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Within a rcformulated virtual crystal approximation. that takcs lnlO a(eoun! the corrcel alloy dependencc of rhe band gap vallle of lhe 11-VI
pscudohinary compounds. and using Ihe surface Grccn's function malching rncthod \\ie calcula!e Ihe bulk- and surfacc-projccted local density
of stales of Ihe ZnScl_x Tez alloy. \Ve show tha! our approach gives corrcctly lhe band gap value and rhe elcctronic band struclurc of these
ternary nlloys.

Kc)w(m:ls: JI-VI semiconductor nlloy; local density of states

Mediante una reformulación a la aproximación del cristal virtual. con la cual descrihimos adecuadamcnte el cambio de la banda de energía
prohihidn como función de la concentración, y haciendo uso del método de empalme de la función de Grecn de superficie calculamos la
densidad electrónica local de estados de la ;lleación ZnSC1_xTex. f\1ostramos de esta manera la utilidad de nuestra aproximación.

lJescril'tore.c Aleaciones de compuestos 11.VI; densidad local de estados

PACS: 71.15.F\'; 71.:!2.+i; 73.20.AI

I. lntroduction

The sllldy of Ihe physics of surfaces, interfaces, qllanllllll
\I,.'ells,ami slIperlattices 01'sellliconduclors has heen nI' inter-
est in rcccnt ycars [1-81. This interest has nol only rocuseJ
on hinary cOlllpounlis huI also on lemary antl qualernary al-
loys 10-131.

In Ihis work, ami hasetl on a (orrecletl elcctronic Ixmd
struclure descrirtion 01" Ihc hinary compounds, \\'e dc\'clop
a mClhod which servcs as a hasis lo a clear and simple dc-
scription of more complicaleli compollnds and syslcms. A
Iheorclical slarting ¡)(linl, for Ihe study 01' Ihcse systell1s, is
<In accurale description 01'the c\ectronic hand structure 01'the
binary compolllld. This goal can he achievcd llsing the CIll-
rirical tighl-hinding Illcthod [14-191.

In previolls work \Vehave lIscd Ihe tight-hinding melhod
lO stlldy Ihe hand gap dercndence with Ihe alloy conCCll-
tratioll ;n Ihe lemary 1121ami qualcrnary II:q alloys of Ihe
Il-VI compounds. The light-hinding I11cthod in conjullction
with Ihe known surface Grecn's function matching Illethod
(SGFM) 120) was successfully used lo study Ihe eleelronie
hand slruclUre of Ihe (00\) surfaces [10,21], and derive Ihe
local densily of eleclronic states (LOOS) al Ihe sur faces and
inlerfaees 122,23].

In the 11.VI ternary alloys we have shown lhal the tight-
hinding Illethod, togelher with a reformulatcd virtual crystal
approximalion (VCA). gives rull account 01" the non-linear
depcndence of the hand gap value on the molar fraction [121.
Later this theory \Vas also sllccessflll1y applied lo Ihe Il-VI
qualL'rnary alloys [131. In Ihis work \\'e sho\\' an uscful ex-
tens;oll of our rcformulation, Ilamely. the calculation 01' Ihe

LOOS in lernary alloys. Onc 01" Ihe distinctive fcalures al'
Ihis schcllle, in comparison wilh other schemes, is ilS em-
c¡ency ami slrong predictivc power. Thc lTlethod, in comp:lf-
ison ",ilh Ihc (lb ;lIitio ca1culalions thal takcs long time in
supercompuler machincs [2.1,25], does not !lecd supercorn-
pUler performance. \Ve show that hy modelling the ternary
allo)' as ¡¡ pselltlobinary compaund \Vecan use, in a straighl-
for\Vard \vay. the SFGM ltIell10d antl obtain, ror example,lhe
LDOS. In particular \Ve have applied our rnode11O study the
LDOS of Ihe (001 )-surface of Ihe ZnSel_x Tex lernary alloy.
An aprlicatioll of our approach could be done straighl out to
sludy the cledronic and oplical propcrties 01'gradeJ compo-
sitioll heteroslructures. Sometimes, gradcd heterostructures
are ohtained tlue lo unwanl~d dillusion 01' a chemical ele-
menl, other limes Ibis cffect is tille to a deliherate design
(ror examrlcs of these cffects, in 111-V l]lIanlum wel1s, sec
Rels. 1--4 in [2GJ). On the olher hand, the compositionally
gradcJ interfaces appear lo have sOll1efavorable effects. For
exalllple, AI,.Ga¡_;rAsjGaAs quantum wells exhihit an en-
hanced quanlum confined Slark elTecI, and the absorption in
these systcms is scen to dccrcasc signiflcant1y with increasetl
intermixing. These are favorahle features ror device applica-
linns, hence the interesl in lhese systems. In recent work, lhe-
metica! sludy of these heterostruclures have been done with
Ihe tight-hinding melhod in Ihe frame af the VCA [26,27J.
Allhough, Ihe reslllts ohlninetl in that framework scems to
he acccptahlc, it is possihle Ihat a rcfinement of these results
cOlllJ he altained lIsing (he arrroach descrihed in the prcsent
\vork. The resl 01" Ihe paper is organized as rollows: In Scct. 2
\\'e prcsenl Ihe approach the mcthoJ llscd. For comp1clclless
in SecL 2.2 \ve give a hricf description 01'lhe approach used
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2.1. Thl' surfa<.'c Grccn fundion Illcthod

2. i\ldhod

rOl" lhe study nf lhe (crnary alloys. Scction J shows our rcsults
and Illakc a hricf comfl1cnt in rcfcrcllcc lo otller calculations.
\Ve sho\\' cxplicitly !low lhe rcsults oí' our simple dcscrip-
lion compares to cOll1plcx calculations. Thc conclusions are
drawll in SCCI. 4.

To descrihe lhe surfacc 01' lhe tcrnary alloys, \Ve \ViII assulIlc

a pscudohin;uy compound. \Vithin l!lis piclurc, we can use
Ihe tight-binding }lamiltonians that \Ve !lave provee! lo givc
corrcclly the oand gap bchaviour in lhe tcrnary amI qualcr-
nary ¡¡lIoys. Thc use of the SGFI\1 ITlcthod allows LIS lo do a
dClailcd study 01' lhe surfacc. Thc SGrM IIlclhod takcs ¡!lIO
accounl the pcrlurbatioll causcd hy lhe surfacc or interface
cxaclly. and \Ve can use the hulk lighl-hinding paramelcrs
(TBP). The differenee oetween lhe oulk paramelers ami the
surface oncs is lakcn inlo account through lhe malching 01'
(he Grecn's fllnction [20,281. \Ve use the Illethoo inthe fonn
cast by Gan:Ía-Molincr and Velasco 1201. They make use 01'
the transICr ll1atrix approach llrst introduced hy Falicov and
Yndurain {291. This approach hecamc very useful tlue to the
quid.!y convcrging algorithms 01' LópezMSancho ('{ al. 1:10].
Following Ihe suggeslions of lhese authors, the algorithms
ror all the matrices needed 10 lIeal wilh thesc syslellls can he
found in a slraightl'orwanl way [30, :31].

Thc surl"ace Grccn's funl'lion is found lo he 1201

In order lo make this work sclf-cnnlaincd we presenl hcre our
trcalmcnl ror lhe lcrnary alloys. Briel1y speaking, we have
used lhe tight-hinding mcthod and, lindel' Ihe conditions ex-
plaincd helo\\', Ihe VeA l{l sludy lhe tcrnary alloys. In this
approach \Ve lakc illlo accounl firsl nearest l1eighhor inleraeM
lions, i!llhe Slaler-Koster Ianguage IH]. \Ve use 'In orthog-
ollal hasis nf five alnlHil' orhilals (.'>p:l,'j*) and, in our hantl
structure calculalions, \!,'C have includcd the elfect orthc spinM
mhil interaClion [171.

For lhe sludy 01' the lernary alloys we have incluJcJ an
(,IIIIJi,.ic(I/ bOll'ing Immlllcter in the ":;" on-sitc TBP of lhe
suhSlilutctl ion. This proccdurc give liS lhe corree! hchaviour
nf Ihe hano gap as funclion 01' lhe l'Olllposition. More exactly
fOl"lhc TRr of Ihe lernary alloy wc lake their virlual cryslal
l:xpression given hy

wherc k is the 2D wave vector and w is (he cnergy cigcnvallle.
In Ihe study 01' the (001) surl~lCe, ror simplicity, \Ve assume
an ideallrUllcatioll. This approximation secllls reasonablc hc-
¡;ause it i~ \I;'idely accepled ¡hat lhe struclural t1isorder elTccls
in the lernary allo1's are generally small 12;"),33]. Thc total
proje¡;letl uellsily (Jr slales is l!len ohlained hy intcgraling in
Ihe two-dimensional (2D) f1rsl Brillouin zone (BZ) lIsing Ihe
Illethod of CUllllinghalll [:1.11. I(cre we have used a set nI' 9
spccial poinls in Ihe HZ. For numcrical convergence a small
imaginary pan of O.()Ol eV (o (he real energy variahlc was
added.

2.2. 0111" appl"oach

( I )G~1 = (wI - H",,) - H(lI T,

antl the projectcd hulk Green's function, [201

C-1 C--l lit T-
'1, = '" - 01 ' (2)

-E (,')-r.},,(I) +(1 l-)EPi...•u.o'. -. Jn.n' -. 0,0" n,n'=s,J':~,S*, (5)

whcre w is Ihe cnergy eigenvalllc, lIoo ano /lell are lhe
lighl-hinoing Hamiltonians lhal descrihc lhe laycrcJ sys-
telll. \Ve adopt Ihe cllstomary description in terllls 01' prin-
cipal layers, ami rclain firsl nearesl neighhors inleractiolls
hetwcen ¡mncipal laycrs. It is \\'ell known lhal ¡his mcthod
givcs a correcl e!cclronic descriplioll ol" surfaces ami inlerM
faces 119,21-2:3. :32).

It is clIs(olllary to define lhe transfer matrices as

for all but the •..••..OI1-sile TBr of lhe sllhstitutetl ion. In Eq. 5
El (1) ¡¡rc Ihc TBP rOl" Ihe (.'ompoulH.l l (2)' o: 0' '¡re the/l.n' , , •

alomic orhilals used in thc hasis set.

rOl" lhe ".,," on-sile TBP we usc lhe following exprcssion:

£""(.1',1,,,) = £.",,(.1') + .1'(1 - .r)b", ,,= o, r, (6)

Thcse matrices can he calculated with lhe quick algorilhm
01' L<ipel-Sancho el al. 1:301 and Baquero 1:31], (see Rcfs. 22
and 23 ror a compilalion of Ihe formulae <Jllddetails 01' the
algorilhms used).

For any 01' Ihe Grcen 's funclions givcn ahove lhe corre.>
sponding densi(y 01' Slales, projecled at a given layer, can he
obtainetl fmm Ihe usual formula

I
N(k,w) = --lIll(trC(k,w)],

rr

GI.:+l.l' = TG~.l" k2:I'2:0
j 2: i 2: 0_ (3)

(4)

where E.~,,/(,l') is givcll by ElI. 5, antl lIv is 1.111empirical ho\V-
ing parameler per each dilTcrent suhstilulion. f-rom Eq. (l

is clear Ihal [". has el1ergy units. This paramctcr cuuld he
thought as an hCllristic description 01"the disortlcr elTccls. \Ve
(.'an justify this arpmaeh hy appealing lo the simplicity 01' lhe
trcalrncnl and Ihe qualily uf Ihe results, as we will show in
lhe next secclioll. TIH.' cmpiri(.a[ bowing paramcter llsetl for
Ihe anion suhSlitulion in ZnScl_:c TeL is bv ::;:-G.9G.1 (com-
plele and dewilcd tre~lllllent forolher JI-VI lernary alloys will
be puhlished clscwhere). \\'ilh Ihis Hamiltol1ians we can then
ca!Culale Ihe hand gap valuc amI, 01"course, the elcctronic
hand slrllclure rOl"all Ihe Illolar fraclioll in ;¡ slraightforwartl
way.

Rn. ¡\J('X. Fú. -15 (3) (1999) 271-275
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FIGURE l. RamJ gnp dcpenJencc on (he molar fraclion 01'
ZnScl_~Te.r. The points arc (he experimcntal Jata of Ref. 33. Thc
soliJ line ~h()ws lhe results 01'our ca!cula(ion.

FIGURE 2. E1cctronic hand slructurc for: a) ZnTc, h) ZnScO.5TeO.5.
and e) ZnSe. The c\cclronic hanJ slruclurc for (he ternary alloy has
hcen ca1culalcd as cxplaincd in Scclion 11B. The cnergy scalc is
rcferrcJ lo (he mnXimllnl in lhe vnlcncc hand.

3. Rcsults ami discussion

3.1. The balld gap (.'~llclllation

Figure I shows our hand gap calculalion for lhc ZnScl_:.r Tez
syslcm. In tlle figure Lhe cxperimcntal Jata arc showed hy
poinls and the full hne rcprcsents OUTcalculation. The figure
shows good agreemcnl hetween the experimental anJ the (he-
oretil'¡¡\ curve, in parLicular in Ihe :17 < 0.,5 range. Tlle exper-
imenl,,1 curve shows a minimum "round X:~il;1~ 0.G5 which
is very clase lo our calculaled value :r~llllit;~);:::::::O.Go. Al this ;17-

value we ohtain a hand gap value of2.47 eV,lhis is ahoul O.OS
eV lIndcrestimated with respectlo Ihe experimental one 1351.
\Ve also have calculaled lhe oplical howing paramclcr 01' Ihe
syslcm amI nhtaincd Lhe valuc 01' 1.51 eV, which is in good
agreclllcnt wiLh lhe experimental one, namely 1.507 ::i:: 0.10
eV [.3[,].As is evidcnl, ourerror is within the known accuracy
01' the method.

3.2. The clt.'ctronic hand structure

\Vilhin our approa<.:h, as explained in Scct. 2.we have calcu-
laled the electronic hand structUTe for lhc case :t = 0.5. and
compared il wilil lhe extrcmal cascs, namely, ZnSe (:r = O)
anl! ZnTe (.r = 1).

Figurc 2 shows our elcctronic hand strucLure calcll\a(ion
rOl" L!liscase. Fromthis figure is clcar that lhe calculated slruc-

turc, Fig. 2h, is rcprcsentativc of a semiconductor compollnd
with a L1irecthand gap. At Ihe salllc lime, Fig. 2b shows that
in the upper valcnce band rcgion it is very similar lo the cor-
rcsponding ZnTc case, see Fig. 2a. The lowest valenee hand
resemhles the ZnSe one, see Fig. 2e, hut with encrgics values
thar are mixcd helwcell thelll.

In the conduclion hand region lhe lower conduclion hand
is similar 10 rhe corresponding ZnTe onc, as we have COIll-
menlcd ahoye, SCCI.3.\, rOl' low Tc-concenlration. The rest
01' lhe hands are similar to lhe ZnSc casco

3.3. Thc LIlOS ea!Culatiou

Figure 3 shows our calculalcd hulk-projecled LDOS for the
ZnSel_x Tez alloy. \Ve will conccntratc OUTdiseussion only
nn Ihe valence hand region. Mainly. as is well known, bc-
causc lhe tight.binding Illclhod givcs a poor description ror
Ihe upper conduction stales.

We can ohserve in the figure Ihe change 01' lhe blllk-
projeclco LDOS going from ZnSe (x = O) lo ZnTe Ce = 1).
We ohlain lhree peak s in lhe valcnce band region and four
pcaks in lhe conduclion hand rcgion. The upper valence hand
wiolh is - 5 ano - (, eV for ZnSe ano ZnTe, respeclively. For
all lhe alloys we ohlain an arrropriate comhination of lhese
values. with exception of lhe:r = O.G case. At this COl1ccn-
tration we f1nda slllall upper valence hand width. In this case
we oblain a band \vidth 01' about 3 cv. We should reminL!Lhat

H('l'. Mex. Fr.\. 45 (.3) (\999) 271-275
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FIGU~l 3. Blllk-projcclcd 1000'aldcnsity of ~Ialcs for (he (001)-
~llrfacc for ZllS\"'I_~.Tc.t".Thc ca1culalion is showcd at diffcrcnt .1"

\'alucs.

flCiURE 4. Loe<l1ucnsily of stalcs projected on the first princi-
pal layer of Ihe (OOI)-surface for ZnSel_r Ter. The c<llculation is
showed al dífferent .r va1ues.

Ihis cOIH.:cntr~Hion l'orrcsponds lo lhe rninimulll in lhe hand
gap val lIC. Al Ihe salllc lime, as we can sec fmm Ihe flgure,
we llave a largc ¡ncrcase 0'- statcs in lhe hotlom 01' lile valcncc
hand. That is to sayo Ihe stalcs "are moving" from lhe uppcr
valcncc hantl statcs lo lhe lower statcs. Ir \Ve ¡n(cgrale Ihe
LDOS Ihrough uul lhe valence band region, I N1l(w; x) dw,
\Ve rcalizc that Ihe numbcr of Mates in Ihis case is Ihe salllc
lhat fOf lhe other :r-valucs. As it should be cxpcctcd: we llave
cOllscr\'alion 01' sl,llcs rol' cach dinerent x-value, out \Ve also
gel a redislrihulion oi' lhe clcclronic statcs.

In lhe lowcr valence hand region, \Ve lind a \ViJe gap in
lhe "alence hand LDOS. This gap is - 7 "nd - 5.5 eV ror
ZnSc ami ZnTe, respectively. \Ve rcmark lhat these values
are very close to thc ooes ootained in hulk, "'" 6 and 5.4 for
ZnSe ami ZnTe, respeclively 136,3il

On lhe olher hand. jI is worth to commcnt that OUTLDOS
shows allllllSl the same pattern found hy Li and PÜIZ [2-1] us-
ing a large cluster approach. hased on a tight-hinding S[):l..,+

mode!. within an (lb i"itio calculalion. or the molecular co-
herenl pseul!upotcnlial approx imation (f\.1CPA) 01' Lemperl et

al. 12:Jl. Ho\Vevcf. hccausc our modcl is empirical and 2D in
n¡¡IUfe, \Ve make no ílllempt lo compete direclly with Illore
fundamental {/ priori approaches. \Ve on1y show that our
tight-hinding ami refonnuhlled VeA approaches reproduce
knowl1 fi.'atures of Ihe calculated densily uf statcs (DOS). In
principie. \Ve could lhink that in lhe calculation 01' lhe LDOS

\Ve should lose importanl informalion on {he DOS. tlue to
lhe losing of lhe Z -coonlinate. However. in this work we are
~ho\Ving lhat the process lets us retain lhe main fcatures 01'
Ihe DOS.

Finally. Fig. 4 shows OUTcalculated LDOS projected onto
lhe surfaee principal~laycr. Thc majn result. that can be oh-
served from lhe flgurc. is the general narrowjng of lhe band
widlh. As is \Vell eSlahlished. Ihis is mainly due to lhe los5
of half of Ihe llrst ncarest ncighhors for Ihis surface 122j.
Anolher peculiar result. showed in the figure, is the highly
cncrgy-locali7.cd surfacc slalc in lhe middle ofthe fundamen-
lal oalH..1gap rOl" all concenlrations, approximalely. This fact
\Vas reported pre\'iously in Ihe Ref. 32 for other 11-VI bi-
nary compounds as \Vel!. Al Ihe samc timc we find a SUf-

faee resonance !leal' Ihe tor 01" lhe \':llence bando This SUf-
faee resonance is charactcristic 01' an anion lcrminaled sur-
facc 121. 321. (For a c:llion Icrminated surfacc, not showed
in this cakulation, rhcrc should appear a sUTface resonancc in
Ihe middle 01" Ihe v¡¡lence b¡¡nd {21, :t~]).A final resonance
slate is ohtaincd in lile holtom nf rhe valcnce hand. hy look-
ing al Figs. J and 4 \ve see that Ihis resonance stalc moves
logether with Ihe 10\VCSl hul"'- hand as a funclion of ;r (see
Re!'. 21 for;¡ dClailcd discussion 01" (he valence hand elec-
tronic struelllrc nf lhesi.' and otller I1-VI scmiconductor COItl-

p<alllds).

Rel'. Mi'X. 1-"\, .t5 (3)(1999) 271-275
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2-l.

4. Conclusions

In conclusion, wc have shown lhat an adcquatc light-hinding
description 01' lhe 11.VI tcrnary alloys can oc achievcd w¡thin
a rcfonnulated virtual crystal npproximatioll. This approach
3110w liS 10 reproduce importan! propcrlies of thcsc systcllls.
as the LDOS amI surfacc siates, OUT confldcncc Tests 011 lhe
faet Iha1 wc st[lrl [mm ao adcquatc dcscription of lhe oulk
hands 01' the hinary compounds. OUT rcsults are cons"istcnl

with olhcr more complicatcd calculations, and lhe mcthod is
nol so cxpcnsivc than thcsc. In general. lhe valcncc hano fea-
lures, w¡thin OUTformulation, are in good agrcerncnt with lhe
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