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ABSTRACT

Thestructural, electronic and optical propertiesof Ca Zn,  SinB3 phaseare
investigated in order to seetheeffect of addition of CainZnSintherange 0<
x <1. For this purpose, first principle density functional calculations, using
full potential linearized augmented plane wave (FP-LAPW) method, have
been used. The equilibriumstructural parametersfor Ca Zn,  Sare obtained
fromthetotal energy minimization cal culationswith respect to volume. The
electronic structure and the density of states for Ca Zn, S are calculated
and analyzed in terms of the contribution of Znsand d, Ssand Capandd
states. Optical properties such as complex dielectric constants (), refractive
index (n), extinction coefficient (k), normal-incidence reflectivity (R), ab-
sorption coefficient (o), and optical conductivity (o), are aso calculated
and analyzed in the incident photon energy range 0-50 eV. It is found that

the direct bandgap Eg’r variesfrom2.2eV t03.7 eV asx variesfrom0to 1
and the optical properties of Ca Zn, S also changes accordingly.
© 2009 Trade Sciencelnc. - INDIA
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ZnSisaprototypeI1-VI wide band gap semicon-

Technologica and theoretica interestsinthewide
band gap 11-V1 compounds and their aloys have been
growing recently dueto their usein eectro-optica and
electron-acoustic devices. Thell-VI compoundsare
promising materidsfor light emitting deviceswhich op-
erateintheblueto ultraviolet region. Recent progress
inthebluelaser diodes (LDs) and full-color € ectrolu-
minescent (EL ) displayshasevoked astronginterestin
the study of these material §2.

ductor and itscubic phase occursnaturally asamineral
iscdledthezinc-blend (ZB) structure. TheZnScrysta
aso existsinwurtzitestructure. Thewurtzite structure
isdifferent fromthe zinc-blend structureat therel ative
position of thethird neighbor and beyond. Thelocal
atlomicenvironmentsinboth crystdsaresufficently dose
and it hasbeen taken for granted that their electronic
structures should al so be very similar. In comparison
with wurtzite structure, very littleisknown about the
electronic, optical and mechanical propertiesof zinc-
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blend I1-V1 group under high pressure and tempera-
ture. Moreover the zinc-blend phaseisexpected to be
more amenabl eto doping than thewurtizite phase. Re-
cently aninvestigation on the pressureinduced trans-
formation of nano-crystalline ZnSwas carried out by
Pan et d.¥ using an energy dispersive X -ray diffraction
technique and they reported thetransformation from
wurtziteto ZB at 11.5 GPaand then to rocksalt (RS)
structureat 16 GPa.

Crygtdlinezincsulphide(ZnS) iswidely appliedin
electroluminescent devices, blueor ultraviolet light
emitting diodes, laser diodesand tuneablemidinfrared
lasersand second harmonic generation devices?. Crys-
taline ZnSthin films can be prepared by conventiona
deposition techniques such asliquid or vapor phase
epitaxy. Dueto low growth temperature and low ki-
netic energy of thetransporting moleculesin conven-
tional epitaxy, crystallineZnS grown on various sub-
gratesisnormaly of zinc-blend structureand poor crys-
talline quality. Considerable efforts are being devoted
toredizeap-type material by doping or growing ZnS
withimpuritiessuchasLi or Cl. Whendoped withMn,
theZn based wurtzite crystd formsan interesting group
of dilutemagnetic semiconductors.

Cddumsulphide, likeother dkdine-earth sulphides,
hasrecently attracted increasing interestsbecause of its
potentia technologica use, particularly ashost materia
for device application ranging from photo- and el ec-
troluminescent thin filmsto magneto-optical devices,
owingtoitswide band gap®®. Chen et al.I" have cal-
culated thestructural and electronic propertiesof CaS
compoundinall four B1, B2, B3 (zinc-blend) and B4
(wurtzite) phases, usng DACAPO codewiththe GGA
approximation using ultra-soft pseudopotentid™®. They
found that only B2 phase of CaShasan indirect band
gap, whileal the other three phases are direct band-
gap materias. Experimentd reflectivity spectrum stud-
iesof Kaneko et a.¥ and optical absorption spectrum
studiesby Jinet a.¥ indicatesthat B1 phase havein-
direct band gap (I'-X) of 4.434 eV and4.52 eV and
direct band-gap (I'-I') of 5.343 eV and 5.33 eV. An
earlier optical absorption measurementin CaSyielded
aband-gap value of 5.38 eV; however the nature of
the band gap remained unclear™. Thetheoretical re-
sult of Chen et a.[mare not only contrary to these ex-
perimenta studiesas regard to the nature of the band
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gap™@, there seemsto beinconsi stencies between the
band structures of the different phasesof CaSand their
respectivedensity of states (DOS) plots.

In thispaper the structural, el ectronic and optical
propertiesfor Ca Zn, Sternary dloy in B3 phaseat
different concentrationsof Caare calculated; by using
thefull potentid linearized augmented planewave (FP-
LAPW) methodintheframework of density functiona
theory. Equilibrium volume, bulk modul us, direct band-

gap Ey ', didectric constants (g), refractiveindex (),

extinction coefficent (K) and normd incident reflectivity
arecd culated and compared with other cal culated and
experimentd results.

2. Computational details

First principle band structure calculations for
Cazn,  Swithintheframework of density functiona
theory with thelocalized dengity gpproximation (LDA)
using theWu-Cohen exchange-correl ation potential %3
have been performed. TheK ohn-Sham equationswere
solved withthefull potentia linear augmented plane
wave (FP-LAPW) technique, using the WIEN2K
package™. Inthe present self-consistent calculations,
amuffin-tinmodel for thecrystal potentia isassumed
andtheunit cdll isdivided into two regions, withinand
outsidethe muffin-tin. Theeectronsare paired into
two groups, namely the core el ectronswhose charge
densitiesare confined withinthemuffin-tin spheresand
the valence electrons. The core electron states are
treated fully relativistically by solving the Dirac equa-
tion, whereas the valence electrons are treated non-
relativisticaly. Inbothregionsof theunit cdl, different
basi s setsare used to expand thewavefunction. Inside
thenon-overlapping spheresof muffin-tin around each
atom, linear combination of radial solution of the
Schrodinger equation times the spherical harmonic is
used whereasthe plane wave basis setisused in the
interstitial region. Themuffin-tinradiusR, . ischosen
such that thereisno chargeleakage from the coreand
total energy convergenceisensured. R, vauesof 2.4,
2.26,2.12 auareused for Zn, Caand Srespectively.
Themaximum vaueof angular momentum|__ =10is
takenfor thewavefunction expansoninsgdetheatomic
spheres. For planewave expans on of thedectronwave
functionintheintertitid regionfor Cg Zn, S, theplane
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wavecut-off vaueof K xR, =9isused, whilefor
the binary compounds (ZnS, CaS) K, __ xR, =8is
used. A mesh of 72k - pointsfor thebinary compounds

-8 k
@
=
|D_:| (E1LY
B3
Lo}
o
© (651
S
(£
[ TR TR 5]
Volumela.u."3]
....... ; — %
®
g IR
&
? L ]
o
E LELN
S
0 o il aan i
Volumegla.u”3]
HE44 -
©
Q>:‘ R4
&
o)
8 1HEH
g /
|9 b P

M- Mg cucl®

. Voiume[a.u."S] .
Figure1: Variation of total energy[Ry] asa function of
volumefa.u”3] for (@) Ca,,.Zn, .S, (b) Ca,Zn, . .Sand(c)
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aretakenfor theBrillouin zoneintegrationsinthe cor-
respondingirreduciblewedge. A finer k meshisrequired
for the evaluation of complex diel ectric constant and
other related optical properties. We have used 3500 k
- pointsinthe cal culations of optical properties.

3. RESULTSAND DISCUSSIONS

3.1. Sructural properties

In order to study the structural properties of the
ternary alloys Cazn, Sfor x =0, 0.25, 0.50, 0.75
and 1, thestructurd propertiesof the binary compounds
ZnSand CaSarecd culated in B3phase. For each com-
position, volumeoptimizationisperformed by minimiz-
ingthetotal energy with respect to theunit cell volume
using theMurnaghan’s equation of state™™ and themini-
mumvolumeisnotedfigure 1. Next theequilibrium struc-
tural parameters such asthelattice constant aand the
bulk moduli B areevauated. Itisfound that thevaues
of lattice constant and bulk moduluswith LDA arein
good agreement with theexperimenta and other cacu-
lated values, TABLE 1.

Theequilibrium lattice constant and bulk moduli for
CaZn,_Salloysasfunctionof x arepresented infig-
ures 2 and 3. It is noticed that, the calculated lattice
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TABLE 1. Calculated lattice constantsand bulk moduli of Ca Zn, Scompar ed to experimental and other theor etical results

L attice Constant a(A°

Bulk M oduli B(GPa)

X Thiswork  Exp Other calc Thiswork Exp Other calc

0 5.30 5.41° 5.3998", 5.580°, 5.280° 86.01 76.9° 83.1° 80.97°, 75.9%, 83.3°
0.25 5.55 65.98
0.50 5.79 53.10
0.75 5.99 48.25

1 6.15 6.0, 6.129 6.294" 45,0172 43.6' 479, 40.86"

aRef 11617 bRef 118 cRef 19 dRef 1201 eRef 1211 TRef 122, 9Ref 23 hRef 124
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TABLE 2: Direct band-gap energy (eV) of Ca Zn, Salloysat
different Caconcentrations

N Eg (eV)
Thiswork Exp Other calc
0 2.2 3.53%,3.4° 3745, 373
0.25 2.8
0.50 29
0.75 3.2
1 3.7 3.49 3.18°

aRef.[251, bRef.[zsl, °Ref.l271, dRef.[zgl, eRef (24
constantsfollowed thevegard’s law. Whereas the bulk
modulus shows considerable bowing and obey the
equation,

B(X) = 85.56 - 87.45x + 47.57x @)

Electronicproperties

The band structures and density of statesfor B3
phaseof Ca Zn  Scorrespondingtox =0, 0.25, 0.50,
0.75 and 1 are calculated, using the FP-LAPW ap-
proachwith LDA scheme. Figure4 showsthetota den-
sity of states (TDOS) along withthe Capands, Znd
andsand Sspartid density of states(PDOS) of Ca Zn,
Scompound. Thecontribution of s, p and d states of
Zn, Caand Sareobserved.

INZnS, Zn 3d state givesthemagjor contributionin
the valance band, whereasin CaS, Ca 3p state plays
thepivota roleinthevaanceband and S3sstateinthe
conduction band. When the ternary compound is
formed, thelower part of the valance band istotally
dominated by Zn 3d state and the upper part of the
valance band istotally dominated by Zn 4sand Ca3p
states, whilethelower part of the conduction band is
dominated by S 3sand upper part by Ca 3d statefor
all concentrationsof Ca. The position of peaksZn-d
and sCa-d and S-sremain the same, but their contri-
bution varies.

For the e ectronic band structure calcul ations, the,
Zn3dand4sCa3p, and4sand S3sand 3p statesare
taken asvalence statesand all lower lying states are
treated as part of the core. The band structure of
CaZn,_Siscaculatedforx=0,0.25,0.5,0.75and
1. It isobserved that ZnS (x=0) and CaS (x=1) are
direct band gap materialsin B3 phase with the band

gaps Ey ' valuesof 2.2 eV and 3.7 eV respectively.

Theband structure of Cg Zn, Sfor x=0.25, 0.50 and
0.75areshowninFigure5 dong high symmetry direc-
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Figure6: Eg'r asafunction of x, (a) calculated values(b)
electronegativity expression

tionsand the calculated valuesfor E, " at different x

are compared with experimental dataand with other
cdculations, TABLE 2.

Figure 6 showsthedirect band gapsof CazZn, S
asafunction of compostionx. Itisfoundthat thedirect

band gap changesaccordingto E, " =2.9-0.8x +1.6x?

intherange0.25< x 1. Thecaculated valuesof E; ™" are
also compared with e ectronegativity equation (2).
EJ3MS = XES™ 4 (1-x)ES"S — Ay x x(1- ) @)
Where Ay, representsthe el ectronegativity difference between

Zn and Cacations. The calculated value of Ey ™ shows con-

siderable deviation from the el ectronegativity equation around
x=0.25. Itisdueto thefact that in the density of statesfor the
binary alloy ZnS, Zn hasd and sstatesat -6.51 €V and -4.95 eV
respectively.

4 X £ M

0.75

I A ' A XZ M E

S(b) Ca, Zn . Sand(c) Ca .Zn .S

e

When Caisadded the Casand p stateslay close
to the Fermi surface, that is, in theenergy range-1.03
eV and-0.39 eV. Hence Caplaysanimportant rolein
theternary alloy Ca Zn,_S. The same behavior was
observedin CaZn,_ O, whereinthevaence band the
Op statewascloseto the Fermi surface, with the addi-
tion of CainZnO, the Cap statea solocated itsdlf near
the Fermi surface.

Optical properties
3.3.1. Didectricfunction

In order to study the optical propertiesof CazZn,
S, itisnecessary toinvestigatethe complex dielectric
function g(w) which givestheresponse of the solid to
electromagnetic radiations. Other propertiessuch as
refractiveindex, extinction coefficient and reflectivity
arerelated to g(w).

The imaginary part of the frequency dependent
dielectricfunction ¢,(w) for structureswith cubic sym-
metry isgiven by

o20) =z 2 [Pk

nn' gz
&,(o) isstrongly related to thejoint density of the states
(DOS) w, ., and momentum matrix elementP . The
red part of thedielectricfunction e (o) isobtained from
&,(w) by using the Kramers-Kronig relations®),

dS
Vconn’(k)

=1+EP
]

I 0)'52((0')
s mrz —(1)2

&,(0) do’

Optical parametersof the alloyswere cal culated
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TABLE 3: Calculated optical parametersof Ca Zn, Salloys
at different Caconcentrations

Ir-r
X liegV) €(0) &xw) n (o) k (o) R(0) o (0) o(w)
0 22 578 213 245 222 017 25 24
025 28 545 266 232 265 016 28 28
050 29 475 275 220 275 0.14 301 29
075 32 416 301 214 301 012 327 3.2
1 37 412 328 212 320 011 362 36

using 3500k pointsintheirreducibleBrillouinzone (BZ2).

Thecdculated imaginary partsof thedidectricfunc-
tionfor Ca Zn, Sforx=0,0.25,0.50,0.75and 1 are
showninfigure7. The criticd pointsine,(o) occur a
about 2.13 eV, 2.66 eV, 2.75 eV, 3.01 eV and 3.28
eV corresponding to x=0, 0.25, 0.50, 0.50, 0.75 and

—== Fyl] Peper

respectively and are attributed to the threshol d for the
direct optical transitionsoccurringat 2.2 eV, 2.8 eV,
2.9eV,3.2eV and 3.7 eV respectively.

It is observed that the overal behavior of ¢,(w)
appearsto besmilar for all concentrationsof Cawith
somedifferenceindetails. It isnoted that the binary
aloy ZnShasastrong absorption regionintherange
2.3eV-14.8 eV, whereas CaS hastwo regions of strong
absorption, i.e., in the range 3.54 eV-15.26 eV and
23.37eV-27.87 eV. Inthese energy ranges, €. (®) goes
from maximum to minimum and thesefeaturesarea so
reflected intheternary dloys.

Infigure 8 we present our calculated real part of
thedieectricfunction and report themain optical tran-
sition energies(eV). The most important quantity of
g,(w) isthe zero frequency limit €,(0), which isthe
electronic part of the static dielectric constant that de-
pendsstrongly on the band gap. Thisquantity may be

related to therefractiveindex n(w)=4/e,(0)

Our calcul ated static diel ectric constantsfor Ca Zn,
Sareb5.78,5.45,4.75, 4.16 and 4.12 corresponding
tox=0, 0.25, 0.50, 0.75 and 1. The corresponding

valuesof E; " are2.2eV, 2.8¢eV, 2.9¢V, 3.2¢eV and

3.7 eV respectively. It isnoticed that asmaller energy
gapyiedsalarger g, (0). Decreaseinthedielectricfunc-
tion with theincrease of optical energy gap hasalso
been observedin therecent experimentson SOCfilms
by Yu et d.%, Itisfound that in the ZnS, thereisa
shoulder at 2.13 eV andin CaSadistinct peak isob-
served at 3.72 eV corresponding to the direct band
gapsinthesebinary dloys, TABLE 3. AsCaisadded
inZnSthe shoulder shiftstowardshigher energies.

3.3.2. Refractiveindex and reflectivity

From (w), other important optical constants for
practical-device engineering areeva uated, such asthe
refractiveindex i (o) incuding extinction coefficient k
(®) and norma-incidencereflectivity R ().

Therefractiveindicesof ternary alloysareimpor-
tant opticd desgn parameters, eg. for distributed Bragg
reflectors(DBRs) inverticd cavity surfaceemittingla-
serg®l. Thecomplex refractiveindex isgiven by

A=n+ik =% = (g, +ig,)"?

where n representsthereal part of therefractiveindex andk is
the extinction-coefficient. We can determine the refractivein-
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ingtodifferent valuesof x

dex n(w) and extinction coefficient k (o) fromtherelations.

n(0)= 5| bafo +sa(of [ (o)

o)= 5| bl +eo(0f*~2(o)]

Thegraphsof n(w) and k(w) havebeen displayed
infigures 9 and 10 respectively. It can be seen from
thesefiguresthat n(w) closely followse (o), whereas
K(w) changesase, (o).

Fromtherefractiveindex and extinction coefficients
we can cd culatethe normal-incidencereflectivity by
usingtheeguation

R(w)

fom < Mo
o ol R

E-nergy (eV)
Figure11: Reflectivity R () for Ca Zn, Scorresponding
todifferent valuesof x

-1 (-1 +k?

R(0))_|ﬁ+1| " (n+1)?+k2

Thenormal incident reflectivity givesgood infor-
mation about different critical points of transition.
Figure 11 showsthereflectivity spectra. Thereflectivity
regionfor ZnSisintheenergy rangeof 4.41 eV-25.09
eV and correspondsto the frequency range 6.7x10%
rad sec?-3.8x10% rad sec™.

Itisobserved that in CaSthereflectivity spectraR
(o) hastworegions. Thefirst regionisintheenergy
range 3.01 eV - 18.14 eV, which correspondsto the
frequency range4.57x10%-2.75x10% rad sec. The
second reflectivity regionisfrom 23.33eV-33.72eV
and corresponds to frequencies 3.5410% rad sec?-
5.12x10% rad sec. Theseregionsarereflected inthe
ternary aloys. All thesereflectivity regionsbelong to
UV region of the el ectromagnetic spectrum. AstheCa
concentration decreases in CaZn, S the second
reflectivity regiondiminishestill it vanishesinZnS.

3.3.3. Absor ption-coefficient and optical conduc-
tivity

Our cdculations of absorption coefficient o(w) and
optical conductivity ¢ (w) for Ca Zn, Scorresponding
tox=0, 0.25, 0.50, 0.75 and 1 areshowninfigures 12
and 13 respectively.

Itisnoticed that thereisahigh absorptionregionin
ZnSintheenergy range4.15eV-21.15eV. Asthecon-
centration of Caisincreased thisabsorptionregion shifts

Au Tudian Yourual
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towardsthehigher energies. In CaS, ¢ () isnegative
intherange5.67 eV-6.73 eV, 7.96 V-8.76 eV, 10.52
€V-12.38 eV and 26.8-28.0 eV. The absorption co-
efficient showspeaksintheregion 5.30 €V-6.87 €V,
7.14€V-8.63 €V 10.04 eV-12.32 eV and 26.1-28.23
eV. Further, thereflection co-efficient of CaS passes
through maximaintherange 5.1 eV-6.53 €V, 7.93 eV-
8.55€V, 10.49 eV-12.42 eV and 26.50 eV-28.35eV.

Hencewhen Caconcentrationisincreased from0
to 1 theabsorption and reflection coefficients show fea
tures observedin CaS plots. Sincethe optica conduc-
tivity o(c) isproportiona to e, theconductivity curve
follows the pattern of ¢,(w) with sharper peaks at
higher .
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4. CONCLUSION

Thefull potentid linearized augmented planewave
(FP-LAPW) method inthewien2k code hasbeen used
to study the structural, €l ectronic and optical properties
of CaZn, Sin B3 phase. Itisfound that the lattice
constant deviatesdightly fromlinearity whereasthebulk
modul us shows considerable bowing asafunction of
the calcium concentration. The calculations of density
of statesand band structurefor various compositions
of CaZn, S show that the lower part of the valance
band isdominated by the Zn 3d and 4s statesand the
upper part of thevaanceband has Ca3p stateswhereas
Ca3d and S2s statesprevail inthe upper part of the
conduction band. It isfurther found that intheternary
aloy theposition of these statesremainsthe samehow-
ever thelr magnitudevariesin accordancewith the con-
centration of Znand Ca. Next, thedependence of band

gep By inCaZn, Sasafunctionof x iseva uated. It

isobserved that the cal culated val ues of direct band
gap around x=0.25isdifferent from the corresponding
vauegivenby theempirica relation. Thisdeviationis
attributed to thefact that Zn belongsto Vb group and
Znd statelies deep in the valence band whereas Ca
belongsto Ilagroup and its 3p state lies closeto the
Fermi surface henceitseffect on theband structureis
prominent. Sofor no experimental work hasbeen done
on the ternary dloy Ca Zn, S, but since the direct
bandgap of thisaloy variesfrom2.2eV t03.7€eV asx
changesfromOto 1, it can beused asapotential mate-
rial for devices which work inthe UV region of the
spectrum. Theresultsof optical propertiesa so show
that Ca Zn,  Scan beefficiently usedindeviceswork-
ingintheUV range.
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