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Ba!'cd on a successful uescription of thc hanu gap change with compo!'ition for thc 11.VI ternary alloys. we uescribe a methou 10 set up light-
hinding lIamiltonians for quaternary alloys. \Ve use a formula lhat (,:anhe thought as a slraightforward generalizalion of thc virtual crystal
approximation for this case. In Ihis work we considcr Znl_yCl.l!/SCI_.rTcr ami sllIdy thc change ortbe hand gap with composition ohtained
hy direcl diagonalization of Ihe corresponding Ilamiltonians. \Ve !lext consider the tc('hnological inlere!'ting compound Zn¡_yCdyS¡_rSC

-!".

The agrcelllcnt with lhc experimental data js remarkablc.

!\c'.\"Il"()rch: 11_ VI quaternary alloys: eleclronic bailO structure: tight-him.ling I1lcthod

Con hase en una descripción adecuada para el cstudio del t.amhio dc la handa dc encrgía prohibida, en función de la concentración, dc
bs aleacioncs lernarias de compueslos II-VI. presentamos un método para el an<Ílisis de las propicdades electrónicas de las aleaciones
cuatcrnarias. Aplicamos nuestro modelo al esludio de las alcacioncs ZIl¡ _ ",COySe 1_~.Te.•.y Zlll_ yCd",S l-x Sc .•.. t>.tostramos que nuestros
resultados se comparan aceptahlementc hicn con datos experimentales.

1)(>.\0";1'(01"('.\: aleacioncs cuaternarias Il-VI, estructura elc('trónica de handas, método de enlace fucrte.

PACS; 71.15.Fv: 71.20.Nr: 71.22.+i

1. Illtroduction

Optical dcvices ahle to operale in lhe visihle spectrull1 range
have Illotivated i.I vigorous rescarch in 11-VI wide band gap
semiconductor COlllpounds. The main goal in lhese studies is
(o scek rOl" the indcpcndenl control of lhe fundamenlal pa-
rallletcrs of lhe eompound: lhe hantl gap valuc. lhe laltice
constanl and the valencc hand offset. The intercst has heen
reeenlly focused on the sludy of lhe ternary and quaternary
alloys, In the qualernary alloys il is lhe sil11ultaneolls sUhSli-
lUtion 01"Ihe anion and the cation that al1uws control 01' the
hand gap and lhe laltiee constanl values wilhin certain Iimils.
This procedllre is very imponanl in oploeicclronic engineer-
ing. In fac!' a hinary/quaternary hcterojunction with no slress
al lile inlerface ami with a predelermined value for lhe hand
offset can he prodllced. Examplcs 01' hasic and applied work
can he fountl in Refs. 1-3. Brasil et at, 111 havc reponed pho-
tocondllclivity an.d phololumincscence expcrimcnts on lhe
Znl_yCtlySet_x Te..r syslcm, and lhcy have lilted the l11ca-
sllrcd hand gap valuc lo a quadratic function of lhe composi-
lion; Ichino el al. [:ll havc llscd the Zn.vCd.tS.()iSc.!l:1 qlla-
lernary al10y as an active layer in a laser diode operaling in
lhe hluc-green 10 lhe UV spectral region.

In previous work, we have descrihcd lhe composilion
dcpendence of lhe hano gap value for the 11-VI lernary al-
loys and cOl11pared uur reslllts with lhe exisling experimental
data {.:tJ. To descrihe lhe ternary alloys we have used care-
fully studied lighl-hinding Uamiltonians for lhe hinary com-

pounds [51. \Ve took into accounl nearesl neighbor interae-
tions wilh an orlhogonal basis of fivc alomic orhitals (STJ3 s.)
per atom; in this approxil11alion lhe .-;--slale is included to
hclter describe lhe lowesl states in the conduclion hand. We
have used lhe t\l,'o-ecnler inlegral approximation in lhe Slater-
Kosler Ianguagc and \Ve took into accnunt lhe spin-orhil in-
tcraction lGI. Thc light-hinding melhod descrihes rather well
(he valcnee hand region and gives correclly lhe hand gap
vallle 171. To incluJe composition \Ve have used lhe virlual
crystal approximation (VCA). \Ve have found thallhe VCA
can descrihe properly lhe hchavior 01' the hand gap. as a fune-
tion uf compositioll, ir an cmpirical howing parameler to eal-
culale the Illixcd tight-hinding parametcrs (TIJPs) is ¡nlm-
t1ucctl [41.

In lhis work. and as par! of a series of appliealions lo
sho\V Ihe 1Ililily 01' our approach, \vc prescnl lhe ealculation
of lhe hand gap (JI' lhc quaternary alloys Znl_yCdySC1_..r Tc,r
and Zn.9Cd I S.O,Se.!I:S. \Ve show lhat our calculations are in
good agreelllcnl with the experimental dala,

The resl 01' lhe papel" is organized as follows. In Seet. 2 \\le
dcscrihc hricfly the ll1elhod to hc lIscd; Seet. 3 conlains our
results ami discussions. amI linally in See!. 4 we summarize
our cnnciusiolls.

2. Thc IIlC! hod

In semiconductor compounds lhc hand gap valuc. Ey• is
given hy the difference hetwcen lhe minimum of lhe conduc-
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lion hand (te), and the maximulTl 01' the valence band (tI')'
E!/ = te - f!,. In particular, fordirecl hand gap semiconduc-
lor compounJs, il1lhe tight-hinding approximation, (e ami f p,
al r, can he expresscd as [81

TAHLE 1. Elllpiriral howing paramclers ohlaincd llsing the Eq. (5)
anJ ¡he lighl-hinJing paramelcrs givcn in the Rcfs. 5 anJ 11. AII
the paramclcrs are in ev'

E,I "" ( l') = (1 - r)E"" + rE"c (3)J(Ht' • .' nu' .. no"

wilere {'II is lhe appropriate elllpirical howing paralllcter for
Ihe ¡¡nion suhslitulion. A cation-suhstituled compound can he
handled in analngolls way. \Vilh lhe idea lo keep OLJrapproach
lhe simplesl possihle and wilhin the tight-hinding language,
\Ve pro pose to cakulatc ¡he cmpirical hnwing pamlllcle!' wilh
an cxpression as

where £01' (n = ,", }J; v = a, e) are lhe on-sile TBP 1'01'
lhe anion (o) or Ihe cation (e). \~ware Ihe nearest-neighhor
inleraction rar:lI11elcrs, anJ A" the spin-orhit ones.

\Vilhin the VeA model the TBPs 01' the alloy are given
hy Ihe weighletl :Jverages of the cOITesponding cnd-poinl
parameters. For a lernary alloy wilh an anion suhslilLltion
ABI_~ C;r' for cxample, wc have

(6)
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E""~'Il(_r '/) = .r'IE"': + .r( I - I/)E"I~n.n '. . no . nn

herc lhe del1nilion 01' the TBPs. E;HI' , should he ohvious. \Ve
will use again this formula ror all hUllhe "s" oll-sitc param-
eler. For the "s" ol1-site paramctcr we will add a howing pa-
ramcter. \Ve construet it fmm lhe corresponding howing pa-
rameicrs 01' lhe lernar)' allo)'s. I Icncc, lhe calculatiolls contain
no additional :u.ijuslahle raramcters. For the anion "."" on-sitc

parameter \Ve use b..\clJ (AC1_.I0J') anu úueJ) (BC1_.rO.e)

rrom \\'hich \Ve SCI .1'(1 - .1')((1 - y)bACJ) + y{¡u('J)] as

lhe appropriale anioll howing parameler lo he used ror lhe
A¡_yB!lC1_.I'D.r al1oy. Then, the ful1 formula for the ~lIlion

where the TBPs involveJ (E ..•", v~s) Jre the appropriate ones
ror cach limit compound. and we use the sign +( -) ror a
cation (anion) suhSlitlltion. Hcrc, ). is a frce parameter used
to adjust Ey(.r) in lhe lernary alloys. \Ve have used A = 1.0
rOl' Ihe Sulphur-based alloys :lIld A = 1.75 rOl' aH lhe olher
alloys. ThllS, in (he proportionalily conslant k we inelude
the appropri:lle dimensions. so that bv is given in ev' The
numerical val l/e used ror /; is l/K. ror aH the aHoys [.\). [n
lhis manner, Ollr approach improves and our results are in
good agreemcl1t \vith lile experimenlal data. In Tahle l. we
give our found values rOl' lhe C'mpirical howing parameter for
the dilTerent ternary compounds involve in this work. No-
lice Ih:1I the [,-anion parametcrs (b(l) have ahsolute valucs
as high as in iJznS••rf' = -(;.004 ami lhe b-calion para me-
lers (br) have smaller values. Thc higgcsl one, in Table 1, is

bZIlCds(' = 1.:H0.
Now, we cxtcnd our fonnulation 10 quaternary alJoys:

LcI us consider the compound A l_yllyC¡_r0.e which we
assume as a zinc-hiende compound eonstituted hy a COI11-
posed cation (A¡_ylly) ami a l.:omposed anion (el_rO.r)
with a laltice conslant given hy Ihe appropriate VeA expres-
sinn. The TBPs are givcn. in lerms orthe eorresponding TBPs
01' Illc final point hinary compollnds, ror the expression

(2 )

(5)

(I)

11=(1.,(',

( E,a - E,,) 2 ¡n
2 + ss'

ESH + E.~e----+
2

EIHl + El'" + AII + Ae
2

fl, =

',-

wltere Ei ,is the corrcsronding TBPs for lhe j-compound
n.¡\

(AH or AC). i.lllll n, 0' denole the i.I10mic orbilals (.,>¡,:I.<;.).

Hereafter our proposal is to use lhis exprcssion for all lhe
TBPs hut lhe ....•.. oB-sile ones.

It is well known that in the ternary alloys the dependence
01"Ihe band gap vallle is a non-linear funclion 01' composi-
lion. Al Ihe salllc lime, as can he infcrrcd frum Eq. (1), the
".,," oll-sile paramcler is responsihle ror the correel energy
posilion 01' the minimuIll 01' lhe conduction band al lhe r-
point. Prom these facts and according \vith our prcvious anal-
ysis 1-1]. \l,'here we found that the minimum ofthe eonduclion
hand sho\Vs higger dispersion lhall Ihe maximum 01' lhc va-
lenee hand, as a funclion of the composilion, we suggesl lo
introduce an cmpirical howing pammeter in lhe VCA expres-
sion 1'01'the " ..•.. oll-sile paramelers. This elllpirical howing
par:lI11elcr c(luld he lhoughl as an ad 110e introduetion of lhe
disorder elTccls 191. \Vith this schellle we avoid all the nu.
Illerical eomplications from the CPA calculations. wherea ..•
lhe overall shin nI' the band gap value is stiU ::tdeqllate, as we
\vill shmv in Ihe nexl section. Expli<:itly, we proceed in lhe
following way. we inlroduce an cmpirical howing par:lI11eter
10 cakulalC lhe ....•.. oll-silC TBP of lhe suhSlitUlcd ion, from
Eq. (3) \Ve ha,"e

[;' (,_).\J\(" = (1 _ r)E"B + rE"" + 1, .1'(1 - .1') (.J)
~!ifl . •. Sil .' Mili' ,

:lml

Rel~ Jo,1ex.Fí.\. -t6 (3) (1(X)()) 2.t9-252
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TAntA 11.f\.tcasured V.tlllCS for (he hand gap given in Ret'. I for
the Znl_yCdySC1_xTcx quatcrnary aHoys me t.:olllpared witll our

calclllation. Band gap valucs given in cv.
r 11 E,(PC)' E,(11Ieo)"

0.015 0.10 2.610 2.642

0020 0.23 2.453

0.050 0.22 2.443 2.427

Il.070 0.34 2.244 2.25(,

ItORO 0.28 2.3(,2 2.316

O.03R 0.32 2.024 2.002

0039 0.11 2.224 2.194

1.000 0.31 21)49 2.099

a Valucs lakCIl frolll photoconductivity IIlcasurcmcnls of Brasill'I

al. Rcf. I
h This work

0.0 1.0

f-UiURE 1. 3-D repre.scntation 01" lhe calculated hand gap oC lhe
Znl_yCdySc¡_r TCr qualcrnary aHoyo as n funclion of lhe compo-
Silion (l'. y). using lhe tight-hinding Illclllod and (hc virtual crystal
approxim~ltion as is proposed in Ihis \\'ork. Thc points are the ex-
perimcntal dala of Bra.sill'f al. [1]. It is nOliceablc thal allllle cxpcr.
imental poinls are just over Ollr calculated surfacc.

"s" on-site parameter is
12

F({;URE 2. The elcclnlnic hano struclure of Ihe Zn,CJCd 1SO;-SC.91
quatcrnnry alloy calculatcd llsing: Ollr tight-hinding: paramc(riza-
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\Ve llave also lIsed our method to calculatc the cleclronic
hand slruclure rOl" the Zn.~JCdIS.07Se.9:l l}llatcrnary al1oy.
Since Ichino ('1 (11. I:'q !lave reponed lhcir cxperiment on il
recently. our calculated hand srructure is 01" current inter-
est. These authors pro pose the alloy as an active layer in a
laser diodc operating in Ihe hluc-grcen to 1Iltraviolct spec-
Iral region, Figure 2 shows Ollr I"csull. The calclllaled elec-
Ironic band structurc is reprcscnlarive of a semiconductor
compound wilh dircct band gap. OUT lowcst conduclion hand
shows lcss dispersion Illan Ihat calculatcd. lIsing the cmpir-

Tahle 11shows a comparison ol' our calculatcd hand gap. as a
funcrion of composition. Eg(:1', y) and the pholocomluctivity
measuremcnts 01' Brasil el (I1. for Zn¡_yCdySc¡_:r Te). [11.
Our calculation agrees well with the measured valucs within
2% accuracy. The reslIll is encouraging.

Figure I shows a 3- O graph rOl' Ey (.1', y). The dots are the
experimenlal dala, the mesh is ollr calculation. The edges are
Ihe four temary bOllndaries. As we have mentioned. our cal-
clIlalion reproduces properly the known howing ol' Ey rOl"al!
lhe range 01' compositions. In temary alloys. the anion sllhsti-
IUlion produces a howing in Ey thal is more noticeahlc Ihan in
(he cal ion sllhSlitution. This racr can he inferred fmm [he fig-
ure ir we takc lhe projcc[ion of Ey onto the X -Z plane. Also
nolice the quasi-Iinear hehavior 01' Ey for the cation sllhstitll-
lion. It is \vonh Illcntioning again that the howing paramelcr
(in ahsolllte value) for Ihe anion suostitution is biggcr Ihan
for Ihe cation one (see Tahle 1).

Equalions (6), (7) ami (8) can be uscd for tema •.y alloys wilh
Ihe appropriatc ¡imil value for;r ami y.

E,~;I[lCD(;rlY) = ;r!JE.~~ + ;r(1 - y)E~~D
He \C+ (1 - x)yE", + (1 - ,r)(1 - y)E:n

+ .r(1 - .T)[(1 - y)bACD + ybUCD] (7)

3. Results and Discussion

It is trivial to set the corresponding formula for the cation ".,,"
on-sitc paramcter, \Ve gel

E:~BCD( .•.,y) = .ryE:~D +1'(1 - y)E;~D
+ (1 - .r)yE:~c; + (1 - .•.)(1 - y)E:,c;

+ y(1 - y)[(I- .•.)bAUC; + ybAn,,]. (8)

Nn'. Aft-x. Fú. -16 (3) (2000) 241)-252
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ical PSClu..lopolcnliaimClhod, hy reng el al. [10]. Howc\'cr,
it is \Vell knO\\'1l lhal Ihis is (lne 01" the light-binding fca-
lmes [il. Qur ealculatcd hand gap valuc for this alloy is
2.705 cV Ihat is in good agrccmcnt with Ihe experimental
\'aluc nI' 2.73 cV al 4.2 K givcn by Ichino el al. [31. Fcng ('{
,,1. gi\'c 2.64X cV [101.

4. CIlIlc!usiIlIlS

In conclusion. \\-'Cllave sel up tight-binding Hamiltonians rOl"

qualcrnary 11-VI line-hlende alloys which are consistent ""¡lh
Ihe corrcsponding ternary {llles. AII these Hamiltonians are
hascd 011 Ihe knowlcdgc 01"lhe correspondíng ones ror Ihe
hinary rompollllds.
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\Ve llave calculatcd lhe changcs in lhe hand gap valuc as

a fUllction of composition for lhe zinc-hIende quatcrnary aI-

loy Znl_yCd.t/Sel_.r Te.c, our ealculalcd va'lues are in good

agrcclIlcnl with Ihl: expcrimcmal dZlla. \Ve have furthcr cal-

clIlalcd Ihe clcclronic hand slrlleturc of Zn.9Cd.l SOi'Se.!U,

which is ¡¡ Icchnologically important compound nI' current in-
lcrest. \Ve gCI a hand gap valllc closer lO experimcnt Ihan a
PSClldopolcntial cakulation. Tight-hinding Hamiltonians ror
ljuaternary alloys can help cSlahlishing the importam:e 01' dif-
ferenl faclors in the physics 01' complicatcd syslell1s. They
can he used as a hasis to sllldy lhe cffect 01' pressurc. reeoll-
struclion. inlerface slales. CIC.• in Ihe clcclronic hand slruc-
tme 01' complex helerojunlions.
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