CPA has universal tight bindingUTB) method based on a modified
provided good quantitative results for the electronic strucpseudocel(MPC) to calculate the energy band structure and
tures of alloys, but a comprehensive consideration of théhe density of state®0S). The UTB method based on MPC
range of disordered correlation and local atomic relaxatiorireats the alloy in a simple fashion by replacing the alloy
remains limited because of the computational complexitysystem with an effective-perfect bulk system, thereby allow-
Other approaches based on second-order perturbation thedng for a simplification to reduce the computational effort
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without employing any empirical data. In order to demon- éADzégDJr AéADv

strate that UTB based on MPC can be readily applied to the

quaternary alloy system, the case of InGaAs; P, alloys

is analyzed. Opc=0Ogc+AOgc,
The In_,GaAs; P, quaternary alloy, which can be A A A
lattice-matched to two of its constituent binaries—GaAs and Ogp=03,+A0gp.

InP—is one of the major materials for the fabrication of op-

toelectronic devices such as edge or surface emitting Iongj)gC is the nondisordered value for t#eC compounds and
wavelength semiconductor_lasér‘%The bapd 9ap of a qua- AE)AC is the disorderedC values induced b andD ions,
ternary alloy can change widely while maintaining the lattice | . . NS =
match completely to a binary crystal used as a substrate Th‘l’ghICh can be written a Oac=A0xc:g+AOxc:p, €tC.

P y ycry ' The crystalline TB Hamiltonian with zinc-blende struc-

paper presents the UTB values for the direE(I")], the oo :

indirect [E(L) andE(X)], and theE1 energy gaps over the ture has'the Slater-Koster form and a Hamiltonian matrix
. o element is

entire range of alloy composition for the,InGaAs, P,

alloy. Also, the band-gap trends of the alloy lattice-matched 1

to InP and GaAs with certair-y composition relationships _= ik- (R —R) R =y

betweenx andy are obtained and examined due to their Hmn=R > e D n(r=R)H|¢m(r —Ry)).

potential value as efficient light emitting devicgs_LED). In 3

addition, the variation of the DOS has been analyzed over a

range ofx for fixed anion compositioy and over a range of Here, y(r—R;) is the atomic orbital centered at th¢h

y for fixed cationx. These results enable us to distinguishatom siteR; with the matrix element evaluated overand

the dominant role of anion and cation mixing in the quater-the labelm corresponds ts, p,, py, andp, describing the
nary alloy. atomic orbitals. The basic operation in the TB framework is

to find the matrix elements of the Hamiltonian between the
various basis states, which are treated as TB parameters;
Emn(Ri—R)) = (Yn(r —R)[H|¢hn(r — Rj)>-

Alloy semiconductors consist of more than two elements In the UTB method based on MPC, the Hamiltonian ma-
with a range of concentration ratios, in which the additionaltrix elements for an alloy are determined by interpolating
effect of disorder is taken into account as a compositionabetween the parent crystal TB parameters according to the
fluctuation. To reduce the computational efforts and simplifyalloy composition. This procedure is based on the assump-
the complexity of the many-body problem, we propose usingion that the band structure of an alloy may be presented by
the MPC. The notion of a pseudocell was suggested byhe replacement of the real alloy with crystal forms that have
Changd* to describe the vibrational properties of ternary al-the translation symmetry and the point-group symmetry of
loys, in which effective force constants represented the interthe parent crystals. Considering this assumption, the quater-
action between ions. The MPC in the quaternary aIonnary alloy Hamiltoniari:|A s.c. p. takes the form
A;_«B,C;_,D, is defined as consisting of four counterfeit Loy
ions of (1-x)A, xB, (1-y)C, andyD that interact with - ~ ~
each other in the same manner as in the real alloy system as T4, ,B,c, b, = (17X)(1=y)Hact (1=X)yHpp
a function of the composition mixing probability ratio. There - N
are four possible binary unitaC, AD, BC, andBD with +X(1-y)Hgct+XxyHsp, 4
the mixing probability (E=x)(1-y), (1—x)y, x(1-y), . I .
andxy, respectively, and each binary unit is considered to b&'here the effective Hamiltonian of th#C binary compound
disordered by the other two ions, so that eight disorderedfac) can be written as the nondisordered Hamiltonian
units are taken into consideration such A€:B, AC:D,  (Hac) and the disordered HamiltoniamHac), such that
AD:B, AD:C, BC:A, BC:D, BD:A, andBD:C. The qua- HAC=HXC+AHAC, and similarly for the other binary com-
ternary alloy semiconductor is assumed to be formed by thgounds. HereAHac is the total disordered Hamiltonian in-
repetition of the MPC containing two atoms in the cell. The gyced byB ions (AHxc.5) andD ions (AH ac.p) With the

MPC is a virtual cell attempting to retain the physical effeCtScompositionx andy, respectively, etc., such that
of reduced point-group symmetry and lattice distortion and

to describe the alloy in a convenient manner. A
Considering MPC, an arbitrary physical operatﬁ)ﬁ!(}’y)
of the quaternary alloy, _,B,C,_,D, can be taken as fol-

Il. THEORY

AHac=XAHpcg+YAHAcD,

lows: Al:|AD:XA|:|AD:B+(1_3/)A|:|AD:Cv
03'Y=(1-x)(1~y)Opc+(1=X)yOpp+X(1—y)Ogc AFge=(1-x)AHgea+YAHgep,
+xyOgp . (D) . . )
AHgp=(1—X)AHgp.a+(1—-Yy)AHgp.c- (5
where

- ~0 - Considering these effective Hamiltonians, the UTB
Oac=OactAOxc, (2 Hamiltonian can be expressed as
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ﬁAlfxBxclf b =(1-x)(1—y)Hc+ (1-x)yHS, louin zone(BZ) for the quaternary alloys. From the calcu-
oy lated energy eigenvalues, the principal energy band gaps
+X(1_y)ﬁgc+xyHgD [E(T), E(L), andE(X)] due to the local conduction-band

minima (valleys are obtained by the difference between the
+(1=x)(1=Y)yVaco+xy(1-Y)Vecp minimum of the conduction band<€f,) at theT’, L, and
+X(1=X) (1= y)VapctXY(1=X)Veap, X symmetry points. and the maximum of the valence bands
(EV ) at theT points: E(I')=Er,; (I —Ex (), E(L)=
© o (D-ELal), and E(X)=E5;, ()~ Ebel). The E1
where Vacp is the disordered energy in th@C:D and level is assumed to be induced by the transition from the
AD:C units, which can be approximated as the bond alterminimum of theL conduction band to the maximum of the
nation energy betweerAC and AD binaries ¥acp  valence bandE1=ES,(L)—EY.{L).
=AHpc.p+AHap.c=HJc—HRp), etc. The last four terms  Each of the Hamiltonian matrix elements, which are
in Eq. (6) become the total disordered energy induced bycalled the universal tight-binding parametéuS'BP), can be
ACD, BCD, ABC, andBAD units in theA, ,B,C,; D,  expressed as an interpolation between the binary TB param-
alloy system and govern the extent of energy band-gap boweters according to compositional mixing probability.
ing. Therefore, the extent of the band-gap bowing dependHlarrison’s schenig is adopted in the UTBP, for the inter-
on the differences of the bond energy between the constituatomic parameters with scaling as the inverse square of the
ent materials and corresponding compound compositions asond length ¢~ 2), and the Slater and Koster TB

in Eq. (6). parametrizatiotf is retained with interactions up to second
With this UTB Hamiltonian, the diagonalization of the nearest neighbor. Fak; _,B,C;_,D, quaternary alloys, the
secular matrixH provides the eigenvaluds,, in the Bril-  compositional UTBP can be written as follows:

Emn(XY)=(1=X)(1=Y)ERc mnt (1= X)YERp mnt X(1=Y)ER XY B3 mn
+(1-X)y(1-y)AE,,(ACD)+xy(1-y)AE,,(BCD)+ (1—y)x(1—x)
X AEmn(ABC)+yx(1—X)AE,(BAD) )
for the intra-atomic and second-nearest-atomic matrix elements, and
A2(X,Y)Emn(%,Y) = (1= X)(1=Y)(d20)2ERc mnt (1= X)Y(AR0) ERp mnt X(1—Y) (A3 0) E G it XY(A30)2ES 1
+x(1—-Xx)y(1—y)(Ad°(ACD))?AE,,(ACD) +xy(1—y)(Ad°(BCD))?AE,,(BCD)
+X(1-x)(1—y)(Ad°(ABC))?AE,(ABC) +x(1—x)y(Ad°(BAD))?AE,,(BAD) (8)

for the interatomic matrix elements, wherkd®(ACD) andy (Fig. 1) and for the lattice matched to InP and GaAs
=d3c—d%p and AE,,(ACD)=ERXc mn—EXp.mn respec- (Figs. 2 and 3 where the lattice-matched relations between
tively, are the differences of bond lengths and TB matrixX andy for InP and GaAs are used as obtained in Ref. 17.
elements between th&C and AD binaries in theACD dis- The TB parameters for the four constituent binary systems
ordered unit, etc. The composition average bond lengin ~ (INP. INAs, GaAs, and GaPwere mainly taken from the
used from Ref. 17. work of Talwar and Tin& and slight adjustments were made
The concentration variation of the density of sta@©9) to account for more recent data on the experimental band

p(e) is very important in alloy theory. The DOS is defined asStructures. The main emphasis was placed on accurately re-
producing the bands in the vicinity of the principal gap. The

_ 1 TB parameters and the bond lengths used in this work are
ple)=y 2 de—en(k)], (9 Jisted in Table I.

The variation of the principal energy band gdgI),
whereN is the total number of lattice sites in the crystal, andg(L), and E(X)] for the In,_,GaAs;_,P, on the entire
en(K) is the band energy of thd ., from the UTB method. range are quantitatively presented in Table Il and shown in
For a given set of concentratiorsandy, H ey is computed, ~ Figs. X@)-1(c). Three energy gaps are drawn within the
and then the band energies léf,,, e,(k), are calculated same energy range in Fig(dl and the composition relation

on 457 grid points in the BZ. of the crossover between the band gaps is projected onto the
xy plane in Fig. 1e). As can be seen in Fig.(d), the E(X)
Il NUMERICAL CALCULATIONS change relatively slowly so that tH&(I') andE(X) cross at

the composition range of~=—0.8%+1.41 and become
We have carried out energy band calculations for thean indirect gap induced b¥(X). This implies that the
In, _xGaAs, P, quaternary alloy in the entire range »f In, _,GaAs, P, quaternary alloy can be used as an effi-
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FIG. 1. (a) E(I') energy gap variation over the entire range of alloy compositiag)(for In,_,GaAs;_,P,. (b) E(L) energy gap
variation over the entire range of alloy compositiony( for In,_,GaAs, _,P, . (c) E(X) energy gap variation over the entire range of alloy
composition &,y) for In;_,GaAs,_,P,. (d) Three energy gap variatiofg(I"), E(L), andE(X)] over the entire range of alloy compo-
sition (x,y) for In,_,GaAs,_,P,. (e) The projected crossover lines in thg plane between the band gafis— X, L—X, andI'—L) for
In,_,GaAs, P, .

cient light emitting devicg ELED) at the low composition y independent of one another because the lattice constant of
range &,y) because it has the direct optical gap induced bythe alloy is adjusted to that of Ianf(]P:2.54l A) or GaAs
E(T") with a considerable distance from tB€L) andE(X) (dgaAS=2.448 A) Y Consequently, the band gap can be ob-
gap, in which the electron in the lowest conduction bandained along the definite relationships betweesndy com-
recombines directly with a hole at the top of the valenceposition. The relationships betweanandy for the lattice
band at the zone centé) with the emission of a photon.  matched to InP and GaAs were found to be linearly depen-
The In,_,GaAs, P, alloy can be lattice-matched to two dent on alloy compositiorx andy: x=0.47(1-y) (0=x
of its constituent binaries InP and GaAs. No longenaend  <0.47, O<y<1.0) for the alloy In_,GaAs,_,P, lattice
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FIG. 2.T, L, X, andE1 energy gap variations as a function of g1 3.1, L, X, andE1 energy gap variations as a function of

alloy concentratiory with x chosen to be lattice-matched to InP for alloy concentratiory with x chosen to be lattice-matched to GaAs
In;—xGaAs; P, . The calculated values are compared to experi-¢,, In,_,GaAs, P
—x Py

mental data® (Ref. 19, @ (Ref. 20, [] (Ref. 21, B (Ref. 22, A
(Ref. 23, and A (Ref. 24. gaps ancE1 level for the In_,GaAs, P, quatenary alloy
lattice matched to InP and GaAs. The band-gap bowing be-
matched to InARef. 21 andx=1-0.45 (0.55<x=<1, 0  havior of the system is governed by the total disordered en-
<y=1.0 for the alloy In _,GaAs, _,P, lattice matched to ergy induced by the differences of bond energies between the
GaAs?!’ Figures 2 and 3 present the variation of the principalconstituent binaries and the relationglipmbination be-

TABLE |. TB parameters and bond lenghts of four binary compounds of the quaternary alloy
In,_,GaAs, Py .

TB parameters and bondlength InAs InP GaAs GaP
P,=E.{000)0 —7.1793 —6.2941 —6.7236 —6.2848
P,=E{000)1 —4.4868 —3.4287 —3.9783 —2.7892
P3=E,,(000)0 1.6600 1.8429 0.6410 1.0943
P,=E,,(000)1 2.3356 2.6089 2.8741 2.3820
Ps=4E.{0.5, 0.5, 0.5) —6.4000 —6.2200 —6.9000 —7.7500
Ps=4E(0.5, 0.5, 0.5)01 5.4000 4.7000 5.3000 5.2600
P,=4E,(0.5, 0.5, 0.5)10 4.0000 4.3800 4.2500 4.9500
Pg=4E,,(0.5, 0.5, 0.5) 2.0000 2.2800 2.0000 2.4400
Py=4E,,(0.5, 0.5, 0.5) 5.4600 5.3000 5.5000 5.5600
P10=4E(0,1,1)0 —-0.8241 —0.7202 —0.3391 —1.1376
P11=4E(0,1,1)1 —1.2025 —1.3382 —1.7563 1.1861
P1,+4E,,(1,1,0)0 0.5500 0.5200 0.6000 0.7600
P13=4E,,(1,1,0)1 0.8800 0.9100 0.9600 1.3300
P14=4E,,(1,1,0)0 0.2274 0.3842 0.4445 0.8545
P1s=4E,,(1,1,0)1 0.9831 0.7391 1.1208 1.1892
Ps=4E,(1,1,0)0 0.0560 0.0870 0.0452 0.0240
P,7=4E4(1,1,0)1 0.0860 0.1020 0.0964 0.0832
P1g=4E(1,1,0)0 —0.0924 —0.0816 —0.0474 —0.1673
P1o=4E.(1,1,0)1 —0.1256 —0.0342 —0.0653 —0.1814
P,,=4E,(0,1,1)0 0.8400 0.9000 0.7800 1.1800
P,,=4E(0,1,1)1 —0.0800 —0.0060 —0.0800 —0.0800
Pyy=4E,,(0,1,1)0 0.0 0.0 0.0 0.0
Po3=4E,,(0,1,1)1 0.0 0.0 0.0 0.0

d® 2.623 2.541 2.448 2.358
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TABLE II. Principal energy gap values over the entire rangexg¥] for In,_,GaAs, P, .

(x.y) E(I) (V)  E(L) (V) E(X)(eV) (xy) EI) (V) E(L) (V) E(X) (eV)

0.0,0.0 0.370 1.502 2.280 0.6,0.0 0.858 1.627 2.171
0.0,0.2 0.423 1.552 2.229 0.6,0.2 1.034 1.75 2.134
0.0,0.4 0.55 1.637 2.207 0.6,0.4 1.249 1.895 2.093
0.0,0.6 0.755 1.758 2.218 0.6,0.6 1.506 2.054 2.051
0.0,0.8 1.044 1.921 2.265 0.6,0.8 1.804 2.209 2.01

0.0,1.0 1.422 2.13 2.356 0.6,1.0 2.148 2.331 1.97

0.2,0.0 0.469 1.528 2.249 0.8,0.0 1.15 1.703 2.128
0.2,0.2 0.568 1.596 2.185 0.8,0.2 1.357 1.862 2.127
0.2,0.4 0.729 1.692 2.139 0.8,0.4 1.593 2.042 2.116
0.2,0.6 0.955 1.817 2.113 0.8,0.6 1.859 2.229 2.093
0.2,0.8 1.247 1.969 2.108 0.8,0.8 2.157 2.398 2.062
0.2,1.0 1.612 2.144 2.128 0.8,1.0 2.489 2.498 2.023
0.4,0.0 0.631 1.569 2.212 1.0,0.0 1.51 1.798 2.083
0.4,0.2 0.771 1.661 2.153 1.0,0.2 1.742 1.998 2.136
0.4,04 0.962 1.778 2.101 1.0,0.4 1.994 2.218 2.168
0.4,0.6 1.205 1.916 2.058 1.0,0.6 2.267 2.442 2.182
0.4,0.8 1.502 2.066 2.024 1.0,0.8 2.561 2.633 2.179
0.4,1.0 1.856 2.213 2.003 1.0,1.0 2.88 2.719 2.16

tween the compositior andy as in Eq.(6). ward bowing for both lattice-matching on InP and GaAs, but

For lattice matching to InP, the optical band-gap energythe bowing trends of thé and X energy gaps are not con-
ranges from 0.72 to 1.42 eV due to the direct gap inducedistent. We found that the band bowing was dominantly led
by the I'-conduction minimum bandEf, ()] over the by the conduction-band minimurfCBM) rather than the
entire range ofy. The experimental band gap has been revalence-band maximunivBM), which does not affect the
ported from 0.74¢0.75) eV to 1.35¢-1.41) eV at 300 K bowing trends, even though the VBM fluctuated a little in the
(~77°K).1924 The ES, (") is much lower thanES, (L)  energy range of-0.045-0.006 eV for the lattice matched

(ranging over 1.59-2.13 @Vand E%,(X) (ranging over to InP and —0.067-0.060eV for the lattice matched
2.19-2.36 eV. This indicates that . ,GaAs; P, lattice- {0 GaAs over the entire range ¢t The origin of band-
matched to InP can be used for an ELED. As shown in FigPowing behavior in the alloy can be understood by examin-
2, good agreement between the calculations andng the analytic expression of the TB scheme for the energy
experiment¥—24is obtained for theE1 band gap and’ en-  bands at the symmetrical poirfts!® The diagonalization
ergy gap. of the TB Hamiltonian matrix gives an exact analytic for-

The optical gap for lattice-matching to GaAs varies in themula for the energy eigenvalues at the symmetric point
range 1.51-1.97 eV and there is a direct-to-indirect transitl’; L, and X) and the conduction minimum values can
tion at the large limit ofy (y>0.91) due t&ES, (X). Another ~ be written by E(T'7;,)=[Esg000)0+ Esg000)1]/2+
crossover between the (ranging over 1.80-2.30 e\andX ~ ({[Es(000)0-Esg000)1]/3> +[4Esg0.5,0.5,0.5)%)"
(ranging over 1.97—2.13 éVband is obtained aroungt ~ and E(X,,)=[Es000)0+Exx(000)1]/2+ ({[Es000)0
~0.5. Besides, the (or X) band approaches tHeband in ~ —Exx(000)1]/2}2+[4EsX0.5,0.5,0.5)01%)" (see the no-
the range ofy<0.5 (or y>0.5) (see Fig. 3 Due to the tation in Table ). E(Ly;,) does not have an exact formula,
access of the. (or X) band to thel' band, especially the but itis expected to be a complicated form with the interac-
degeneracy between tHe and X band aty=0.91, appre- tion integrals betweemp and p atomic orbitals compared
ciable population transfer of electrons is to be expected fronwith the other exact form of the band. Taking these points
theI to L (or X) band and it will affect the electron mobility into consideration, th& gap bowing in theA; ,B,C; D,
above room temperature. From this view of the band-gaglloy is induced by the disordered Hamiltonian interaction
structure of In_,GaAs; P, lattice-matched to GaAs, we betweens ands atomic orbitals[in Eq. (4)] such as(s|(1
suggest that this material is unsuitable as an ELED. To ourX)(1—Y)yVacp+Xy(1—Y)Vgcp+--|S), etc. In the
knowledge, the experimental band gap for lattice-matchind)TB interpretation, the interactions sfands atomic orbit-
to GaAs has not been reported over the entire range of the als due to bond alternations in the possible disordered units
composition. Only theoretical data by CP@&Ref. 8§ are  determine thd’ gap bowing and th& band gap is bowed by
available to compare with UTB values and there are some-p interactions and thé band byp-p interactions with
differences in the. (1.72-2.05 eV by CPA X (1.92-2.28 bond switching. As shown in Figs. 2 and 3, the todas
eV by CPA), andI’ (1.41-1.88 eV by CPAbands. In con- interaction energy in the disordered units of the
trast to UTB data, the CPA calculation has predicted a direcin; _,GaAs; P, lattice matched to InP and GaAs consis-
optical band gap over the entire rangeyoffor the lattice  tently preserve the attractive-disorder energy over the entire
matched to GaAs. y range, butX andL disordered energies by-p and p-p

The bowing behavior occurs differently for the L, and  interactions are not consistefite., they could be attractive
X energy gaps. ThE energy gap shows consistently down- or repulsive disordered energy
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FIG. 5. Variation of the DOS for In ,GaAs,_,P, as a func-
FIG. 4. Variation of the DOS for In ,GaAs, P, as a func-  tion of the change of the cation concentratiof0.0, 0.25, 0.5, 0.75,
tion of the change of the anion concentratiof0.0, 0.25, 0.5, 0.75,  1.0) for fixed anion concentratiop=0.5.
1.0) for fixed cation concentratior=0.5.

Figures 4 and 5 display the calculated DOS for fixed investigated how these techniques may be used for material

and fixedy at 0.5 in the In_,GaAs; _,P, quaternary alloy. designz®

The band tail in the vicinity of the minimum of the conduc- _ For the In_,GaAs, P, alloy system, we can summa-
tion band diminishes by increasing the cationanion mix-  fize the findings as followsi) The band-gap range and ex-
ing ratio. For fixedy=0.5, we observe that the intensity of tent of the bowing induced by disorder effects are governed
the first peak in the conduction band does increase signifity the differences of bond energies between the constituent
cantly asx increases and there is no detectable change of thinaries and the composition,§) for the alloy as in Eq(6).
peak positions. But for fixed=0.5, the position of the first A potential ELED material can be identified from the prin-
peak in the conduction bands changes appreciably to high&ipal energy band-gap trends in a given range of composi-
energy ay increases, while there is no detectable change ofions: an alloy that has the direct gég(I")] being a con-
the intensity for the peaks of the DOS. We observe that theiderable distance from thg&(L) andE(X) band gaps can be
shift of the peak positions in the conduction band is mainlyused as a good ELED(i) The In,_,GaAs,_,P, alloy
induced by alloy disorder from anion-site mixing rather thanjattice-matched to INPO<x<0.47, 0<y<1.0) has a direct

cation-site mixing in the In_,GaAs, - P, quaternary alloy. gptical gap induced byS, (I') at a considerable distance
In contrast, in the valence band, the cation-site mixing afom EC

o > ©in(L) and ES,,(X), so that it is suggested to form a
fe.cts the peak posmon' of the DOS .and the anion-site MIXING andidate ELED. In contrast, the direct-to-indirect transition
slightly changes the width and the intensity of the DOS. The c = S
peak position of the DOS in the valence band is shifted tdnéjuced by Ermin(X) occurs aty=0.91, which is close to
higher energy as increases for fixed while the width and ~ Emin(I') for the lattice matched to GaA®.55<x<1, O<y
intensity of the DOS are influenced a little psncreases for =1.0, making it unsuitable for an ELELiii ) The origin of
fixed x. Also, the edge of the first valence band shifts fromthe band-gap bowing can be understood as induced by the
—6.78 to —7.25 eV with an increase in the cation mixing atomic orbital interaction due to the bond alternatibrgap
ratio, which induces the ionization energy of the alloy tobowing is dominated bys-s, X-gap bowing bys-p, and
increase by 0.47 eV for fixedx=0.5 in the L-gap bowing byp-p atomic orbital interactions through
In,_,GaAs,_,P,. These qualitative observations of the bond switching(iv) For the cation and anion mixing effects

DOS in the valence band agree with that of the GPA. on the DOS in the conduction band, the anion mixing plays
an important role upon the shift of the peak positions and the
IV. CONCLUSION cation mixing is more responsible for the change of the in-

tensity and width of the peak. In contrast, cation and anion

We demonstrated that the UTB methodology based omnixing play opposite roles in the valence band and there is
MPC can be readily applied to various quaternary alloy sysgood agreement with the results from the CPA.
temsA, _,B,C,_,D, by successfully presenting the energy
band structure and DOS for4n,GaAs; P, alloys without
any empirical input data. The UTB method based on MPC
allows for a simplification of the complex problem, to reduce
the computational efforts, and to investigate the utility of This work was supported by the National Science Foun-
generic quaternary alloy systems. The freedom of exploradation. One of ugK.S) is grateful to the Basic Science
tion given by UTB should lead to the improvement and de-Research Institute of Korea, Project No. 97-2430, and Ky-
velopment of new devices. Following this logic, we haveonggi University for partial support.
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