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Ab initio vibrational and dielectric properties of the chalcopyrite CuInSe2

Cihan Parlak and Resul Eryig˘it
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We have performed a first-principles study of structural, dynamical, and dielectric properties of the chal-
copyrite semiconductor CuInSe2. The calculations have been carried out within the local density functional
approximation using norm-conserving pseudopotentials and a plane-wave basis. Born effective charge tensors,
dielectric permitivity tensors, the phonon frequencies at the Brillouin zone center, and mode oscillator strengths
are calculated using density functional perturbation theory. The calculated properties agree with some of the
infrared, Raman, and neutron measurements.

DOI: 10.1103/PhysRevB.66.165201 PACS number~s!: 78.30.Hv, 63.20.Dj, 77.22.Ch
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I. INTRODUCTION

The ternary I-III-VI2 chalcopyrites form a large group o
semiconductors with diverse structural, electrical, and opt
properties.1,2 One of these classes of materials, CuInSe2, is
considered as one of the most promising materials for
solar applications, partly because of its strong absorption
der sunlight.2

Over the last three decades the lattice dynamical pro
ties of CuInSe2 have been investigated experimentally
well as theoretically by a number of groups. Its Brillou
zone Center~BZC! phonon frequencies have been measu
by using Raman,3,4 infrared,3,5–9 and neutron spectroscopy.10

Earlier theoretical studies used phenomenological lattice
namical models, such as the Born–von Karman,11 rigid ion,12

Urey-Bradley force field,13 valence force field,11 universal
force field14 and Keating models.15,16 Model calculations
have two main drawbacks; the type of interaction they ta
into account might not be enough, and their interaction
rameters have to be derived from a fit to experimentally m
sured phonon frequencies. Unfortunately, there are se
differences in the frequencies of some of the BZC modes
CuInSe2, which is, generally, attributed to off-stochiometr
poor surface preparation of samples, or polarization rela
experimental errors. Recently, Lazewski and Parlinski17 re-
ported first principles calculation results of BZC phonon f
quencies of CuInSe2. They used a direct method where th
phonon frequencies are calculated from Hellmann-Feynm
forces generated by the small atomic displacements.

The first-principles investigation of phonon frequenc
can be performed within a density functional perturbat
theory ~DFPT!,18 frozen-phonon,19 or direct method ap-
proach. In contrast to frozen-phonon technique, the DF
formalism has the advantage that phonons at any wave
tor in the Brillouin zone are accessible. For polar crysta
there is another disadvantage of the direct method:
nonanalytic behavior of dynamical matrices as functions
the wave vector in the long-wave limit, which causes t
LO-TO splitting of zone center optical modes, has to be s
plied by a separate calculation using Berry’s phase appro
borrowed from a density functional perturbation theory c
culation, fitted to experiment, or obtained from use of
elongated supercell.18 In contrast to the direct method of ca
culating the phonon frequencies, the linear response
0163-1829/2002/66~16!/165201~6!/$20.00 66 1652
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proach lets one obtain the effective charges and dielec
tensors directly. To the best of our knowledge, in allab initio
calculations of chalcopyrite phonon frequencies,17,20–23 the
nonanalytic term is introduced from the experimental effe
tive charges.

In this paper, we investigate the equilibrium lattice stru
ture, Born effective charge tensors, dielectric permitivity te
sors, zone center phonon frequencies, and mode oscil
strengths of CuInSe2 using the density functional and densi
functional perturbation theory.18,24,25Our aim is to help re-
solve the discrepancies in reported phonon frequencies
provide first principles Born effective charges and dielect
tensors.

II. METHOD OF CALCULATION

The present results have been obtained using theABINIT

code,26 that is based on pseudopotentials and planewave
relies on an efficient fast Fourier transform algorithm27 for
the conversion of wave functions between real and recipro
space, on the adaptation to a fixed potential of the band
band conjugate gradient method,28 and on a potential-base
conjugate-gradient algorithm for the determination of t
self-consistent potential.29

The pseudopotentials have been generated withFHI98PP

code.30 Special care has been used in constructing
pseudopotentials, in order to avoid the occurrence of gh
states31 and to assure an optimal transferability over a wi
energy range. We find that the inclusion of semicore sta
such as 3d Cu, greatly improves the transferability of th
pseudopotentials, and is at the same time necessary to
into account the hybridization of cation semicore states w
anionic p states. The inclusion of Cud states increases th
kinetic energy cutoff of the plane waves included in the c
culation because of the compact nature of these orbitals.
kinetic energy cutoff needed to obtain a convergence be
than 0.01 eV of both total energies is found to be equal to
H. The Brillouin zone is sampled by 12 specialk points,
which is found to be enough for convergence of static as w
as response calculations.

Technical details on the computation of responses
atomic displacements and homogeneous electric fields ca
found in Ref. 24, while Ref. 25 presented the subsequ
©2002 The American Physical Society01-1
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computation of dynamical matrices, Born effective charg
dielectric permittivity tensors, and interatomic force co
stants.

III. RESULTS

A. Atomic structure

The chalcopyrite structure~space groupD2d
12 , No. 122!

can be considered to be derived from the cubic zinc-ble
structure~space groupTd

2) by populating one of the face
centered-cubic sublattice with group-VI atoms, and anot
one with equal amounts of group-I and -III atoms in a regu
fashion. In general, I-VI and III-VI bond lengths, denoted
dI-VI and dIII- VI , respectively, are not equal. One cons
quence of having two different anion-cation bond lengths
tetragonal distortion characterized by u50.25
1(dI-VI

2 -dIII- VI
2 )/a2 which describes the repositioning of th

anions in thex-y plane, wherea is the lattice constant in the
x or y direction. The second consequence of differing ani
cation bond lengths is a deformation of the unit cell to

TABLE I. The coordinates of the eight atoms in the chalcopyr
CuInSe2 primitive unit cell in terms of lattice vectors. The lattic
vectors of the unit cell area15a(1,0,0), a25a(0,1,0) anda3

5a(0.5,0.5,0.5h) andx5u/2.

Atom Coordinates

Cu1 (0,0,0)
Cu2 (20.25,0.25,0.5)
In1 (0.5,0.5,0.0)
In2 (0.25,20.25,0.5)
Se1 (x,0.125,0.25)
Se2 (2(0.251x),20.375,0.25)
Se3 (20.125,(0.251x),20.25)
Se4 (0.375,2x,20.25)

FIG. 1. Primitive unit cell of chalcopyrite CuInSe2.
16520
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lengthc which is generally different from 2a. This tetrago-
nal distortion is characterized by the quantityh5c/a.

The unit vectors of the primitive cell are (a,0,0), (0,a,0),
and (a/2,a/2,ha/2) and the coordinates of the atoms in r
duced coordinates forming the unit cell are displayed
Table I ~also see Fig. 1!. The lattice parameters are dete
mined from atomic and structural relaxation, and compa
to available experimental values and theoretical calcula
of Ref. 17 in Table II. Considering the fact that the zero-po
motion and thermal effects are not taken into account,
calculateda, h and u values agree with the experiment
values quite well.

B. Born effective charge tensors

For insulators, the Born effective charge tensor for at
k, Zk,ba

! , quantifies, to linear order, the polarization per u
cell, created along the directionb when the atoms of sublat
tice k are displaced along the directiona, under the condi-
tion of zero electric field. It can be calculated from the Ber
phase or from perturbation theory.

Our results for the dynamical effective charges
CuInSe2 are presented in Table III. Because of finitek-point

TABLE II. Calculated structural parameters of CuInSe2 com-
pared to experimental and other theoretical calculations.a is the
lattice constant in thex or y direction,h5c/a andu is the tetrahe-
dral distortion parameter.a is in atomic units whileh and u are
unitless.

Theory Experiment
This work Ref. 17 Ref. 32 Ref. 33

a 10.51 11.02 10.91 10.93
h 2.002 1.994 2.010 2.008
u 0.237 0.222 0.235 0.224

TABLE III. Calculated Born effective charges of CuInSe2. The
eigenvalues of the symmetric part ofZ! are given in brackets.

ZCu1

! S0.76 20.10 0.00

0.10 0.76 0.00

0.00 0.00 0.74
D F 0.76

0.76

0.74
G

ZIn1

! S2.52 20.04 0.00

0.04 2.52 0.00

0.00 0.00 2.67
D F 2.52

2.52

2.67
G

ZSe1
! S21.53 0.00 0.00

0.00 21.75 0.62

0.00 0.66 21.71
D F 22.37

21.53

21.09
G

ZSe3
! S21.75 0.00 0.64

0.00 21.53 0.00

0.67 0.00 21.71
D F 22.37

21.53

21.09
G

1-2
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sampling there is a deviation from charge neutrality which
less than 0.01 electron for the unit cell. The form of effect
charge tensor is determined by the site symmetry of the io
Z! of cations, which have same site symmetry~they are lo-
cated at 4a and 4b Wyckoff positions! are almost diagona
with an anisotropy of 0.03 for Cu and 0.06 for In. Seleniu
ions are located at lower symmetry sites (8d positions!, and
as a result their effective charge tensors have nonequiva
diagonal components as well as sizable off-diagonal com
nents. The tetrahedral shifting of anion atoms creates
different configurations for these atoms and the resulting
fective charge tensor elements can be divided into
classes according to the direction of the tetrahedral shif
being along thex or y direction.ZSe,zz

! 521.71 for all anions,
while ZSe,xx

! and ZSe,yy
! take the value21.53 or 21.75 de-

pending on the direction ofu. Also, depending on theu dis-
tortion being along thex or y direction, the off-diagonal com
ponentsZSe,zx

! , ZSe,xz
! or ZSe,yz

! , andZSe,zy
! are different from

zero.
Tanino et al.4 used measured LO-TO splittings and

model to estimate the Born effective charges of CuInS2,
which were assumed to be isotropic. One further assump
of their calculation was the effective charge of seleniu
extrapolated from the effective charges of ZnSe and CdS
20.865@It should be mentioned that the dynamical effecti
charges of zinc-blende semiconductors are in the range 1
2.7 ~Ref. 34!.# Based on this value, they obtainedZCu

!

50.475 andZIn
! 51.255. A qualitative comparison of thes

experimental values and average of the diagonal compon
of our calculated effective charge tensors can be made. F
Table III, the average for Se is21.66. If one takes this value
in Taninoet al.’s model than the effective charges for Cu a
In become 0.86 and 2.46, respectively. These values w
agree fairly well with our calculations. But, one should ke
in mind that, although this comparison involves numbers
is only qualitative in nature.

The Born effective charge tensors of cations show v
little anisotropy. If one assumes a Cu~11!-In~13!-Se~-2!
static ionic configuration for CuInSe2 compound, then the
calculated Born effective charges are not very different th
the static charges. The anomalous Born effective charge
nomena, which is common for perovskites,35 is not seen for
chalcopyrites.

C. Phonons

Since the body-centered tetragonal unit cell of the ch
copyrite structure has eight atoms, there are a total of
modes of vibration. A detailed discussion of group theore
cal properties of CuInSe2 zone center phonons can be fou
in Ref. 4. The irreducible representation at the center of
Brillouin zone is

Gopt51G1% 2G2% 3G3% 3G4% 6G5

for optical modes, and

Gaco51G4% 1G5
16520
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for acoustic modes. Optical modes havingG1 and G2 sym-
metry involve only displacement of anions.G3 , G4 and G5
modes include displacement of cations, as well. BothG4 and
G5 modes belong to vector transforming representation,
are thus IR active. Inclusion of the long range polarizati
interaction results in splitting of theG4 and G5 modes into
TO and LO components giving nine polar vibrations@three
with polarization alongc (G4 modes! and six alongx or y
(G5)]. This results in different numbers of IR modes bein
active forEic andE'c. Except for modes ofG2 symmetry,
all optical modes are Raman active.

In Table IV our calculated zone center phonon freque
cies and their symmetry assignments are displayed and c
pared with the results of first principles calculation of Ref.
and infrared,3,5–9 Raman,3,4 and neutron scattering10 mea-
surements. For some of the modes there are large differe
between the reported experimental frequencies, for exam
one of theG4

LO mode frequencies ranges from 6.85~Ref. 9!
~IR measurement! to 8.21 ~Ref. 3! THz ~IR measurement!.
The reason for some of the discrepancies might be the
perfect polarization conditions with optical experimen
which may result in incorrect mode assignments and in sh
of mode frequencies if modes with similar oscillat
strengths and frequencies are present in the two polariza
directions. Also, problems in surface preparation is cited
one of the important source of differences. In Table IV w
also display the absolute value rms relative deviation of
results and results of Ref. 22. The rms relative deviation
both results with Ref. 9 is around 30%, which is very hig
This suggests that, at least some of the frequencies~espe-
cially mid rangeG5 andG4 modes! reported in Ref. 9 are no
phonon modes of a perfect CuInSe2 crystal. Also, Raman
measurements of Ref. 3 seem to be too high for the high
frequencyG5 mode. Based on a comparison of rms relati
deviations, our results are somewhat better than those
ported in Ref. 17, especially for low temperature Ram
measurements of Taninoet al.4

D. Lattice dielectric tensors

The form of the dielectric tensor is determined by t
symmetry of the crystal. Our calculated electronic (e`) and
static (e0) dielectric tensors have two independent comp
nentse uu and e' along and perpendicular to thec axis, re-
spectively. While the electronic dielectric tensor is almo
isotropic,e0 has a small ('3.4%) anisotropy, which is con
sistent with the fact that for CuInSe2 tetragonal distortion is
very small (h5c/a'2).

We display our calculated dielectric tensor compone
along with model calculations of Ref. 36, and experimenta
available values in Table V. The averages ofe` and e0,
obtained from the expressione` ~or e0)5(2e`

'1e`
i )/3, are

also shown in this table. Available experimental data for h
frequency and static dielectric constants of CuInSe2 show
considerable differences. The sources of these discrepan
are similar to the reasons mentioned in the discussion
phonon frequencies. Reported values fore` ranges from 6.35
~Ref. 37! to 11.862.38 One important factor in determining
the dielectric constant is the model dielectric function used
1-3
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TABLE IV. Zone center phonon frequencies of CuInSe2 ~in THz!.

Mode Theoretical results Experimental results

This work Ref. 17 IR~Ref. 3! IR ~Refs. 5–8! IR ~Ref. 9! R ~Ref. 3! Ra Rb N ~Ref. 10!

G1 5.54 5.31 5.58 5.28 5.34 5.34

G2 5.99 5.59 5.90

5.03 5.26 4.83

6.84 6.60 6.87 6.20

G3 5.52 4.87 4.74 5.37 4.76

2.10 2.31 3.51 2.01 1.85

G4LO

TO 7.25
6.84

7.13
6.48

8.21
7.44

6.96
6.42

6.85
6.25

6.99
6.45

6.99
6.51

7.15

6.11
5.93

6.45
5.93

5.88
5.64

5.79
5.43

5.07
4.89

5.82
5.82

5.94
5.94

6.00
5.31

5.82

2.12
2.10

2.18
1.99

1.95
1.92

2.36
2.11

2.88
2.88

2.13
2.10

2.16
2.10

1.65

G5

LO
TO

7.11
6.68

7.32
6.45

8.21
7.44

6.87
6.39

6.82
6.12

8.24
7.55

6.90
6.51

6.99
6.51

6.44

6.70
6.57

6.43
6.28

5.22
4.86

6.90
2

5.95

6.21
6.13

6.11
5.91

5.73
5.64

6.36
6.21

3.85
3.66

5.73
5.73

6.33
6.33

6.48
6.33

5.42

4.65
4.65

4.49
4.49

4.59
4.59

5.49
5.37

3.48
3.24

5.64
5.64

4.07

2.27
2.24

2.14
2.11

2.34
2.34

2.32
2.32

2.34
2.34

2.34
2.13

2.09

1.77
1.77

1.57
1.56

2.01
1.92

1.71
1.66

1.83
1.83

1.80
1.74

1.80
1.83

1.59

rms relative deviations

This work 0.058 0.077 0.084 0.285 0.150 0.030 0.070 0.112

Ref.17 0.058 0.091 0.116 0.264 0.155 0.060 0.099 0.094

aReference 4~at 100 K!.
bReference 4~at 300 K!.
e
on
rt

on
e-
ith

x-

on-

o-
fit the infrared reflectivity data and fitting process itself. W
have found that the product form of model dielectric functi
could fit the IR data of Ref. 9 much better than their repo
This fit gives e` around 9.0. Since it is well known

TABLE V. Static and high frequency dielectric tensor comp
nents of CuInSe2.

e`
i e`

' e` e0
i e0

' e0

This work 8.48 8.64 8.59 10.71 10.34 10.46
Ref. 36 7.5 7.6 7.57 10.8 11.0 10.93
Ref. 5 8.5 9.5 9.18 15.2 16.0 15.73
Ref. 9 6.00 6.86 6.57 12.09 16.63 15.12
Ref. 37 3.64 7.7 6.35 4.31 9.36 7.67
Ref. 7 7.88 7.66 7.73
Ref. 38 11.862.0
Ref. 39 8.161.4 13.662.4
Ref. 40 9.18
16520
.

that density-functional-theory–local-density-approximati
~DFT-LDA! calculations overestimate the value of high fr
quency dielectric constant, our calculations agree well w
Wasim’s data39 (e`58.161.4). Similarly, experimentale0
values range from 7.67~Ref. 37! to 16.0.8 Again, taking into
account the overestimation of DFT-LDA approach, the e
pected theoreticale0 would be around 10.0.

The static dielectric tensor can be decomposed in the c
tributions of different modes as24

eab
0 5eab

` 1
4p

V0
(
m

Sm,ab

vm
2

, ~1!

whereV0 is the volume of the primitive unit cell,vm is the
frequency of modem and Sm,ab is the oscillator strength
tensor which is related to eigendisplacementsUm(ka) and
Born effective charge tensors by
1-4



a

illa
tiv
gt
ot
e
lc
-
f

un
e

th

th
ho
tr

o

ral
the
hal-
-
s in
ted
the
me

-
ir

Ab initio VIBRATIONAL AND DIELECTRI C . . . PHYSICAL REVIEW B 66, 165201 ~2002!
Sm,ab5S (
ka8

Zk,aa8
! Um

! ~ka8!D S (
k8b8

Zk8,bb8
! Um

! ~k8b8!D .

~2!

Similarly, one can define a mode-effective charge tensor

Zm,a
! 5

(
kb

Zk,ab
! Um~kb!

F(
kb

Um
! ~kb!Um~kb!G1/2. ~3!

For IR active modes the relevant components of the osc
tor strength tensor and the magnitude of the mode effec
charge tensor along with experimental oscillator stren
data from Refs. 6 and 9 are displayed in Table VI. For b
G4 and G5 symmetry higher frequency modes have high
mode effective charges and oscillator strengths. Our ca
lated oscillator strength values ofG4 modes show a reason
able agreement with both sets of experiments. However,
G5 modes not even a qualitative agreement can be fo
with Ref. 6. Since Syrbuet al. were able to detect only thre
modes ofG5 symmetry, theirSm values are result of a fit with
only three oscillator strength parameters. Except for
highest frequency mode, agreement is fair.

IV. CONCLUSION

We have investigated dynamical properties, such as
Born effective charge tensor, the Brillouin zone center p
non frequencies, and static and the high frequency dielec
tensors of the ternary semiconductor CuInSe2, within the
density functional perturbation theory. From a comparison
.

e

T

s

riu

za

za
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previous results and our first principles results with seve
sets of experimental data, one can claim that some of
reported zone center mode frequencies do not belong to c
copyrite CuInSe2. Also, our calculated static and high fre
quency dielectric tensors help to resolve the discrepancie
the reported experimental data. We have also compu
mode oscillator strengths and mode effective charges of
infrared active modes, and found fair agreement with so
of the experiments.
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TABLE VI. Oscillator strength tensorSm ~in 1024 m3/s2), mag-
nitude of mode-effective charge vectorsZm

! and LO frequenciesvm

~in THz! of CuInSe2.

Sm Zm
! vm

Theory Ref. 6 Ref. 9

G4 1.80 0.24 2.03 1.14 2.10
G4 9.56 8.50 9.24 3.03 6.12
G4 9.62 6.94 10.02 4.26 6.84
G5 0.21 0.57 0.22 1.78
G5 0.00 2.12 0.32 2.26
G5 0.39 2.32 0.20 4.65
G5 6.44 2.99 2.45 2.02 6.13
G5 9.62 6.67 6.47 3.52 6.57
G5 8.27 2.42 15.09 3.05 6.68
s.:
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