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ELECTRONIC STRUCTURE OF Il-VI COMPOUNDS AND THEIR ALLOYS - ROLE
OF CATION d BANDS

Su-Huai WEI andAlex ZUNGER

Solar Energy Research Institute, Golden, Colorado 80401, USA

Traditionally theelectronicstructureof II VI compoundswas treatedtheoretically throughtight-binding or pseudopotential
models,neglectingthecation d bands,despitethe fact that they are located less than 10 eV below the valencebandmaximum
(VBM) Applying first-principleall-electronbandstructureand total energymethodsto ZnTe. CdTe.and HgTe and their ordered
alloys, we show that inclusion of cation d stateson the samefooting as othervalence statesleadsto a numberof qualitative and
quantitativechangesin the predictedelectronicstructure.Theseinclude effects on: (i) the predictedbandgaps,(ii) the spin orbit
splitting at theVBM, (iii) thebandoffset betweentwo II VI compounds,(iv) thecohesiveenergy,and (v) thedirection of charge
transferin analloy.

1. Introduction leadsto qualitative changesin the propertiesre-
lated to the uppervalenceand lower conduction

II VI semiconductorcompounds,their alloys, bands[12 15].
and superlatticeshave been of great interest in
recent years becauseof the relevanceof their
electronicproperties to applicationssuch as in- 2. Method of calculationparticularly

structureof II VI compoundswas studied theo- suitablefor II VI systemssinceit usesboth local-
retically through tight-binding [3,4], empirical [5] ized orbitals(describingwell the localizedcationd
and self-consistent[6] pseudopotentialmethods, orbitals) and planewaves (describingwell the sp
neglecting the cation d bands. (Whereasearly orbitals betweenatoms). Relativistic effects are
applicationsusing the KKR [7] or OPW [8] ap- included.

approximation[9] havealso crystalstructure.
employedsimpleelectronicstructuremethodsne-
glecting d bands.Despitethe fact that the outer-
most cation d orbitals are locatedless than — 10 3. Simple physicalmodel
eV below the valenceband maximum (VBM), it
was hoped [3 6,9 10] that in some sensethese Our
1 0 0 1 98 140 Tm
104nseitsome







4 S-H. We,,A. Zunger / Electronic structureof II— VI compounds

relative to the Cd—Te bond. After including the (iv) Sher et al. [24,25]predictedthat CdHgTe~
cation d bands(fig. 2b), the differencebecomes is thermodynamicallystable at low temperature,
dramaticallysmaller. This is causedby the fact i.e., that the calculatedformation enthalpyof the
that the deep cation d band (the lower, T’15(dp) orderedphase
statein fig. Ib) in HgTe is moreextendedthan the -.~H=E(CdHgTe2) — L(CdTe) — E(HgTe) (1)
correspondingbandin CdTe (sinceHg Sdis more
delocalizedand less bound than Cd 4d). Adding is negative (where the total energy E for the
the contributionof the deepcation d band to the ternary and binary compoundsare all calculated
chargedensity(fig. 2b) effectively replenishesbond at their equilibrium structures).They also predic-
charge in HgTe relative to CdTe. We conclude ted an anomalousvariation of the Cd—Te and
that omitting the d bandsrendersHgTe spuriously Hg—Te bond lengthsin Cd1- ~Hg,Te [25,26],i.e..
ionic relative to CdTe, but inclusion of the d the bond length difference between CdTe and
bandsmakesbothmaterialssimilarly covalent. HgTe was increasedin the alloy, a phenomenon

(iii) In fig. 3 we plot along the anion—cation not observedin othersemiconductoralloy systems
bond direction the difference in chargedensity [27]. Their predictions are supportedby pseudo-
betweenthe ternary compoundCdHgTe2 and its potential calculationof Hassand Vanderbilt [61.
binaryconstituentsCdTe andHgTe. If the contri- However, all of thesecalculations[6.24—26]ne-
butions of the cation d bandsto the chargedensi- glect cation d bands.We havere-examinedtheir
ties are ignored (figs. 3a and 3b), one would results by modeling the 50%—50% alloys in the
erroneously conclude that in the ternary phase ordered“CuAu-I” structure.We havecalculated
electron chargehas accumulatedon the Hg—Te the ground statepropertiesof ZnCdTe2,ZnHgTe.,
bond (positive dashedareasin fig. 3a) and was andCdHgTe2by minimizing the total energywith
depleted on the Cd—Te bond (negative dashed respectto both the cubic lattice constant a and
areasin fig. 3b). This alleged“weakening” [4] of the anion displacementparameter[13] u which
the Hg—Te bond (relative to the Cd—Te bond) in controls the relative sizes of the A—C and B—C
the ternary system is but an artifact of the omis- bonds.The tetragonaldistortion is assumedto be
sion of the contributionsof the cation d bandsto negligible(i.e., ~of
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Table 2
Calculatedgroundstatepropertiesof ZnCdTe

2, ZnHgTe2 and CdHgTe2 in the CuAu-I structure; the bond lengthsin thebinary
compoundsare ~ where a is the cubic lattice constant(table 1); i.e., R°(Zn—Te)= 2.621 A. R°(Cd—Te) 2.802 A and
R°(Hg—Te)= 2.811 A

a~ ueq R(Zn—Te) R(Cd—Te) R(Hg—Te) B

(A) (A) (A) (A) (kbar) (meV per 4 atoms)

ZnCclTe2 6.263 0.2290 2.638 2.790 — 440 54.3
ZnHgTe2 6.269 0.2279 2.637 — 2.797 452 42.4
CdHgTe2 6.481 0.2485 — 2.801 2.812 442 12.3

for ZnCdTe2are in good agreementwith experi- [31]. A recent LMTO calculation [32] found a
mental data[28], where the longerbond (Cd—Te) similar reduction,i.e., ~\0(HgTe)<L~0(CdTe)(0.95
becomesshorterand the short bond (Zn—Te) be- and 0.90 eV for CdTe and HgTe, respectively).
comeslongerin the ternarycompounds.The more The result that ~ for HgTe is smallerthan that
positive formation enthalpy for ZnCdTe2 and for CdTeis surprising,since Hg is heavierthanCd
ZnHgTe2(table2) are relatedto the largerlattice and HgTe has a lattice constantsimilar to CdTe.
mismatchin thesesystems. However,it is consistentwith the larged character

(v) Becauseof the mixing of d characterat the of the HgTe F15~state (— 13%, see table 3). We
F15~valenceband maximum the spin—orbit (SO) find that without pd hybridization the calculated
splitting ~ of the F15~statesis reducedrelativeto ~ valuesare 0.92, 0.90 and 0.99 eV for ZnTe,
the “no d” limit, sinced orbitals havea negative CdTeandHgTe, respectively.We notice that there
SO splitting relative to the p states.In table 3 we is no direct measurementof ~ for HgTe [1] (or,
give the calculated~ andtheand
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Table4
Calculatedand observedvalencebandoffsets(in eV). of Il—VI semiconductorpairs: thecompoundto the right of eachpair has the
higher VBM; comparisonis given with the tight-binding(TB) [37] and Tersoff [38] results

CdTe/ZnTe CdTe/HgTe ZnTe/l-lgTc M nTe/CdTe

LI EvI3M (withd) ~° 0.13±0.02 0.37±0.03 0.26±0(14 0.25 ±0.10
0.35±0.06Expi 0.10±0.06 hI 0.25 + 0.05 51
0.36±0.05 --

LI E~HM(TB, nod) “~ —0.07 0.00 0.07 ((.04
Tersoff ~ 0.01 0.51 0.30 ((.75

Presentstudy. 5) Ref. [36]. ~ Ref. [35]. ~ Ref. [37]. ~ Ref. l3~[.

completecalculationswhich include d bands, from the band structuresof AC and BC. respec-
(vii) We havedemonstrated[12] that the failure tively) and the core level difference ~

of the simple tight binding model [3] and the old (calculatedfrom the band structureof the (001)
“common anion rule” [33] (which suggeststhat (AC)~(BC)1superlattice,which is equivalent to
the valenceband offset for common anion semi- the ABC2 “CuAu-l” structure). We have shown
conductorheterojunctionsis small) in predicting [12], using a simple electrostatic model, that for
valencebandoffsetsis mainly duesupo0 1 3 Tm
- 461 Tm
(valence) Tj
1 0 09 T49 Tm
I(have) Tj
1 0 0 Tm
(suggests) Tj
0 1 318 461 Tm
(thesing)1 0 0 Tm
(sugganion) Tj
100 Tz
1 0 0 1 2358 438 Tm
107 Tz
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(have) T 1 29)1 0 0 Tm
(0system 0 1 445 509 Tm
107 Tz211 29)1 0 08(d) Tj

83fandsho9one
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