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Bond ionicities in CuBC2 chalcogenides„BÄAl, Ga, In; CÄS, Se, Te…

J. M. Merino, R. Dı´az, and M. Leo´n
Departamento de Fı´sica Aplicada, Universidad Auto´noma de Madrid, 28049 Madrid, Spain

~Received 26 October 1999!

The bond ionicities,f i ,Cu-C and f i ,BC of several CuBC2 (B5Al, Ga, In, andC5S, Se, Te! chalcopyrite
compounds are estimated by means of the Phillips–Van Vechten dielectric theory for binary tetrahedral
compounds and Levine’s extension to multibond crystals in the same way as Neumann@Crystal Res. Technol.
18, 1299 ~1983!#. The influence of Cu 3d electrons has been taken into account considering Jaffe-Zunger
@Phys. Rev. B29, 1882 ~1984!# band-structure calculations in chalcopyrite compounds, and performing a
simple extrapolation for Te compounds. The Cu-C bond susceptibilities have been estimated from the static
dielectric constant values obtained by Ma´rquez and Rinco´n @Phys. Status Solidi B191, 115 ~1995!#, and a set
of Cu-C bond susceptibilities is proposed. The evaluatedf i ,Cu-C bond ionicities were found to increase with the
atomic fractional coordinate of theC atom,x@anion#, indicating that the anion position is a good estimation of
the Cu-C bond ionicity.
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I. INTRODUCTION

The concept of crystal ionicity has proved to be a use
unifying concept for understanding chemical trends in
verse problems in solid-state physics and chemistry. In p
ticular, the dielectric description of the ionicity developed
Phillips1,2 and Van Vechten3,4 has been successfully em
ployed in a wide variety of areas including multibond cry
tals and complex crystal structures.5–7 However, the dielec-
tric model of bond ionicity encounters some difficultie
when noble or transition metals are considered, particul
in the case of CuBC2 compounds, where the Cu-C bond is
highly influenced by the Cu 3d electrons. Some attempts5,8

have been made to evaluate the bond ionicity of these c
pounds including the effect of thed electrons, but the inac
curacy in the determination of both the dielectric consta
and the fraction ofd electrons that contribute to the Cu-C
bond makes it difficult to generalize the considerations. M
recently, Márquez and Rinco´n9 calculated the values of th
static, «0 , and high-frequency,«` , dielectric constants o
severalABC2 chalcopyrite compounds, using an empiric
model proposed by Nag10 for cubic semiconductors which
relates these constants to the average atomic number o
constituent atoms. In addition, a linear relation between
inverse of the«0 and«` dielectric constants and the avera
atomic number for severalABC2 chalcopyrites was found.

On the other hand, CuBC2 chalcopyrite compounds, othe
than Cu-~Ga,In!-Se2, although being promising candidate
for optical, electrical, and photovoltaic devices are not
well characterized as Cu-~In,Ga!-Se2 compounds. In particu-
lar, the tellurides (C5Te) are usually excluded from th
general relations and considerations concerning this typ
compound.

Neumann8 proposed that the bond ionicitiesf i ,AC and
f i ,BC of the chalcopyriteABC2 compounds can be evaluate
if the bond susceptibilities,xAC and xBC , the number of
valence electronsZA , ZB , andZC , and the bond lengthsdAC
and dBC are known, obtaining a set of bond ionicities f
chalcopyrites. However, in the evaluation of these ioniciti
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the Cu 3d electrons are considered to fully contribute to t
Cu-C bond, and the dielectric constant values are rather

In this work, we have estimated the bond ionicities
several chalcopyrite compounds CuBC2 (B5Al, Ga, In, and
C5S, Se, Te!, following the previous Neumann8 calcula-
tions, by means of the Phillips–Van Vechten1–4 dielectric
theory for binary tetrahedral compounds, and Levine’s5–7 ex-
tension to multibond crystals. To compute the bond ioni
ties, the influence of the Cu 3d electrons and recent dielec
tric constant values have been taken into account. In orde
evaluate the fraction ofd electrons that contribute to th
Cu-C bond, we have considered the band-structure calc
tions of Jaffe and Zunger11,12 in chalcopyrite compounds
and made a simple extrapolation for Te compounds. T
B-C bond susceptibilities have been taken from Neuman8

while we have estimated the Cu-C ones from the static di-
electric constant values obtained by Ma´rquez and Rinco´n.9 A
set of Cu-C (C5S, Se, Te! bond susceptibilities is pro
posed. Finally, the evaluated bond ionicities are compa
with calculations and predictions from diverse authors.

II. GENERAL RELATIONS

From the dielectric theory, the bond ionicity of anX-Y
bond in anXY binary system can be evaluated through8

f i ,XY5
CXY

2

Eg,XY
2 , ~1!

whereEg,XY is the dielectrically defined average gap ener
which can be separated into an heteropolar part,CXY , and an
homopolar one,Eh,XY , as

Eg,XY
2 5Eh,XY

2 1CXY
2 . ~2!

According to Phillips,1 Van Vechten,3 and Levine,7 Eh,XY
can be computed from

Eh,XY5Eh,SiS dSi

dXY
D 2.48

, ~3!
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whereEh,Si is the average gap energy in silicon, anddSi /dXY
is the ratio between the silicon andXY binary bond lengths.
By other side, the susceptibilityxXY of a binary systemXY
is related toEg,XY by1,3,7

xXY5
~\vp,XY!2

Eg,XY
2 DXYF12

Eg,XY

4EF,XY
1

1

3 S Eg,XY

4EF,XY
D 2G , ~4!

where vp,XY and EF,XY are the plasma frequency and th
Fermi energy of the valence electrons, respectively, andDXY
is a correction factor of order unity accounting for the infl
ence ofd-state cores. For the plasma frequency and Fe
energy, we have

vp,XY
2 5

Ne,XY

m«n
,

~5!

EF,XY5
\2

2m
~3p2Ne,XY!2/3,

whereNe,XY is the number of valence electrons per unit v
ume,«n is the permittivity of free space, andm is the free-
electron mass.Ne,XY can be expressed in terms of the ind
vidual bond properties,

Ne,XY5
ne,XY

nb,XY
, ~6!

with ne,XY the number of valence electrons per bond a
nb,XY the bond volume.ne,XY can easily be obtained from

ne,XY5
ZX

NcX
1

ZY

NcY
, ~7!

whereZX and ZY are the numbers of valence electrons a
NcX andNcY are the coordination numbers of atomsX andY,
respectively.

In the case of theABC2 compounds, which crystallize in
the chalcopyrite structure, the coordination numbers of
three types of atoms areNcA5NcB5NcC54, and the bond
volume is8

nb,XY54S dXY

)
D 3

, ~8!

wheredXY is the bond length, and two different bonds shou
be considered:A-C and B-C. In such compounds,ZB and
ZC can be assumed to beZB53 andZC56, while for the
CuBC2 chalcopyritesZCu will include the Cu 4s electron
plus the effect of the Cu 3d electrons. This point will be
considered in detail in Sec. III.

Hence, by means of all previous equations~1!–~8!, as
Neumann8 proposed, the bond ionicitiesf i ,Cu-C and f i ,BC can
be evaluated if the bond susceptibilitiesxCu-C andxBC , the
number of valence electronsZCu, ZB , andZC , and the bond
lengthsdCu-C anddBC are known.

III. EVALUATION OF BOND IONICITIES

In order to estimate the bond ionicities of the CuBC2
chalcopyrite compounds, the bond lengths have been ta
from previous works13,14,15 of our group and from diverse
i

d

d

e

en

authors16–21in their latter published works as far as we cou
find.

B-C bond

In the case of theB-C bond, the number of valence elec
trons for both elementsB and C has been taken as fixed t
ZB53 andZC56, as mentioned above, and the bond susc
tibilities xBC and correction factorsDBC were taken from
Neumann8 and Levine,7 respectively.

Table I shows the evaluated bond ionicitiesf i ,BC for all
the considered compounds computed from Eq.~1!, as ex-
plained in Sec. II. The bond susceptibilities, correction fa
tors, and bond distances with the bond ionicities reported
Neumann8 are also shown.

Cu-C bond

For the Cu-C bond, the question arises of how to estima
both the number of valence electrons,ZCu, and the bond
susceptibilities,xCu-C . As in the case of theB-C bond, the
correction factorsDCu-C can be taken from Levine,7 andZC
has been fixed toZC56.

In order to solve the problem of the number of Cu valen
electrons,ZCu, we will consider the Jaffe-Zunger11 band-
structure calculations. They calculated the ‘‘d character’’ad
in several CuBC2 chalcopyrites at the top of the valenc
band by decomposing the wave functions into angular m
mentum components and evaluating the fraction ofd charge
enclosed in a sphere of Pauling’s radius around the Cu at
Thus ad could be considered as the percentage of Cud
electrons that remain around the Cu, atom while the res
the Cu 3d electrons contribute to the Cu-C bond, as well as
the Cu 4s electron. Then the effective number of valen
electrons,ZCu, could be evaluated through

ZCu5ZCu~4s!1
~1002ad!

100
ZCu~3d! ~9!

with ZCu(4s)51 andZCu(3d)510.
The calculatedad values from Jaffe and Zunger11 in

CuAlS2, CuAlSe2, CuGaS2, CuGaSe2, CuInS2 and CuInSe2
compounds are 35.2%, 27.5%, 31.5%, 26.6%, 24%,
22%, respectively. Unfortunately the tellurides are not co
sidered in their calculations. So, in order to estimate thead
values for the latter compounds we will consider anoth
work of Jaffe and Zunger,12 where they proposed that th
band-gap anomalyDEg in chalcopyrites—computed from
the difference between the optical band gap and the co
sponding one of the zinc-blende analog—is influenced
two factors: the chemical contributionDEg

chem, arising out of
the Se 4p– Cu 3d hybridization effect, and the structura
contributionDEg

S , due to variations in the anion position i
the lattice. Accordingly, the total band-gap anomaly can
computed from

DEg5DEg
chem1DEg

S . ~10!

In this way, the structural contribution can be express
as a linear function of the anion position;14 x@anion#, while
the chemical contribution follows a linear trend with the pe
centage ofd character~see Table III of Ref. 12!:
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TABLE I. SusceptibilitiesxBC , correction factorsDBC , interatomic distancesdBC , and the references
from which are taken, and bond ionicitiesf i ,BC for the B-C bond in the CuBC2 compounds.

Compound xBC
a DBC

b dBC ~Å! Ref. f i ,BC

f i ,BC

~Neumann!

CuAlS2 4.26 1.0000 2.239 16, 17 0.60 0.62

CuGaS2 5.59 1.0975
2.224 16 0.52

0.55
2.235 17 0.53

CuInS2 6.02 1.1650 2.517 16, 17 0.62 0.60

CuAlSe2 4.76 1.0975
2.347 16 0.63

0.65
2.3578 18 0.63

CuGaSe2 6.80 1.2093
2.417 16 0.55

0.552.4183 15 0.56
2.3756 15 0.54

CuInSe2 7.30 1.2876
2.598 16 0.61

0.602.5962 14 0.61
2.559 14 0.60

CuAlTe2 7.19 1.1650
2.572 19 0.57

0.562.558 20 0.56
2.5842 21 0.57

CuGaTe2 9.17 1.2876
2.590 19 0.51

0.51
2.577 13 0.51

CuInTe2 9.35 1.3739
2.763
2.816

19
13

0.59
0.60

0.57

aAfter Neumann~Ref. 8!.
bAfter Levine ~Ref. 7!.
b
e

-

s

g
tu

ha

le

b

tic
e

-

-
ce

lar
r-

ffe
n

on-
es

se

m-
on-

ion
s
de-
-Se
DEg
S519.64~7!F1

4
2x@anion#G ,

~11!
DEg

chem522.8~6!10.16~2!ad

~deviations in last place digits are in brackets!.
The values of the band-gap anomalies were compiled

Jaffe and Zunger,12 while the anion positions in the lattic
can be taken from another authors.12–20This fact allows us to
estimate, using Eqs.~10! and~11!, the structural and chemi
cal contributions and hence thed character for the tellurides
and for the rest of the considered compounds. By mean
Eq. ~9!, the effective number of Cu valence electrons,ZCu,
can also be computed. Table II summarizes the band-
anomaly values, the anion positions, the estimated struc
and chemical contributions, and the estimatedd character
and effective number of Cu valence electrons for these c
copyrites. As it can be expected, the estimatedad values are
not far from the calculated ones, of Jaffe and Zunger.

Finally, to evaluate the Cu-C bond ionicities, the Cu-C
bond susceptibilities have to be estimated. From the die
tric theory, the electronic dielectric constant« for ABC2 tet-
rahedrally coordinated crystals, composed of equal num
of A-C andB-C bonds, is given by7

«511
1

2
~xAC1xBC!, ~12!

wherexAC andxBC are the susceptibilities ofA-C andB-C
bonds, respectively, and« can be considered as the sta
dielectric constant«0 . From the estimated values of th
static dielectric constant reported by Ma´rquez and Rinco´n9

for these compounds, and theB-C bond susceptibilities com
y
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piled by Neumann,8 a set of Cu-C bond susceptibilities can
be computed by means of Eq.~12!, which are gathered in
Table II.

The Cu-C bond ionicitiesf i ,Cu-C have been computed us
ing the previous values of the effective number of valen
electrons,ZCu, and the Cu-C bond susceptibilities,xCu-C ,
for all the compounds considered in this work, in a simi
way as in the case of theB-C bond. These values and co
responding bond lengths are also shown in Table II.

IV. DISCUSSION

From Tables I and II it can be seen that thef i ,BC ionicities
are, in general, larger thanf i ,Cu-C ones, accounting for the
fact that Cu 3d electrons partly contribute to the Cu-C bond,
making it more covalent, according to predictions by Ja
and Zunger.11 Moreover, the In-C bond can be considered, i
general, as the most ionic bond in eachC series, the Cu-C
bond being the most covalent in the compounds with In c
tent. The introduction of In in place of Ga highly increas
theB-C bond ionicity and decreases the Cu-C one, in agree-
ment with Jaffe and Zunger’s calculations11 for CuInSe2.
The calculatedf i ,BC ionicities are of the same order as tho
calculated by Neumann8 ~Table I!, while the f i ,Cu-C ones are
lower, varying and of a broader range~Table II!. This differ-
ence can be attributed mainly to the different effective nu
ber of valence electrons and dielectric constant values c
sidered in the evaluation of the ionicities.

From Jaffe and Zunger’s calculations12 of the charge den-
sities at the top of the valence band as a function of the an
position in the CuInSe2 lattice, it can be deduced that a
x@anion# increases the shared charge in the Cu-Se bond
creases, while it increases the shared charge in the In
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TABLE II. SusceptibilitiesxCu-C , static dielectric constants«0 , correction factorsDBC , anion positionsx@anion#, interatomic distance
dCu-C , and the references from which are taken, and structuralDEg

S and chemicalDEg
chem contributions and ionicitiesf i ,Cu-C for the Cu-C

bond in CuBC2 compounds.

Compound x~anion!
dCu-C

~Å! Ref.
DEg

a

~eV!
DEg

S

~eV!
DEg

chem

~eV!
ad

~%! ZCu «0
b xCu-C Dc f i ,Cu-C

f i ,Cu-C

~Neumann!

CuAlS2
0.275 2.351 16

2.41
20.498 2.908 36.1 7.39

7.0 7.74

1.0000

0.58
0.78

0.268 2.351 17 20.361 2.771 35.2 7.48 0.58

CuGaS2
0.275 2.380 16

1.37
20.498 1.868 29.5 8.05

7.7 7.81
0.60

0.77
0.272 2.372 17 20.439 1.809 29.1 8.09 0.60

CuInS2 0.214 2.288 16, 17 1.64 0.700 0.940 23.6 8.64 8.5 8.98 0.53 0.77

CuAlSe2
0.269 2.470 16

1.47
20.380 1.850 29.3 8.06

8.5 10.24
0.55

0.79
0.2578 2.4468 18 20.160 1.630 28.0 8.20 0.54

CuGaSe2

0.250 2.417 16 20.007 1.007 24.0 8.60 0.54
0.249 2.411 15 1.00 0.013 0.987 23.9 8.61 9.6 10.4

1.0575
0.54 0.76

0.263 2.457 15 20.262 1.262 25.6 8.44 0.55

CuInSe2

0.224 2.425 16 0.504 0.786 22.6 8.74 0.46
0.2242 2.4245 14 1.29 0.500 0.790 22.6 8.74 10.9 12.5 0.46 0.77
0.2348 2.4578 14 0.292 0.998 23.9 8.61 0.47

CuAlTe2

0.25 2.572 19 20.007 1.447 26.8 0.51
0.2556 2.596 20 1.44 20.117 1.557 27.5 8.25 10.9 12.61 0.52 0.75
0.2543 2.6144 21 20.091 1.531 27.3 8.27 0.52

CuGaTe2
0.25 2.590 19

1.06
20.007 1.067 24.4 8.56

12.7 14.23
1.0850 0.47

0.81
0.2566 2.623 13 20.137 1.197 25.2 8.48 0.48

CuInTe2
0.225 2.585 19

0.93
0.484 0.446 20.4 8.96

15.3 19.25
0.30 0.76

0.2136 2.557 13 0.708 0.222 19.0 9.10 0.29
aAfter Jaffe and Zunger~Ref. 12!.
bAfter Márquez and Rinco´n ~Ref. 9!.
cAfter Levine ~Ref. 7!.
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bond.13 Thus x@anion# could be considered as a control
the balance between the ionicity and the covalency of
Cu-Se bond: the larger thex@anion# value, the more ionic the
bond. This concept can be extended to all the compou
considered in this work. Figure 1 shows a plot of the effe

FIG. 1. Effective valence number of Cu electrons,ZCu vs the
anion fractional coordinate valuesx@anion#, taken from~a! Ref. 13,
~b! Ref. 14,~c! Ref. 15,~d! Ref. 16,~e! Ref. 17,~f! Ref. 18,~g! Ref.
19, ~h! Ref. 20, and~i! Ref. 21.
e

ds
-

tivenumber of the Cu valence electrons,ZCu, versus the an-
ion position: ZCu decreases withx@anion#, applying this
trend for all these Cu chalcopyrites, implying that
x@anion# increases the shared charge in Cu-C, and hence the
covalency of this bond, decrease. In Fig. 2, the ionicity of
Cu-C bond is represented versus the anion position, incre
ing linearly with x@anion# for all the compounds, in accor

FIG. 2. Cu-C bond ionicities f i ,Cu-C , vs the anion fractional
coordinate valuesx@anion#, taken from~a! Ref. 13,~b! Ref. 14,~c!
Ref. 15,~d! Ref. 16,~e! Ref. 17,~f! Ref. 18,~g! Ref. 19,~h! Ref. 20,
and ~i! Ref. 21.
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dance withZCu, and indicating that the anion position in th
lattice can be taken as a good estimation of the Cu-C bond
ionicity.

V. CONCLUSIONS

The bond ionicities of several CuBC2 (B5Al, Ga, In and
C5S, Se, Te! chalcopyrite compounds were estimated. T
effective number of Cu valence electrons has been estim
by means of thead character considering Jaffe and Zunge
band-structure calculations in chalcopyrite compounds,
performing a simple extrapolation for Te compounds.
.

e
ed

d

evaluate the bond ionicities, a set of Cu-C bond susceptibili-
ties has been proposed. Thef i ,Cu-C bond ionicities were
found to increase with the atomic fractional coordinate of
C atom,x@anion#, indicating that the anion position is a goo
estimation of the Cu-C bond ionicity.
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