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Abstract

The electronic and structural properties of delafossite transparent conducting oxides, namely @U@, Ga, In), have been studied
by means of self-consistent Tight Binding Linear Muffin-Tin Orbital (TB-LMTO) method. Electronic structure and hence total energies of
these compounds have been computed as a function of reduced volumes and fitted with Birch Murnaghan equation.

The calculated equilibrium lattice parameters and bulk modulus are in good agreement with experimental and reported values. The energy
band gap of 2H (hexagonal) and 3R (trigonal) CuM® = Al, Ga, In) has been calculated and compared with available data. The stability
of 2H and 3R polytypes has also been studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with lower conduction band minimum (CBM) is easier to
dope n-type.
Solids with wide band gap usually exhibit insulating be- TCO materials are widely used in flat panel displays, so-

havior but some of the metal oxides with wide gap are made lar cells and touch displays. A large number of ternary noble
to conduct. Such transition metal oxides are called transpar-metal oxides crystallize in the relatively simple delafossite
ent conducting oxides (TCO). Transparent conducting oxide structure CuMQ [6]. The variationin the chemical and phys-
materials are noble metal oxides of the form AM@ = Cu, ical properties of these delafossite TCOs is the origin of the
Pd and M = Al, In, Fe, Ga, etc.) that crystallize in the sim- diverse technological applications. The conductivity of TCO
ple delafossite structure. Many metallic oxides have a wide materials can be controlled across an extremely wide range
band gap because of the significant contribution of the ionic such that they can behave as insulators, semiconductors or
character to the chemical bonds between metallic cation andmetals. Delafossites are currently being employed as cata-
oxide ions. Wide-gap semiconductors are difficult to dope, lyst. Recently, they have also been suggested for use in solar
particularly p-type. applications.

More recently, efforts have been devoted to develop p- Mattheiss[7] performed calculation for the electronic
type wide gap materials using low{L], non-equilibrium structure of a compound with the delafossite structure, which
[2] or surface process§3] to avoid self-compensation while  concerned to the problem of oxygen doping in CyYO
enhancing dopant solubility. According to the recently devel- Rogers et al[8] proposed a qualitative band structure model
oped doping limit rul¢4,5], the degree of self-compensation and based on this, the experimental data on structural and
in a material correlates directly to its band-edge positions electrical properties of delafossite can be interpreted. Weak
with respect to others. A compound with higher valence band closed shell #-d'0 interaction normally plays an important
maximum (VBM) is easier to dope p-type, while acompound role in the structural physical properties of organo-metallic
compound$9]. According to Kawazoe et g10], this inter-
action plays an important role in electro-optical properties.

Corresponding author Three different motifs exist in the same delafossite crystal

E-mail addressbp_vel@yahoo.com (B. Palanivel).

0925-8388/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2004.07.009



20 V. Jayalakshmi et al. / Journal of Alloys and Compounds 388 (2005) 19-22

structure (MQ@ octahedra, linear ©@Cu-0O units and hexag- 3. Crystal structure
onal Cu layers). The coexistence of different structural units
(MOg layers, G-Cu—0 fragments and hexagonal Cu layers) At ambient conditions, CuM@oxides crystallize in a de-
in the same crystal structure makes an accurate prediction oflafossite structure, which is a built of infinite one-octahedron-
the structural data very difficuji.1]. thick sheets of close-packed M@ctahedra. These layers
Based on the LDA calculation of Nie et dl12], the are linked together by Cu atoms that form-Cu-O units.
band structure of 3R-CuMO(M = Al, Ga, In) has been = The O-Cu-O fragment has a considerable covalent charac-
calculated. It was found that all materials had an indirect ter, while the M-O bonds in M@ octahedra are strongly
band gap between thE-F symmetry points. The indirect ionic.
gap decreases from CuAj@o CuGaQ and to CulnQ ac- The successive stacking of layers of M@rtahedra leads
cording to the calculations performed by Nie et @Z2]. to different polytypes. The two most common polytypes are
The band structure calculation for the 3R and 2H structure 2H and 3R delafossite. In the trigonal 3R structure, there
of CuAlO, was calculated by Buljan et dl11], but these are three layers per unit cell and the fourth layer coincides
authors found large discrepancy when compared with the with the first one. The hexagonal 2H structure contains only
experiment. The appearance of discrepancy was due to thewo layers per unit cell. The atomic positions in 2H and 3R
inability of the Hartree—Fock method in the calculation of this  structures were all fixed by symmetry except thealue of
property. the oxygen atoms. The position of Cu for the 2H and 3R
With the increase of computational power, ab initio cal- structure is at (2c) site at 0.333, 0.667, 0.25 and at (3a) site
culations become a powerful tool in understanding the at 0, 0, 0. The position of Al is at (2a) site at 0, 0, 0 and at
electronic band structure and structural phase stability of (3b) site at 0, 0, 0.5. The position of O for 2H and 3R is
materials. This paper deals with electronic properties of 2H at (4f) site at 0.333, 0.667;,and at (6c¢) site at 0, Q. The
(hexagonal) and 3R (trigonal) CuMQ@M = Al, Ga, In) in experimentall values were taken for the present calculations
delafossite structure. The space group of the 2H phase isfrom referencg11].
P6/mmc (no. 194) and for the 3R phase, it is R-3m (no.
166). The difference between these two structures is the
stacking of successive layers of M©ctahedra, which re- 4. Results and discussion
sults in two types of polytypes. In the present work, the elec-
tronic structure of CuM@ has been calculated by means of The conductivity of the TCO materials can be controlled
self-consistent Tight Binding Linear Muffin-Tin Orbital (TB-  such that they exhibit insulating, conducting and semicon-
LMTO), which is used to calculate the ground state properties ducting properties. The TCOs have variety of properties such
of the material§13-15] The energy band gap for the above as the optical and electronic behavior, optical transparency
delafossite compoundsis calculated from the electronic struc-and electrical conductivity. The present work deals with elec-
ture and compared with available reported values. tronic behavior property of the delafossites.
In the present study of CuMQthe 3d, 4s, 4p orbitals
of Cu, the 3s, 3p, 3d orbitals of Al, the 3d, 4s, 4p orbitals
2. Methodology of Ga, the 4d, 5s, 5p orbitals of In and the 2s, 2p, 3d for
O have been treated as valence states. Empty spheres are
The energy band structure and electronic properties of included in the structures to obtain close packing, which is
the delafossite CuM&have been obtained using TB-LMTO necessary to obtain accurate LMTO results. In the calcula-
method within atomic sphere approximatigdS8—15] The tion, two types of empty spheres are included for complete
calculations are performed within the framework of local overlapping. The percentage of overlap~i8.5-10.2% for
density approximation (LDA). The von Barth and Hedin ex- the different CuMQ. The average Wigner—Seitz radius was
change correlation potentifl6] is employed in the present scaled so that the total volume of the spheres is equal to the
calculations. The relativistic mass—velocity variation is taken equilibrium volume of the primitive cell.
into account; however, the spin-orbit coupling is neglected.  The calculated total energies are fitted with the Birch Mur-
The densities of states are calculated by the tetrahedronnaghan equation, to determine the equilibrium lattice param-
method. eter and bulk modulus. The calculated lattice parameters and
In the present work, the electronic band structures of the bulk modulus of 2H and 3R-CuMgfare given inTable 1
2H and 3R-CuMQ@ at ambient as well as at high pressures along with the available experimental and reported values. It
have been studied. The equilibrium lattice parameter and bulkis found that the calculated lattice parameter increases from
modulus of the two types of polytypes 2H and 3R at ambient Al to In. However, the calculated bulk modulus for the 2H
condition are determined by a total energy calculation and and 3R structure of CuM&shows a linear decrease from Al
fitted into the Birch—Murnaghan equation of state. The cal- to In.
culations have been performed on a grid of 72 k pointsinthe  The total energy is computed for all the three compounds
entire Brillouin zone. The band gaps for the two polytypes by varying the molecular volume from 1\% to 0.85Vp,
have been calculated by the density of states. whereVg = Vexp. The variation of the total energy versus the



Table 1

V. Jayalakshmi et al. / Journal of Alloys and Compounds 388 (2005) 19-22 21

Calculated lattice parameters and bulk modulus for some delafossite type oxides with the available experimental and theoretical valuessfor compari

a(d) c(A) Bulk modulus (GPa)

2H-CuAIO,

TB-LMTO 2.9099 (2.8630) 11.4993 (11.3146) 185.76 (211
3R-CUAIO;

TB-LMTO 2.8096 (2.8580) 16.6708 (16.9580) 294.20 (208

LAPW 2.816 16.978
2H-CuGaQ

TB-LMTO 2.9730 (2.9730) 11.5950 (11.5956) 175.37 (192
3R-CuGag

TB-LMTO 2.9770 (2.9770) 17.1710 (17.1716) 180 (1923

LAPW 2.963 17.172
2H-CulnG

TB-LMTO 3.4711 11.2245 146.06
3R-CulnG

TB-LMTO 3.2920 (3.2920) 17.3880 (17.3880) 156.41

LAPW 3.285 17.270

a Experimental and reported values: refereficd; LAPW [12].

relative molecular volumes for CuMGs given inFigs. 1-3 respectively, for the 2 H structure of CUAIDCuGaQ and
The energy difference is small between the two phases whichCulnG,.
is however at the limits of accuracy of our computational In the 3R structure, the valence band maximum lies on
method and should be taken only as an indication that boththe I'-F line. The gap value for 3R-CuMQdecreases from
the structures have similar stabilities, in accordance with the Al to In similar as that of the 2H structure. The gaps’ values
experimental observation at normal condition. However, the decrease from 1.6 eV for CuAjCto 0.6 eV for CuGa®,
presentwork predicts that 3R phase of CuG@&nore stable  to 0.55eV for Culn®@. This 3R structure gap value agrees
at around 13 GPa. with the available reported valu¢k2?]. The reported values
The densities of states have been calculated. Usually, theare 1.97 eV for CuAIQ, 0.95eV for CuGa@ and 0.41 for
LDA calculation underestimates the band gap. The presentCulnQ, which are based on the LDA calculation. The band
study deals with the difference between the gaps of the 2H andgap of CUAIQ also agrees well with the experimental result
3R structure of the above compounds. The systematic LDA of 1.65eV[17].
error has been expected to be largely canceled. All the above The total density of states for the 2H and 3R polytypes
compounds have an indirect band gap with the valence bands calculated by the tetrahedron method. The valence band
maximum on the™-L line and conduction band minimum at  is dominated by the Cu 3d states, while the contribution of
I'. The calculated indirect gap decreases from Al to In and the 4p states is practically zero. The 4s Cu states show a
the gap values are found to be 1.85eV, 0.85eV and 0.4 eV,small contribution to the valence band which agrees with the
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Fig. 1. Energy vs. volume curve for the 3R phase of CUAIO

Fig. 2. Energy vs. volume curve of CuGaO
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r— and to In. In the case of the 3R structure, the band gap trend
1 of the present work agrees well with the reported ddja
-0.14 / In this calculation, it has been found that the 3R structure is
o more stable in the case of CuAl@nd CulnQ. However,
E ] in the case of CuGagf)it has been found that the 3R struc-
g -0.18 - ture is stable only at a pressure of about 13 GPa. Based on
€ ] = 2H-CulnO, = the experiment, it is indicated that both phases have a sim-
é o \___1_/- ilar stability at normal conditions. It is proposed to extend
B -022- i < a similar type of investigation to the other delafossite mate-
] \ / rials, so 'that one can obtain complete information about t.he
o o electronic and structural properties of transparent conducting
-0.26 - . 3R-CulnO, ./ oxide materials.
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