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Electronic structure and small polaron hole transport of copper aluminate
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High-temperature electrical property measurements~electrical conductivity, thermoelectric coefficient! on
polycrystalline CuAlO2 exhibited characteristic small polaron features, i.e., low mobilities~0.1–0.4 cm2/V s!
and an activation energy of;0.14 eV. The thermopower wasp type ~;440 mV/K ! and roughly temperature
independent. The local-density full-potential linearized augmented-plane-wave method was used to calculate
the band structure, densities of states, and optical properties~within the electric-dipole approximation! in order
to account for the unique electronic and optical properties of this potential transparent conducting oxide.
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I. INTRODUCTION

The development of a high-figure-of-meritp-type trans-
parent conducting oxide~TCO! would enable improved flat
panel displays, ultraviolet emitting diodes, heterojunctio
for solar cells, and all-oxide~transparent! semiconductor de-
vices such as diodes and transistors.1–3 To date, however,
reportedp-type TCO’s lack sufficient conductivity to matc
that of currently employedn-type TCO’s (s.103 S/cm),
whether due to insufficient carrier content, mobility, or bo
The current study was undertaken to investigate the e
tronic structure and transport properties of CuAlO2, the first
of a family of delafossite-basedp-type materials under de
velopment for TCO applications.4

CuAlO2 crystallizes in the delafossite structure with

rhombohedral space groupR3̄m, which can be described b
alternating layers of edge-shared AlO6 octahedra and Cu
close-packed planes and is shown in Fig. 1.5–7 The copper is
in linear coordination with oxygen and is in the 11(d10)
oxidation state. Metal oxides having the delafossite struct
with either rhombohedral 3R or hexagonal 2H stacking, ex-
hibit behaviors ranging from insulating to semimetallic, d
pending upon the specific cations involved.5–7

Table I lists some of the room-temperature transport pr
erties reported for CuAlO2.

4,8–11 Except for the work of
Benko and Koffyberg,8 in which bulk polycrystalline speci-
mens were employed, all the other measurements were
formed on thin films. It is evident that reported conductiv
ties are 3–6 orders of magnitude smaller than
conventionaln-type TCO’s. Carrier contents are typical
2–4 orders of magnitude smaller than forn-type TCO’s,
wheren.1021cm23 and, except for the result of Kawazo
et al.,4 mobilities are on the order of 1 cm2/V s or less. In
contrast, the bestn-type TCO’s possess mobilities in the 10
100 cm2/V s range. Commensurate with the low carrier co
tents, thermoelectric coefficients are high, varying from 1
mV/K ~Ref. 10! to as large as 670mV/K,9 indicative of semi-
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conducting behavior. Several of these studies repo
variable-range hopping (lns } T21/4) below;200 K, but ac-
tivated conductivity near room temperature with activati
energies varying from 0.12 eV~Ref. 10! to 0.20 eV~Ref. 4!
or 0.22 eV ~Ref. 11!. Similarly, Duan et al.12 observed
variable-range hopping over the range 80–300 K
CuScO21x , plus a room-temperature activation energy
0.11 eV. Cava et al.13 observed similar behavior in
CuYO2.51, i.e., conductivity;1023 S/cm and an activation
energy of;0.23 eV near 300 K.

There is a question, however, concerning the role of gr
boundaries in the room-temperature conductivity of t
delafossites. Isawaet al.14 synthesized a range of CuMO21x
delafossites~M5Y, La, Pr, Nd, Sm, and Eu! in bulk poly-
crystalline form. Their room-temperature conductiviti
ranged from 1023 S/cm (A5Y) to on the order of 1 S/cm
~M5Sm, Nd, and Pr!. At the same time, Isawaet al.15 ob-
tained metal-like room-temperature thermoelectric coe

FIG. 1. Delafossite structure of the general formulaABO2 com-
prised of alternating BO6 edge-shared octahedral~shown as shaded
polyhedra above! layers and two-dimensionally close-packedA
~shown as shaded spheres above! layers in linear coordination with
oxygen.
©2001 The American Physical Society14-1
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cients (S,30mV/K) for all but the M5La (S;40mV/K)
andM5Pr (S;55mV/K) delafossites. They suggested th
the grain interiors were substantially doped, but that gr
boundary barriers limited the electrical conductivity.

In the present work, high-temperature equilibrium elec
cal property measurements were undertaken on bulk p
crystalline CuAlO2. The transition from variable-range hop
ping to conventional activated behavior appears to
essentially complete by room temperature.4,11 Furthermore, it
is well known that grain boundary barriers in electroceram
can often be overcome by increasing the temperature of
measurement.16 Finally, high-temperature measurements
low for the specimen to be in point defect equilibrium wi
the ambient conditions, thereby facilitating analysis of t
underlying carrier generation mechanism~s!. Bulk specimens
were chosen since they tend to be more robust than thin fi
at elevated temperatures.

To complement the high-temperature electrical prope
measurements,ab initio electronic structure calculation
were also undertaken on CuAlO2. Orgel originally proposed
a d-s hybridized orbital model for Cud10 ions in linear
twofold coordination~e.g., Cu1 in Cu2O!.17 Rogerset al.18

attributed the anisotropic conductivity of the CuAO2 delafos-
sites tod-s hybridization of the Cu1 ions. Ishiguroet al.19

determined the electron density distribution in CuAlO2 by
single-crystal x-ray diffractometry and found substant
agreement with the Orgel hypothesis. Bradley a
Cracknell20 carried out scalar relativistic linearized muffin
tin orbital ~LMTO! calculations within the atomic sphere a
proximation~ASA! on various delafossites, but did not co
sider CuAlO2. Buljan et al.21 performed Hartree-Fock~HF!
calculations witha posteriori density functional corrections
on CuAO2 ~A5Al, Ga, and Y! delafossites. Their work
showed the top of the valence band to be dominated by
3d states, with some contribution of Cu 4s ~s-dz2 hybridiza-
tion!, in agreement with the Orgel hypothesis; however, ba
gaps of both the 2H and 3R CuAlO2 polytypes were over-
estimated, as is typical for HF calculations, and elect
charge density maps were not in good agreement with I
guro et al.19

Recently, Yanagiet al.11 reported full-potential linearized
augmented-plane-wave22 ~FLAPW! method results for
CuAlO2. They found the top of the valence band to be dom
nated by Cu-O bonding states, largely consistent with
results of Buljanet al.,21 but with more reasonable optica

TABLE I. Room-temperature transport data for CuAlO2.

Source s ~S cm21! m ~cm2 V21 s21! p ~cm23! Q ~mV K21!

8 1.731023 ,0.1 670
4 9.531022

1.0a
10.4 1.331017 183

9 1.531022 1.3b 7.031016 140
531022a 1.431018a

10 2.0 0.16–0.5 1.8– 2.631019

11 3.431021 0.13 2.731019 214

aClaimed highest values.
bCalculated from other reported parameters.
15511
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gaps of 1.7 eV~indirect! and 2.8 eV~direct!, the former in
good agreement with the experimental results of Benko
Koffyberg.8 In the present work, the FLAPW method wa
employed to calculate the band structure, densities of st
~DOS!, and optical properties~evaluated within the electric
dipole approximation!, with special attention to resolving th
origin of the unique ~low-mobility! TCO character of
CuAlO2.

II. PROCEDURE

A. Experiment

Bulk specimens of polycrystalline CuAlO2 were produced
by the solid-state reaction of high-purity oxides, CuO~Ald-
rich, 99.995%! and Al2O3 ~Aldrich, 99.999%!, which were
ground together under acetone with a mortar and pestle
1:1 ratio. Once a homogeneous mixture was obtained, 1
mm-diam by 2–5-mm-thick pellets were cold pressed un
175 Mpa. The resulting pellets were surrounded by a sm
amount of sacrificial powder of the same nominal compo
tion in order to prevent reaction between the pellet and
crucible. The pellets were then heated to 1100 °C in air
24–36 h in high-purity alumina crucibles, whereafter th
were air quenched to room temperature. Portions were s
jected to phase analysis by CuK} x-ray diffraction ~XRD,
Rigaku!. If impurity phases were detected, the pellets we
reground and again pelletized, followed by one or two ad
tional firings at 1100 °C in air, until they were phase pure
XRD.

The pellets were then cut by diamond saw in
conductivity bars of approximate dimensions 10 m
35mm35 mm. Gold wires were tightly wrapped around th
bars at approximately 1/3 and 2/3 positions along the bar
described by Honget al.23 Gold was employed to eliminate
the reaction between Pt-based metals and copper-base
ides at elevated temperatures.23 A type-S ~Pt-Pt/10% Rh!
thermocouple was placed in contact with each gold lead
also in contact with gold foils at each end of the bar, t
former serving as voltage leads and the latter as current le
for four-point dc conductivity measurements. In the measu
ment furnace, the specimen was positioned just off the
zone at an appropriate point to generate a suitable the
gradient along its length~;15–20 °C!. The six thermoelec-
tric emf’s and corresponding temperature differences~be-
tween the six possible thermocouple combinations! were
plotted to obtain the thermoelectric coefficient at a giv
average temperature. The values obtained were correcte
the thermoelectric coefficient of Pt, and a current rever
technique was employed to correct simultaneous four-p
conductivity measurements for thermal emf contributions
described by Honget al.23

Control of furnace atmosphere was critical to remain
the stability range of CuAlO2. Figure 2 shows the tempera
ture versus logpO2 phase diagram at 1 atm total pressure
the Cu-Al-O system, using free energies of formation for t
various compounds provided by Jacob and Alcock.24 The
line for the CuAlO2 /CuAl2O4/Cu2O equilibrium came from
the work of Gadalla and White.25 In contrast, Jacob and
4-2
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ELECTRONIC STRUCTURE AND SMALL POLARON HOLE . . . PHYSICAL REVIEW B 64 155114
Alcock24 reported that CuAlO2 was stable all the way to th
lower CuAlO2/CuAl2O4/CuO boundary. For both thermody
namic and kinetic reasons~point defect relaxation!, measure-
ments were made near or above the upper line unde
atmosphere of 100 ppm oxygen in argon. Above 740 °C e
trical contacts became unstable, which was also found
occur at lower oxygen partial pressures.

For proper comparison with other experimental results
was necessary to correct the raw conductivity values
specimen porosity~typically ;60%!. This was done using
the Bruggeman symmetric model26 and amounts to a scalin
factor of 2.5; all values of conductivity were therefore co
rected for porosity by this factor.

To check for grain boundary effects, two-point impedan
spectroscopy measurements were made at room temper
using a low-frequency impedance analyzer~Hewlett-Packard
4192A! over the frequency range 5 Hz to 13 MHz with a
excitation amplitude of61 V.

B. Theoretical

Electronic structure~and related properties! calculations
were carried out with the FLAPW method,22 which has no
shape approximations for the potential and charge den
The exchange-correlation energies were treated within
local-density approximation using the Hedin-Lundqvist27 pa-
rametrization of the exchange-correlation potential. The c
states were calculated fully relativistically and updated
each iteration, whereas the valence states were treated s
relativistically. Cutoffs of the plane-wave basis~16.0 Ry! and
potential representation~81.0 Ry! and the expansion in term
of spherical harmonics with 1<8 inside the muffin-tin~MT!
spheres were used. Summations over the Brillouin zone w
done using 28 specialk points28 in the irreducible wedge
The MT-sphere radii~in a.u.! used were 2.0~Cu!, 2.0 ~Al !,
and 1.4~O!. The lattice parameters used for the calculatio
were fixed with the experimental valuesa52.8617 Å andc
516.9407 Å for CuAlO2 measured by x-ray diffraction on
bulk material and in excellent agreement with pri
results.5,29

FIG. 2. Temperature vs logpO2 phase diagram for the Cu-Al-O
system at 1 atm of total pressure. Thermodynamic data taken
Refs. 24 and 25.
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The optical properties were calculated within the electr
dipole approximation.30 The imaginary parts of the dielectri
functions were thus expressed by

«2~v!5
8p2e2

v2m2V (
c,v

(
k

u^c,kuê•puv,k&u2

3d@Ec~k!2Ev~k!2\v#, ~1!

wherec and v represent the conduction and valence sta
un,k& are the FLAPW eigenkets,p is the momentum operator
and ê is the unit vector of the external field. The linea
tetrahedron scheme31,32was employed for the Brillouin Zone
integrations using 800 samplingk points in the Brillouin
zone. Corrections to the local density approximation~LDA !
results, i.e., the underestimation of the band gap, were
employed in obtaining the optical properties.

III. RESULTS AND DISCUSSION

A. Electrical properties

The high-temperature electrical properties are shown
Fig. 3. Although the systematic uncertainty is on the order
5% for both conductivity~due to uncertainty in geometri
factors! and thermoelectric coefficient~due to61 °C in tem-
perature difference measurements at high temperature!,23 the
random error is much smaller, on the order of the sym
size ~thermopower! or less~conductivity!. This is also seen
in the scatter about the fitting lines in each case. Point de
equilibrium was established upon changing temperature
observing the relaxation of the electrical properties, es
cially the conductivity. SmallpO2 excursions were also
made, which confirmed the overallp-type character of
CuAlO2, i.e., the conductivity increased slightly with in
creasingpO2.

The thermoelectric coefficient was positive~p type! and
virtually temperature independent. This indicates that an
trinsic point defect mechanism such as

1
2 O2~g!→Oi912h• ~2!

m
FIG. 3. High-temperature electrical properties for CuAlO2.

Range of data taken atp O251024 atm in Ar balance.
4-3
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is probably not the prevailing mechanism. If it were, w
would expect to see a much larger temperature depend
of the thermopower. Either cation off-stoichiometry (Cu/
Þ1) or tramp impurities~acceptors! set the carrier content.

The fact that the conductivity is thermally activated wh
the thermopower~hole content! is temperature independen
is indicative of small polaron conduction: i.e., the mobility
activated.8,18 The functional form of the conductivity is33

s5
s0

T
expS 2

EH

kTD , ~3!

wheres0 is 2.433104 S K cm21 and the activation or hop
ping energy is 0.14 eV, as shown in Fig. 3. This value co
pares favorably with the 0.11–0.23 eV range of pr
studies.4,10–13Furthermore, the room-temperature value c
culated from Eq.~3! is 0.36 S cm21, which compares favor-
ably with previously reported results. The preexponen
factor (s0) in Eq. ~3! is discussed further below.

The agreement between the room-temperature value
culated using Eq.~3! and the other data in Table I sugges
that grain boundaries arenot a limiting factor in the room-
temperature conductivity. To confirm this, two-point impe
ance spectra were obtained at room temperature. There w
single bulk impedance~Z! arc in Nyquist ~2Zimaginary vs
Zreal! format, whose diameter agreed with four-point dc
sistance measurements. Furthermore, its equivalent ci
parameters~R,C! were consistent with a material of dielectr
constant;10 and overall resistivity consistent with Table
values.

The thermoelectric coefficient for small polaron condu
tors is given by34

Q56
k

e
ln@2~12c!/c#, ~4!

where the entropy of transport term has been neglected,k/e
is 86.14mV/K, and the sign is determined by whether th
polaron forms around the trapped electron~negative! or
trapped hole~positive!. It should be stressed that positive
negative thermopowers can be obtained for either model,
ing determined by the ratio of available hopping sta
(12c) and carriers~c!. The factor of 2 accounts for spi
degeneracy. Based on the experimental thermopower of
proximately 440mV/K ~see Fig. 3!, the fraction of Cu21

species can be estimated as 1.2131022 ~Cu21 polaron
model! or 3.0231023 ~Cu1 polaron model!. Given the over-
all density of Cu sites (2.531022cm23!, these values trans
late into carrier contents of 3.0231020cm23 and 7.56
31019cm23, respectively. These values are comparable
those obtained by Gonget al.10 and Yanagiet al.11 and our
room-temperature conductivities are also in good agreem

By combining the hole content~from thermopower! and
the conductivity, the high-temperature mobility can be e
mated. At 740 °C, the values are 0.1 cm2/V s ~Cu21 polaron
model! and 0.4 cm2/V s ~Cu1 polaron model!. Both values
are consistent with small polaron conduction~typically ,1
cm2/V s!.34
15511
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The small polaron analysis can be taken one step fur
by considering the parameters which make up the preex
nential factors0 in Eq. ~3! ~Ref. 34!:

s05
gNc~12c!e2a2n

k
, ~5!

whereg is a geometric factor,N is the density of Cu sites,c
and (12c) are defined above,e is the unit of electron
charge,a is jump distance,n is the optical phonon frequenc
responsible for hopping, andk is Boltzmann’s constant. The
geometric factor isz/6, wherez is the number of Cu ions
surrounding each Cu site~6 in this case! anda is the Cu-Cu
distance, taken to be 2.86 Å. Based upon thes0 value of
2.433104 S K cm21 and the carrier content~Nc! estimated
from thermopower, optical phonon frequencies of 5
31012s21 ~Cu21 polaron model! and 2.1231013s21 ~Cu1

polaron model! were estimated, both of which appear to
reasonable values.

B. Electronic structure

The self-consistent band structure along the hig
symmetry directions of the Brillouin zone are shown in F
4. We took the origin of the energies at the valence-ba
edge atF. The high-symmetry points shown in the ban
structures areG~0,0,0!, Z(1/2,1/2,1/2), F(1/2,1/2,0), and
L(0,1/2,0) in terms of the reciprocal basis vectors of t
rhombohedral unit cell.20 While our calculated band structur
of CuAlO2 was found to be qualitatively similar to that of th
HF calculations,21 a large important difference can be seen
the lowest conduction band, in particular aroundF and L,
where the present calculations show a relatively flat ban

FIG. 4. The self-consistent band structure of CuAlO2 along the
high-symmetry directions.
4-4
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The conduction-band minimum was found atG and the
valence-band maximum atF, consistent with the FLAPW
results of Yanagiet al.11 The indirect band gap fromF to G
was calculated to be 1.95 eV, and the direct optical gap
found to be 2.7 eV. These values compare favorably with
prior FLAPW results of 1.7 eV~indirect! and 2.8 eV
~direct!,11 as well as the experimental results of Benko a
Koffyberg ~1.65 eV for the indirect gap8!, Yanagiet al. ~1.8
eV indirect versus 3.5 eV direct!11 and Kawazoeet al. ~3.5
eV direct!.1,4 The underestimation of the band gap by t
LDA was relatively smaller than the usual values in sem
conductors, about 50%. This may result from an error c
cellation with an increase of the conduction-band ene
aroundG because of a self-interaction energy that should
involved in the flat or localized valence bands.35

The l-decomposed electron charges inside the muffin
spheres atF and G are given in Table II. The conduction
band minima atG @G(c)# consists mainly of thes states and
Cu d states, which reflects the dispersive bottom of the c
duction band. A noticeable mixture with Cus states atF(v)
found in Table II and an isotropic charge density in the~001!
plane in Fig. 5@F(v)# clearly show the Cudz2-s hybrid
orbitals proposed by Orgel.17 Figure 5@F(v)# also illustrates
a linear antibonding structure between Cudz2-s and Opz .
On the other hand, the valence bands atG(v) give the
p-bonding structure with the Cu~dzx anddzy! and O~px and
py! orbitals as seen in Fig. 5@G(v)#. The characters atL and
Z ~not shown! are similar to those atF andG, respectively.

The dispersive features at the topmost valence ba
aroundF ~andL! will be important for characterizingp-type
transport properties in CuAlO2 to which hole carriers are
introduced. Despite the short Cu-Cu distance~2.86 Å!, no
dispersion was found along@100# ~in the Cartesian coordi
nate! direction aboutF, suggesting an antibonding intera
tion between the Cudz2-s hybrid orbitals in this direction.36

A significant dispersion, with a calculated effective mass
0.50me , is observed, however, along the@010# direction.
This is consistent with a charge density peak existing in

TABLE II. Calculatedl-decomposed electron charges~in e! in-
side the muffin-tin spheres of CuAlO2 at the valence-band maxim
@F(v) and G(v)# and the conduction-band minima@F(c) and
G(c)#.

States Site s p d

F(v) Cu 0.070 0.000 1.532
Al 0.000 0.000 0.012
O 0.002 0.098 0.002

F(c) Cu 0.000 0.390 0.000
Al 0.000 0.018 0.000
O 0.002 0.088 0.002

G(v) Cu 0.000 0.000 1.640
Al 0.000 0.000 0.024
O 0.000 0.100 0.002

G(c) Cu 0.124 0.000 0.806
Al 0.138 0.000 0.004
O 0.158 0.046 0.002
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direction, instead of the antibonding structure.19,21 Bradley
and Cracknell20 calculated the PdCoO2 delafossite structure
and found that Pddz2 orbitals aroundF andL are the domi-
nant contributions to the states at the Fermi energy and t
metallic conductivity. This metallic state of PdCoO2 was un-
derstood by a bonding interaction between unfilleddz2-s hy-
brid orbitals. For ad10 ion, such as Cu in CuAlO2, the inter-
action between the filleddz2-s hybrid orbitals is weak, but
provides a significant role in the band dispersion,36 as we
observed above. We also emphasize an important contr
tion to the band dispersion from the linear interaction b
tween Cudz2-s and Opz . To illustrate how the Cu-O dis-
tance affects the conductivity, we artificially reduced t
lattice parameter, eithera or c, by 22% and obtained a re
duction of the effective mass in the@010# direction aroundF
by 24.6% or23.5%, respectively. This strong coupling o
the effective mass with the Cu-O distance suggests that
hopping between copper sites could be enhanced with
assist of the phonon excited by oxygen vibration. These
sults support the small polaron transport characteristics
the hole hopping observed in the high-temperature electr
property measurements of Fig. 3. The flat valence ba
from G to Z ~along@001#! obtained in the band structure~Fig.
4! come from the strongly localizedp-antibonding structure
mentioned above and may not contribute to the hole cond

FIG. 5. Electron densities of the valence-band maxima@F(v)
and G(v)# and the conduction-band minima@F(c) and G(c)# of
CuAlO2 in the~001! plane~the upper figures! and in the~100! plane
~the lower figures! where both are passing through the Cu atom
The contours start from 131023 electrons/a.u.3 and change succes
sively by a factor of&.
4-5
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tivity. This explains the anisotropy~with respect to thec
axis! observed in the electrical conductivity.18

The DOS presented in Fig. 6 are decomposed into so
components to examine the chemical bonding. The vale
bands can be divided into three regions:~I! hybridization
of Cudz2-s and Opz in the topmost valence band,~II ! p
bonding between Cud and Op states above22 eV to 20.7
eV, and ~III ! sp hybridization bonding between O and A
below 22 eV. A sharp edge and the succeeding dispers
feature in region I reflect the anisotropic bonding structu
aroundF discussed above. In the conduction bands belo
eV, we observed a significant anisotropy in thep states—
dominant contributions from Cupx , Cupy , and Opz . The
Cupx andpy states in the conduction bands form the Cu-
interaction as illustrated in Fig. 5@F(c)#. These anisotropic
features account for the optical properties through the se
tion rules described below.

The imaginary parts of the calculated dielectric functio
are plotted in Fig. 7. The stacking structure along thec axis
of delafossite allows one to evaluate two independent c

FIG. 6. Total and projected densities of states~DOS! of
CuAlO2. The dashed lines ford and p states indicatedz2 and pz

components, respectively.

FIG. 7. The imaginary parts of the calculated dielectric fun
tions of CuAlO2 for polarization vectors perpendicular~solid lines!
and parallel~dashed lines! to thec axis.
15511
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ponents, thex/y(E'c) component~solid lines in the plot!,
which represents the average over thex and y components,
and the z(Eic) component~dashed lines!. The dielectric
functions show a significant anisotropy between thex/y and
z components. Focusing on each peak observed in the die
tric functions, we examined the corresponding band tran
tions considered dominant. PeakA1 is assigned to transition
from states in region I to the Cupx and py states in the
conduction band aroundF andL, showing the dominantx/y
component due to the lack of thepz component. PeaksA2
and Z1 are assigned to transitions from thep bonding in
region II to the Cupx andpy states in the conduction band
The anisotropy of these transitions is decided by the sym
try of the Cut2g orbitals in region II. PeakZ2 denotes tran-
sitions from states in region III to thes states and Opz
states in the conduction band. At the absorption edge, t
sitions aroundG are not optically allowed to a significan
degree since there is only a small fraction ofp character at
G(c) andG(v), as in Table II. Therefore, the states belon
ing to A1 do not contribute so much to the absorption ed
and it is expected that replacingA1 by another trivalent cat-
ion may not significantly change the direct optical absorpt
edge as long as the lattice parameter ofc and thus the Cu-O
distance are similar. This is confirmed by a very recent
periment for single-crystal CuGaO2 films,37 a direct optical
band gap was measured to be 3.6 eV, which is quite clos
that of CuAlO2 @3.5 eV ~Ref. 11!#.

IV. CONCLUSION

High-temperature electrical property measurements
CuAlO2 offer convincing evidence for small polaron condu
tion. The electrical conductivity is activated

s5
s0

T
expS 2

EH

kTD , ~38!

whereas the thermoelectric coefficient is approximately te
perature independent. The activation energy obtained
;0.14 eV. Carrier contents on the order of 1019– 1020cm23

were calculated from the high-temperature thermoelectric
efficient value of;440mV/K. In combination with the elec-
trical conductivity, high-temperature mobilities in the ran
of 0.1–0.4 cm2/V s were calculated, consistent with sma
polaron transport. The preexponential factor for conductiv
(s052.433104 S K cm21! is consistent with an optical pho
non frequency of;1013s21, again consistent with the sma
polaron model. These data suggest that although substa
carrier content can be obtained in CuAlO2, its mobility will
be limited by the small polaron conduction mechanism~, 1
cm2/V s!.

The FLAPW method was employed to calculate the ba
structure, densities of states, and optical properties
CuAlO2. Hybridization between Cudz2-s and betweendz2-s
and O pz are responsible for the dispersion aroundF, while
the flat bands fromG to Z in the topmost valence bands
coming from thep antibonding between Cu and O, could n
contribute to the conductivity. These results are consis
with the two-dimensional small polaron conduction observ

-
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in the present experiment. The optical properties, evalua
within the electric-dipole approximation, show a significa
anisotropy with respect to thec axis. The strong absorption
at lower energy~,4 eV! come dominantly from transitions
with the polarization vector perpendicular to thec axis and
are mainly due to the two-dimensional Cup states in the
conduction band.
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