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In this paper we study the electronic band structure for the series of Cu-based chalcopyrites CuInMV I
2 with MV I= S,Se,Te. We use the

tight-binding method and obtain the tight-binding parameters in such a way that we fit the experimental gap value for the whole series of
Cu-based chalcopyrites. Chalcopyrites can deviate from the ideal symmetry in two ways: tetragonal deformation and anionic distortion. In
this paper, we calculate the ideal configuration and the effect of anionic distortion. Our calculation can be used further to obtain surface,
interface and superlattice electronic band structures using the Surface Green’s Function Matching Method in a straightforward way.

Keywords:Electronic structure; chalcopyrites; anionic distortion.

Estudiamos la estructura electrónica de bandas para la serie de calcopiritas basadas en Cu del tipo CuInMV I
2 donde M=S, Se, Te. Usamos el

método de amarre fuerte y obtenemos los parámetros de amarre fuerte de tal manera que obtenemos el valor de la brechaóptica experimental
para toda la serie de calcopiritas basadas en Cu. Las calcopiritas se pueden desviar de la simetrı́a ideal en dos formas. La deformación
tetragonal y la deformación aníonica. En este trabajo calculamos la configuración ideal y el efecto de la distorsión aníonica. Nuestros
cálculos pueden ser utilizados para obtener la estructura de bandas de superficies, interfaces y superredes usando el método de acoplamiento
de las funciones de Green de superficie de una manera directa.

Descriptores:Estructura electŕonica; calcopiritas; distorsión aníonica.

PACS: 71.20.-b; 71.20.Nr; 73.20.At

1. Introduction

The quest for room temperature ferromagnetic semiconduc-
tors that can be matched to conventional semiconductors re-
sulted in an increasing interest in AIIBIV MV

2 as well as in
AIBIIIMV I

2 chalcopyrites [1]. These materials are also in-
teresting as non-linear optical devices [2, 3], in chemisorp-
tion [4] and in solar cell applications with a high efficiency-
to-cost ratio [5–7].

Chalcopyrites are tetragonal centered crystallographic
structures with eight atoms in the unit cell basis. Their spatial
group is theD12

2d. In Fig. 1 we present their crystal structure,
and the location and identification of the eight atoms in the
CuInMV I

2 unit cell is shown in Table I.

TABLE I. Positions of the atoms in the unit cell in the ideal case.

No. atom ideal

1 In (0, 0, 0)

2 CV I
(

1
4
, 1

4
, 1

8

)

3 Cu
(

1
2
, 0, 1

4

)

4 CV I
(

3
4
, 1

4
, 3

8

)

5 Cu
(
0, 0, 1

2

)

6 CV I
(

1
4
, 1

4
, 5

8

)

7 In
(

1
2
, 0, 3

4

)

8 CV I
(

3
4
, 1

4
, 7

8

) FIGURE 1. Crystal structure for the chalcopyrite CuInMV I
2 unit

cell.
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Chalcopyrites can deviate from their ideal symmetry in
two ways. Thec/a ratio can be different from its ideal value
of 2. This deviation is called tetragonal deformation. Also
the anion which lies in the middle of a tetrahedron, can slide
along the central axis, which is usually called anionic distor-
tion. In this paper, we present an ideal case, namely, we take
c = 2a and theMV I (S, Se, Te) atom at the center of the
tetrahedron surrounded by twoCu and twoIn atoms. We
use the tight-binding method. We describe below the way in
which we obtained the tight-binding parameters(TBP). They
were fitted in such a way that the experimental gap value is
reproduced for the whole series. Our Hamiltonians together
with the Surface Green’s Function Matching (SGFM) method
can be used to study surfaces, monolayers, interfaces and su-
perlattices of these materials. In the case of surfaces, a gen-
eral trend can be formulated only in the ideal case, since
within this series, they reconstruct differently in different
cases. Reconstruction can be addressed also from the ideal
case to compare the different behavior in different cases. The
rest of the paper is presented as follows. In Sec. 2, we give
some details of the method and of the way in which the TBP
are obtained. Section 3 is devoted to some details on how the
Hamiltonians were built up. In Sec. 4 we discuss our results
in detail, and a short final section contains our conclusions.

2. Some details on the method

We use the tight-binding method [8] to calculate the elec-
tronic band structure in the ideal case for the series of
chalcopyrites CuInMV I

2 with M=S, Se, Te. This method
has been used before to describe chalcopyrites success-
fully [9–13] as well as the related zincblende semiconduc-
tor compounds [14,15]. The method allows the fitting of the
experimental gap for the whole series, as we will show below.

In the tight-binding method, Bloch functionsφµ
υ(k, r) are

constructed to describe an electronic orbitalυ centered at the
positionτ +dµ of the ion labelledµ, as a linear combination
of atomic-like orbitalsψµ

υ (r) [8]

φµ
υ(k,r) =

1√
N

∑
τ

eik.(τ+dµ)ψµ
ν (r− (τ + dµ)), (1)

wherek is a Bloch vector in the First Brillouin Zone and N
the number of unit cells in the crystal volume considered. We
describe the group III metal In and the groupMV I anion with
a basis of four atomic-like orbitals ofs− andp3− symmetry.
For Cu we consider a fulls, p3, d5 basis. In chalcopyrite com-
pounds, due to the existence of a tetragonal crystal field and
a spin-orbit interaction, the triple degeneracy of the heavy
and light hole bands on the top of the valence band presented
in zincblende compounds , is lifted. In this work, we only
take into account the effect produced by the tetragonal crys-
tal field. The spin-orbit effect is not taken into account in our
calculation. The matrix elements of the Hamiltonian have the

form:
∫

φµ
υ(k, r)Hφµ′

υ′ (k
′, r′)dr

= δk,k′
∑

dµ,µ′

eik.dµ,µ′ 〈ν|ν′〉dµ,µ′ (2)

where

〈ν|ν′〉dµ,µ′ =
∫

ψµ∗
ν (r)Hψµ′

ν′ (r− dµµ′)dr ≡V µµ′

νν′ (3)

anddµµ′ is the position vector of theµ′ atom from theµ
atom.

A. The tight-binding parameters

To calculate the non-diagonal parameters,V µµ′

νν′ in (3), we
use Harrison’s rule [16]. Therefore the interaction between
an atomic-like orbital of symmetryx located at the siteµ = 1
(In) with another atom of symmetryy at µ′ = 2 (MV I ) is

TABLE II. Experimental optical gap for the whole series of Cu-
based chalcopyrites considered to set the tight-binding parame-
ters [18].

Chalcopyrite EEg [eV ]

CuAlS2 3.49

CuAlSe2 2.67

CuAlTe2 2.06

CuGaS2 2.43

CuGaSe2 1.68

CuGaTe2 1.23

CuInS2 1.53

CuInSe2 1.04

CuInTe2 1.02

TABLE III. The on-site tight-binding parameters (in eV) used in
the calculation. The parameter rd (here in A) is defined in Ref. 16.

Element Parameter Harrison This work

Es[eV ] -6.92 -14.55

Cu Ep[eV ] -1.83 -2.22

Ed[eV ] -20.14 -16.97

rd[Å] 0.67 1.15

In Es[eV ] -10.12 -10.12

Ep[eV ] -4.69 -4.69

S Es[eV ] -20.80 -20.80

Ep[eV ] -10.27 -8.805

Se Es[eV ] -20.32 -20.32

Ep[eV ] -9.53 -8.789

Te Es[eV ] -17.11 -17.11

Ep[eV ] -8.59 -8.704
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given by V 12
xy = lm[V (ppσ) − V (ppπ)]. To actu-

ally calculate the tight-binding parameters, we use further
V (ijα) = η(ijα)~2/md2

µµ′(anddµµ′ is the interatomic dis-
tance,m the electron bare mass) for s and p atomic-like or-
bitals. For the interaction betweens, p with d orbitals, we use
insteadV (idα) = η(idα)~2r

3/2
d /md

7/2
µµ′ (for rd see Table III

and Ref. 16). Theη(twα) parameters are given in Ref. 16. If
we go on to calculate the diagonal matrix elements using the
same procedure, we get an inadmissibly large value for the
gap. If we try the tight-binding parameters proposed by Pa-
paconstantopoulos [17] for Cu metal, we do not get the right
gap either. Also, the Cu on-site parameters that correctly re-
produce the electronic band structure of the superconducting
perovskite YBa2Cu3O7 fail. Cu orbitals have an important
influence on the gap edges in the electronic band structure of
the Cu-based chalcopyrites.

In the semiconducting Cu-based chalcopyrites, thes-like
orbital plays a major role in fixing the lower edge of the con-
duction band while thep-like one influences the position of
the upper edge of the valence band. Thed-like Cu-orbital
mostly fixes the value of the chalcopyrite gap. Cu-d orbitals
and thep-like CV I ones repel each other and push the up-
per valence band edge upwards so that the gap is dimin-
ished [18–22]. Consequently, we have fixed the Cu on-site

parameters for the whole series in such a way that we get
the lowest possible deviation from the experimental gap for
the whole series of Cu-based chalcopyrites [12]. More pre-
cisely, we have selected the three Cu on-site parameters so
that

∑
series(Eseries − EE

gseries)
2 as a function ofEseries

is minimal. EE
gseries are the experimental values of the gap.

Small further adjustments of the anion (MV I ) p on-site pa-
rameter for each chalcopyrite allowed us to get the right ex-
perimental gap for the whole series. The experimental values
that we used are quoted in Table II [23].

The on-site tight-binding parameters that we get in this
way are compared in Table III to those obtained from Harri-
son’s formulas [16]. Usually,ab-initio calculation overesti-
mates the gap and therefore, for an accurate description of the
bands aroundΓ for both the valence and conduction bands,
it is convenient to use an approach along the lines that we
have followed here. This accurate description of the gap is
necessary to further calculate the band structure of surfaces,
interfaces and superlattice, which is a goal that we are pursu-
ing.

B. The Hamiltonian

We label the Hamiltonian with the atom numbers as shown
below.

In1 Cu3 Cu5 In7 MV I2 MV I4 MV I6 MV I8
In1 H11 0 0 0 H12 H14 H16 H18

Cu3 0 H33 0 0 H+
23 H34 H36 H38

Cu5 0 0 H55 0 H+
25 H+

45 H56 H58

In7 0 0 0 H77 H+
27 H+

47 H+
67 H78

MV I2 H+
12 H23 H25 H27 H22 0 0 0

MV I4 H+
14 H+

34 H45 H47 0 H44 0 0
MV I6 H+

16 H+
36 H+

56 H67 0 0 H66 0
MV I8 H+

18 H+
38 H+

58 H+
78 0 0 0 H88

(4)

FIGURE 2. The electronic band structure for the series of CuInMV I
2 chalcopyrite: a)CuInS2, b)CuInSe2 and c)CuInTe2.
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The diagonal sub-matrices are 9×9 for Cu and 4×4 for
In andMV I . The Hamiltonian matrix is altogether 42×42.

Obviously, H33=H55. These refer to Cu. H11=H77, on
these refer to In. H22=H44=H66=H88 which describe the
MV I atoms. The non-diagonal sub-matrices describe the
first nearest neighbor interactions. Their tight-binding pa-
rameters were computed from Harrison’s formulas [16], as
we already mentioned. We take into account first nearest
neighbor interactions only. The anion p-on-site parameter
was adjusted further to get the exact experimental gap value
in each case. With these data, the Hamiltonian can be built
up straightforwardly [25].

3. Results

To get the experimental values for the gaps (see Table II) in
our calculated band structure, we made a small (about8%)
further adjustment to the p-on-site parameter for theMV I

atom. For example, forMV I = Se the Harrison formula
gives 9.53 eV, to be compared with our 8.789 eV. The elec-
tronic band structure for the three materials is presented in
Fig.2. As in the unit cell of the chalcopyrites, there are two
copper atoms that each contribute with six occupied elec-
tronic states, two indium atoms, each contributing with three
occupied states and fourMV I atoms that contribute with two
states; therefore, we obtain 26 bands in the valence band. The
rest of the 42 bands calculated by the Hamiltonian(16) appear
as empty conduction bands, is shown in Fig. 2.

In all the cases presented, both the top valence band of
symmetryΓ(2)

4ν and the bottom conduction band of symme-
try Γ1c are approximately parabolic and therefore in some
calculations the free electron effective mass approximation
should be a good one. The semiconducting optical gap is di-
rect and is calculated as the difference between the energies
Γ1c andΓ(2)

4ν . The gap values are obtained by fitting them
to the experimental ones as we have already remarked (see
Table II). These values of the gaps could be accounted for
by the optical transitions permitted by symmetry considera-
tions. If the product of the symmetries of the group contains
the irreducible representation that corresponds to the dipole
(x, y, and/or z), then the transition is allowed, in principle. In
our case, the matrix element for dipolar transitions between
the top of the valence band and the bottom of the conduc-
tion band states atΓ is 〈Γ(2)

4ν |r|Γ1c〉 and is different from
zero along the z-axis. The dipole operator for this case which
transforms like symmetryΓ4 , and the product is proportional
to the matrix element〈Γ(2)

4ν |Γ4|Γ1c〉 for whichΓ4⊗Γ1 = Γ4

holds, and therefore the transition is permitted.
In general, we observed similar characteristics in the elec-

tronic band structure obtained for the whole series.

1. The valence band

Immediately below the singlet state of symmetryΓ(2)
4ν (at

the top of the valence band), we find a doublet with sym-
metry Γ(2)

5ν . The dipolar moment along z is different from

zero since the matrix element〈Γ5ν |z|Γ5ν〉 is proportional to
〈Γ5|Γ4|Γ5〉 and satisfiesΓ4 ⊗ Γ5 = Γ5). Therefore the dipo-
lar moment at the top of the valence band (a triplet in the
zincblende parent compound) breaks into a zero dipolar mo-
ment at the top,Γ(2)

4ν , and a non-zero one at the doublet,Γ(2)
5ν .

The operator representing the quadrupole moment is propor-
tional to 3z2 − r2, which transforms asΓ1, and the products
of the type〈Γx|Γ1|Γx〉 are always different from zero since
Γ1 ⊗ Γx = Γx, and so a non-zero quadrupole moment will
exist for all the valence band states.

The 26 bands that made up the valence band are grouped
together into three sub-bands separated by two in-band gaps.
The first one (A in Fig.2) separates the upper valence band
(UVB) from the middle valence band (MVB) and the in-band
gap B separates this band from the lower valence band (LVB).
At the top of the UVB there is a singlet,Γ(2)

4ν , separated from
a doublet,Γ(2)

5ν , by a crystal field splitting,∆cfs, of about 20
meV for the elements of the series which is zero in the parent
zincblende compound, as we mentioned above. Notice that
the doublet remains such fromΓ− Z but splits fromΓ−X.

FIGURE 3. The electronic band structure for the hypotetical
zincblendes In2Se2 and Cu2Se2. The three-degeneration folded in
Γ reappears by the substitution of the cation symmetry.
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FIGURE 4. Contribution to the DOS from the different orbitals at
different energies for the CuInMV I

2 chalcopyrite characteristic for
the series.

The chalcopyrite crystal field breaks the zincblende sym-
metry in several ways. First, there are two different cations
instead of one, which transforms the symmetry from cubic
to tetragonal. Secondly, the anion can be found displaced
along the center line of the tetrahedron that it forms together
with the two different cations. But the tetragonal symmetry
(c/2a = 1 wherec anda are the lattice parameters) is also
broken. We will deal with the effect of these distortions in
another work.

a. The upper valence band (UVB)

The splitting of the triplet in the zincblendes into the singlet
Γ(2)

4ν and the doubletΓ(2)
5ν here can easily be found to be due

to the presence of the two cations. This can be done with the
tight-binding program replacing the parameters for Cu with
those of In to get the bands for In2CV I

2 , or by reversing the
way we replace the parameters, we can get Cu2MV I

2 . In Fig. 3
we present the results for Cu2Se2 andIn2Se2 for the elec-
tronic band structure for the hypotetical zincblendes; in both
cases the bands show a triplet on the top of the valence band
atΓ. When the bands of the zincblende are compared to those
of the chalcopyrite, we realize that two further splittings oc-
cur at the top of the valence band, one at Z (∆Z in Fig. 1)
and another one at X (∆X).

There are 10 bands in the UVB that lie between 0 and
-5 eV (the origin is set at the top of the valence band inΓ
as is customary). The main contribution comes from three p-
like MV I orbitals. The details of the composition are given
in Fig.4, where the density of states (DOS) for the CuInSe2

chalcopyrites is shown. It is characteristic for the three mem-
bers of the series. The shadow areas are proportional to the
contribution of the orbital identified in the upper right corner.

b. The middle valence band (MVB)

The inner-band gap A is about 1.6 eV (see Figs. 2 and 4).
The MVB contains 12 bands; 10 of them are from the five
3d-Cu orbital contributions. The deepest band of this group
runs fromZ4ν + Z5ν → Γ(1)

4ν → X
(4)
1ν , as shown in Fig.2.

c. The lowest valence band (LVB)

The deepest group of bands, the LVB, is separated from the
MVB by a large gap fromΓ(1)

4ν to Γ3ν of about 4eV. The
main contribution comes from the singles − MV I orbitals
(see Fig.4 for more details). The upper band of this group
is a singletΓ3ν followed very closely by a doubletΓ(1)

5ν . In
the zincblende parent compound these bands are degenerate
(Fig. 2). This splitting is due to the presence of a second
cation. The upper band of this groupZ1ν + Z2ν → Γ3ν is
doubly degenerate fromZ − Γ but splits fromΓ − X.. A
comparison of some important values of energy for the high-
symmetry pointsΓ, Z andX are shown in Table IV for the
three elements of the series.

2. The conduction band

The conduction band (CB) minimum runs fromZ1c +
Z2c −→ Γ1c −→ X

(1)
1c , which is a singlet all alongZΓX. At

Z, however the band is degenerate, and splits into a higher-
in-energy band that runs fromZ1c + Z2c −→ Γ3c −→ X

(1)
1c .

At X the band is again degenerate but atΓ3c it is a singlet.
From Fig.4, we see that the CB is divided into two clearly de-
fined sub-bands separated by an in-band gap of about 0.2 eV.
Each sub-band presents two peaks. The DOS is considerably
higher in the upper part of the spectrum. The lowest conduc-
tion band (LCB) goes from roughly 1-5 eV. The upper con-
duction band (UCB) runs from about 5.2-12 eV. The lower
peak of the LCB is composed mainly of s-Cu and s-MV I or-
bitals in the 1-3.7 eV energy region and of s-In and s-MV I

in the higher energy region. In the low energy region of the
UCB, the main contribution is from p-Cu orbitals and in the
higher energy peak it is from p-In ones (see Fig.4 for more
details).

A. Comparison with other work

Ab-initio band structure calculations for some chalcopyrites
have been made in the past. For CuInS2 and CuInSe2 by
Jaffe and Zunger (JZ) [18] and for CuInS2 by Belhaldj et
al. [24]. To the best of our knowledge there is no calculation
for CuInTe2 to compare our results with. It is known thatab-
initio calculations do not get always the semiconducting gap
right. JZ got the values of -0.14 and -0.20 respectively, while
Belhardj obtain 0.26 eV. The experimental values are 1.53
and 0.98 eV. Our calculated valence band width (Γ(2)

4ν −Γ(1)
1ν )

agrees well for the two materials with both JZ and Belhaldj
(see Table IV). The top of the VB, which is a triplet in the
zincblende parent crystal structure, splits apart into a singlet
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TABLE IV. Comparison between energy values at some high simmetry points taken from Refs. 18 and 24 and our results. For CuInTe2 we
did not find any work to compare with.

CuInSe2 CuInS2 CuInTe2

State JZ Belhardj Ours JZ Ours Ours

UVB-maximum (eV) eV (eV) (eV) (eV) (eV)

Γ
(2)
4v 0.00 0.00 0.00 0.00 0.00 0.00

Γ
(2)
5v -0.030 -0.039 -0.02 0.07 -0.01 -0.01

Z3v + Z4v -1.05 -1.009 -1.93 -0.91 -2.19 -1.62

X
(5)
1v -0.63 -0.52 -1.38 -0.54 -1.54 -1.16

UVB-minimum

Γ
(1)
4v -4.66 -5.077 -8.11 -5.07 -8.47 -7.90

Z4v + Z5v -4.61 -4.48 -7.98 -4.90 -8.19 -7.89

X
(4)
1v -5.02 -5.33 -7.92 -5.41 -8.18 -7.87

s-Se band

Γ
(1)
5v -13.03 -12.14 -12.91 -13.15 -13.67 -10.08

Γ3v -13.06 -12.14 -12.90 -13.18 -13.66 -10.06

Γ
(1)
1v -13.83 -13.68 -14.80 -14.57 -15.66 -12.02

Z1v + Z2v -13.00 -12.54 -12.91 -13.18 -13.67 -10.08

Z5v -13.46 -13.16 -14.00 -13.58 -14.81 -11.23

X
(2)
1v -13.20 -12.19 -13.36 -13.41 -14.17 -10.47

X
(1)
1v -13.31 -12.54 -13.57 -13.18 -14.34 -10.85

Other values

Width band s-Se atΓ 0.80 1.53 1.90 1.39 2.0 1.96

Gap A -0.01 1.14 1.67 0.66 1.54 1.60

Gap B 7.39 7.29 4.79 7.1 5.19 2.16

∆z 0.5 - 0.11 no 0.11 0.10

∆x 0.4 - 0.26 no 0.30 0.21

Γ
(1)
5v − Γ3v 0.03 - -0.01 -0.03 -0.01 -0.02

at the top and a deeper doublet, a common result in the
three works considered. The∆cfs values for CuInSe2,
∆cfs = −0.03 eV in JZ, and -0.039 in Belhardj are to be
compared with our -0.016 eV. This difference shrinks as an
effect of the distortions (both anion and tetragonal) which are
considered in theab-initio calculations. Yoodeeet al. [20]
have calculated this crystal field splitting∆cfs = 0 for the
ideal case, and∆cfs = +0.01 eV when the tetragonal dis-
tortion (c/a = 2.008) is taken into account. In this case the
bands are in a reverse order, which means that the doublet
is on the top of the valence band. This can be related to the
neglect of the anion distortion. There are some differences
in these calculations. We get, in general, a larger value for
the width of the UVB (Table IV); for example for CuInSe2,
we get 5 eV while JZ get 4 and Belhardjet al. get 3 eV.
This is actually the origin for the difference in the overall VB
width. It is worth mentioning that the inner-band gap A dif-
fers substantially in the work by JZ and the other two, even

qualitatively. The two bands that define this gap are reverted
in JZ’s work giving a value of about -0.01 eV while we get a
broad inner gap A of about of 1.6 eV that is closer to the 1.14
found by Belhardj et al. The overall width of the MVB does
not differ very much in the three works. These differences
are shown in detail in Table IV.

4. Conclusions

We have studied the series of Cu-based chalcopyrites
CuInMV I

2 , MV I=S,Se,Te using the tight-binding formalism
in order to obtain the electronic band structure. We find that
the tight-binding parameters used give an accurate enough
result to be useful for further calculations of surfaces, mono-
layers and interfaces and more complicated systems that in-
clude these materials. We also show the effect of the crystal
field splitting, calculating the electronic band structure for the
hypotetical zincblende In2Cu2 and Se2Cu2.

Rev. Mex. F́ıs. 54 (1) (2008) 58–64



64 H. TOTOTZINTLE-HUITLE, J.A. RODŔIGUEZ, AND R. BAQUERO
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