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CuAlO; exhibits a unique defect structure that is dependent on the synthesis route. High-
temperature solid-state and low-temperature hydrothermal techniques are compared to
illustrate how cation off-stoichiometry affects the electrical properties of CuAlOs. A defect
complex of Al on a Cu-site stabilized by two bound oxygen interstitials (Alc,20;")" is proposed
which serves as an acceptor dopant to set the hole concentration. Trapping of holes (small
polarons) by such complexes with decreasing temperature is proposed to account for the
decreasing carrier content with temperature. Hydrothermal samples exhibit approximately
an order of magnitude increase in hole concentration relative to the solid-state synthesized
samples; this is reflected in the electrical conductivity and may explain the variations in

electrical properties reported for CuAlOs.

Introduction

Transparent conducting oxides (TCOs) simultaneously
exhibit both high transparency through the visible
spectrum and high electrical conductivity, which are
typically mutually exclusive materials properties. N-
type TCOs are utilized in a variety of commercial
applications, such as flat-panel displays, photovoltaic
devices, and electrochromic windows, in which they
serve as transparent electrodes. At the present time
there are no commercially viable p-type TCOs. The
development of a high figure-of-merit p-type TCO would
enable improved flat-panel displays, ultraviolet light
emitting diodes, heterojunctions for solar cells, and all-
oxide (transparent) semiconductor devices such as di-
odes and transistors.

Owing to the strong ionic nature of metal—oxygen
bonding, holes are typically localized at the valence band
edge, which is dominated by oxygen-2p levels therefore
limiting p-type conduction. Two methods have been
suggested to enhance the covalency between metal—
oxygen bonding, thereby limiting localization:! choosing
cations having closed d-shells of energy comparable to
that of the oxygen-2p levels (i.e., Cu®, Ag', and Au™,
especially when found in linear coordination with
oxygen?), and choosing a structure in which oxygen
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adopts tetrahedral coordination. An aggressive search
for a viable p-type TCO was motivated by the report by
Kawazoe et al.2 of the optical and electrical properties
of copper aluminate (CuAlOg) thin films prepared by
laser ablation. CuAlOq, which crystallizes in the delafos-
site structure having the general formula A1*B3+Oq,
satisfies both conditions facilitating p-type conduction.
The delafossite structure is comprised of alternating
layers of slightly distorted edge-shared BOg octahedra
and two-dimensional close-packed A-cation planes form-
ing linear O—A!"—0 “dumbbells”,?~5 as found in the
well-known p-type oxide semiconductor Cug0.%7 Fur-
thermore, the oxygens are coordinated by four cations
(one A*! and three B3"). Depending on the stacking of
the layers, two polytypes are possible. The “3R” polytype
(Figure 1) consists of “AaBbCcAaBbCec...” stacking along
the c-axis and has rhombohedral symmetry with the
space group R3m (No. 166), whereas the “2H” polytype
consists of an alternate stacking sequence (“AaB-
bAaBb...”) and has the space group P6s/mmc (No. 194).8

CuAlO; exhibits small polaron conduction, a diffusion-
limited conduction mechanism in which trapped holes
and resultant lattice distortions “hop” between Cu-sites,
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Figure 1. Schematic representation of the delafossite struc-
ture (ABOg) for the “3R” polytype (R3m) with AaBbCcAa...
stacking along the c-axis. The “2H” polytype (P6s/mmc) has
an alternate AaBbAa... stacking sequence. The polyhedron and
spheres represent BOgs distorted octahedron and linearly
coordinated A" cations, respectively.

which limits the room-temperature mobility to <1
cm? V-1 719 Despite rather constant mobility values,
conductivity values have been reported for CuAlOs
between 1.7 x 1072 and 17 S/cm corresponding to widely
varying hole concentrations between 7.0 x 1016 and
1.2 x 1020 cm~3.1.10-16 Previous reports suggest the hole
content in CuAlQO;, as well as in other delafossite
compounds, is set by Cu-vacancies!? or oxygen intersti-
tials (especially in large B-site cation compounds, i.e.,
CuYO,).18 The defect chemistry of delafossite materials,
however, is still not completely understood. The current
paper (Part 1) focuses on the defect structure leading
to hole generation in CuAlOy as it relates to two
separate synthesis routes: high-temperature solid-state
synthesis and low-temperature hydrothermal synthesis.
Part 21° focuses on the transport and defect mechanisms
in larger B-site cation delafossites: CuScOz and CuYOs..

Experimental Procedure

Bulk polycrystalline samples for this study were produced
by conventional high-temperature solid-state (SS) reactions.
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A reproducible process was found to produce single-phase
CuAlOs. High-purity constituent oxides (Adrich Chemical Co.,
Milwaukee, WI; 99.999—-99.9999%) were mixed in proper
stoichiometric ratios in an agate mortar and pestle under
acetone. To ensure accurate molar proportion, the component
oxides were dried in a furnace at 400 °C for 12 h and stored
in a desiccator. Once a homogeneous mixture was obtained,
pellets were uniaxially pressed at ~175—400 MPa. The pressed
pellets were then surrounded by a small amount of sacrificial
powder of the same nominal composition to prevent reaction
between the pellet and the crucible. The pellets were heated
in air to 1100 °C for 24—36 h and quench-cooled in air. This
process of firing was repeated until an X-ray phase-pure
sample of CuAlO, was achieved, which typically took two firing
cycles. The percent theoretical density was estimated from the
weight and geometric dimensions of the fired pellets and was
typically 60—70% for all samples.

A low-temperature hydrothermal (HT) technique was used
to synthesize powders of CuAlO2,?° similar to that first
published by Shannon et al.* employing a FEP (fluoro-
(ethylene-propylene)) Teflon pouch technique adapted from the
work of Harrison et al.?! Appropriate amounts of aluminum
metal, copper oxides, and aluminum oxide were placed along
with ground NaOH pellets in each FEP pouch. Mole fractions
of the reactants were varied in accordance with the following
reaction:

¢CuO + /51 — ¢)Cu,0 + /3pAl +

1/6(3 — $ALO, NaOH

CuAlO, (1)

The stoichiometric coefficients for this reaction represent
the reduction of Cu'! to Cu! and the oxidation of Al° to Al
The pouches were sealed and placed in an autoclave with
deionized water. The autoclave was sealed and heated to an
initial temperature of 150 °C to allow the H,O to enter the
permeable membrane of the pouch and dissolve the NaOH.
The autoclave was then heated to 210 °C, and subsequently
cooled to room temperature. Upon removal from the autoclave,
each pouch contained both solid products, including CuO and
Cuz0, and excess solution. Owing to unreacted CuzO and CuO,
which were evidenced for all values of ¢ in eq 1, the initial Cu
sources were decreased (e.g., approximately 40% for ¢ = 0.33)
to yield phase-pure CuAlOs.

Room- and high-temperature electrical and thermopower
measurements, as described by Hong et al.,?2 were used to
investigate the defect chemistry and transport mechanisms
of bulk ceramic pellets. As mentioned previously, SS—CuAlO.
samples were typically between 60 and 70% dense, and
conductivity measurements were corrected for porosity using
the Bruggeman symmetric medium equation as described by
McLachlan et al.:?

Omeasured — Cactual 1- 3/ 2 ﬂ (2)

where f is the volume fraction of porosity (valid for
0 < f < 0.4). Density corrections were found to increase the
measured conductivity by a factor of 1.8 to 2.5. Thermopower
values were converted to hole concentrations based on small
polaron theory?*?> as per the following equation:

1 (2-0)

where kg is Boltzmann’s constant, e is the unit of electronic
charge, the spin degeneracy factor (f) is typically 2, and c is

Q= +
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the fraction of sites occupied by holes (CuZ',.), such that the
hole concentration, p, is given by cN, where N is the concen-
tration of atomic sites (i.e., the Cu-site density in CuAlO; is
2.51 x 1022 cm™3). At high temperature, thermal equilibrium
was established by monitoring the time-dependence of in situ
electrical properties.

The electrical conductivity of HT-CuAlO; powders was
obtained by the powder—solution—composite (PSC) method,
which compares the conductivity of an electrolyte/powder
composite-slurry to that of the plain electrolyte using effective
medium theory and impedance spectroscopy. The details are
described elsewhere.28

Structural refinements of both HT- and SS-CuAlO; samples
were performed using the Rietveld method. For the HT-CuAlO,
sample, the general structure analysis system (GSAS)?” soft-
ware package was used. The data for the SS-CuAlO; sample
were analyzed with the program FullProf 2000.28 Powder X-ray
diffraction (XRD) patterns were obtained for 10° < 26 < 140°
with a step size of 0.02° on a XDS 2000 4-circle diffractometer
with solid-state detector (Scintag, Inc.). Neutron time-of-flight
(TOF) spectra were obtained from the special environment
powder diffractometer (SEPD) located at the intense pulsed
neutron source (IPNS) at Argonne National Lab (ANL).2° The
TOF data were collected from three detector banks located at
144.845°, 90°, and 44°.

Cation ratios were determined by inductively coupled
plasma atomic emission spectroscopy (ICP). Selected samples
for ICP were prepared by thoroughly dissolving approximately
0.1 g of CuAlOg in 25.0 mL of HNOj. The resultant solution
was diluted by a factor of 25 with deionized HsO and
subsequently analyzed with a Thermo Jarrell Ash Atomscan
model 25 Sequential ICP spectrometer. Copper and aluminum
emission peaks were evaluated at 324.754 and 308.215 nm,
respectively. Three readings were taken per sample and
averaged. Thermogravimetric analysis (TGA) was performed
to determine the oxygen content of selected samples. Ap-
proximately 0.1 g of material was reduced under flowing
forming gas (4—7% Hs, balance N2) in a thermogravimetric
analyzer model 2950 (TA Instruments), and the weight loss
was precisely determined. The resultant products were ana-
lyzed by XRD to verify that the following reaction occurred:

2Cuy,,Aly, Oy g + (1+ 20 — 3y)Hyy — 2(1 + 2)Clyem +
(14 y)ALO, + (1 + 20 — 3y)H,0, (4)

Results and Discussion

The properties of CuAlO; produced by two techniques,
low-temperature hydrothermal (HT) and conventional
high-temperature solid-state (SS) synthesis, were com-
pared to gain an understanding of the defect mecha-
nisms. HT-CuAlOq is predicted to possess enhanced
electrical properties relative to SS-CuAlOs owing to
nonequilibrium point defect populations.

Since the HT-CuAlO; powders could not be sintered
into bulk ceramics without eliminating the hypothesized
enhanced nonequilibrium defect populations, a powder—
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Figure 2. Comparison of HT-CuAlO; (closed circles) and SS-
CuAlO; (open circles) powder—solution—composite conductivity
measurements.?® Conductivity estimate is given where the
composite and electrolyte conductivities are equivalent (i.e.,
log(oelectrolytJ Ocomposite) =0).

Table 1. Tramp Impurity Survey of SS-CuAlO; Performed
by Conam Kawin, Inc. using Test Method: ASTM E 663

impurity concentration (ppm)
Cr 14
Ca 7
Mg 15
K 60
Fe 110
Na 310

solution—composite (PSC) technique?® was used to
compare the electrical properties of HT- and SS-CuAlOs.
The electrical conductivity of multiple composite slurries
comprised of CuAlOy powder and electrolytic solutions
of varying strength (e.g., 0.001 M to 5.0 M NaCl) was
determined with AC-impedance spectroscopy. The re-
sults were analyzed with effective medium theory and
equivalent circuit modeling, and are shown in Figure
2. The Brueggeman asymmetric effective medium model3°
was fit to the conductivity values of the composite
slurries (circles) and the powder’s conductivity is de-
termined where the conductivities of the composite and
solution are equivalent (i.e., log(Osolution/Tcomposite) = 0).
From Figure 2 it is evident that the HT-CuAlO exhibits
approximately an order of magnitude increase in room-
temperature conductivity over SS-CuAlO; (~0.2 and
~0.03 S/cm, respectively), which can be attributed to
an increase in carrier concentration, as the mobility is
expected to vary only slightly with hole concentration.

The hole content of undoped SS-CuAlOy was deter-
mined by high-temperature thermopower measure-
ments via eq 3 to be 3.0 x 1020 cm~3,° which compares
favorably to the results of Gong et al.!2 and Yanagi et
al.3! As mentioned previously, several mechanisms have
been suggested for hole generation, including extrinsic
doping (or tramp impurities), oxygen interstitials, and
cation vacancies. A tramp impurity survey performed
on undoped SS-CuAlOg (Conam Kawin, Inc.) revealed
several single and divalent cation impurities in small
concentrations, as shown in Table 1, which could serve
as acceptor dopants on the Al site (e.g., Caal’ or Kal'").
Summing the contribution of each tramp impurity, an
upper bound of the hole concentration is found to be
1.2 x 10" em™3. This value is believed to be an

(30) Meredith, R. E.; Tobias, C. W. Conduction in Heterogeneous
Systems. In Advances in Electrochemistry and Electrochemical Engi-
neering; Tobias, C. W., Ed.; Interscience: New York, 1962.

(31) Yanagi, H.; Inoue, S.; Ueda, K.; Kawazoe, H.; Hosono, H.;
Hamada, N. J. Appl. Phys. 2000, 88 (7), 4159—4163.
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Figure 3. Oxygen dependence of the conductivity and hole
concentration of SS-CuAlO; at 800 °C. Systematic error,
consistent for each datum, is represented with error bars to
the left, whereas random error is on the order of symbol size
(or as indicated when larger). A ¢ log(pO2)-dependence is
shown for comparison.

overestimate owing to uncertainty in impurity defect
site location and ionization (i.e., listed impurities are
much larger than Al3") as well as typical over-estima-
tion of Na content by ICP; nevertheless, it is an order
of magnitude smaller than the experimentally deter-
mined hole content of 3.0 x 1020 ecm~3. It should be noted
that Cr and Fe are expected to substitute for Al and
should be in their trivalent oxidation state (isovalent
with Al), and therefore should not contribute to hole
generation. The above discussion suggests that tramp
impurities are insufficient to account for the hole
content found in CuAlOs.

Excess oxygen contributions to hole generation were
studied by varying pOs at constant temperature (800
°C) for SS-CuAlOy samples. The results are shown in
Figure 3, in which the pO2 dependence confirmed the
overall p-type character of CuAlOs (i.e., conductivity
increased slightly with increasing pOs). The thermo-
electric coefficient was positive (once again confirming
p-type character) and virtually pOg-independent. (The
thermopower data are converted to hole concentrations
in Figure 3, as per eq 3).

As seen in Figure 3, the hole concentration and
conductivity of SS-CuAlOq exhibit significantly less than
a pO2/6 dependence. An intrinsic point defect mecha-
nism, involving oxygen interstitials, such as

504y — Oy + 2h° (5)

is not the prevailing defect mechanism at 800 °C and
—8 < log(pOg) < —38; otherwise, the hole concentration
would depend on pO38 (following eq 5)

log(p) = constant + 1/6 log(pO,) (6)

This finding is consistent with the literature reporting
little oxygen uptake in CuAlO,.1° Based on the Cu—Cu
distance (a-lattice parameter) for CuAlQOs, the intersti-
tial site available for excess oxygen has an approximate
radius of 1.02 A, which is small relative to an oxygen
anion in 3-fold coordination (~1.22 A),32 thereby limiting
the capacity for unbound oxygen interstitials.

The above findings indicate that neither aliovalent
dopants nor oxygen-to-cation nonstoichiometry control
the hole generation in CuAlQOs. Cation ratios in SS- and
HT-CuAlO2 were verified with ICP analysis to inves-
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Figure 4. Fourier electron difference map of the (001) plane
at z = 0 (Cu plane). The center of reference is located at 0 0 0
with a map size of 10 x 10 A. Electron density contours are
shown as lines and dots representing 0.21 and 0.42 electrons/
A2, respectively. Refinement shows residual electron density

when oxygen ions are not modeled on the 184 sites (centered
between three Cu-ions).

tigate possible cation deficiencies. The variation from
sample to sample was less than 2%. For SS-CuAlOs, the
average [Cu]/[Al] ratio was 0.96. The average [Cul/[All
ratio of 0.86 for HT-CuAlOz corresponds to a Cu/Al
stoichiometry of 0.92:1.08, indicating the nonstoichio-
metric nature of the compound in favor of Al-excess. It
should be noted that HT processing appears to produce
a greater degree of nonstoichiometry than does the SS
processing method. Furthermore, upon visual inspection
of the two CuAlO, samples, a discrepancy in coloration
is evident; the SS-CuAlO;y exhibits a light blue-gray
coloration whereas the HT-CuAlOs is gray-black, sug-
gesting an increase in hole concentration. Solid-state
specimens prepared with intentional Al-excess or Cu-
excess showed little change in electrical properties
relative to the nominally stoichiometric composition,
when appropriately corrected for the presence of second
phases, suggesting the solubility range of CuAlO; is
small.

To further establish the off-stoichiometric nature of
CuAlO,, structural refinements were performed on
several CuAlOy samples. XRD diffraction data were
collected for the HT-sample and refined with GSAS?°
in R3m wusing crystallographic data from previous
refinements as a basis model.?>33 It was assumed that
all sites were fully occupied and thermal parameters
were grouped by atom type and refined together. A good
structural fit was found with a stoichiometric model;
however, an electron density map of the basal plane
revealed a significant amount of residual electron
density that was unaccounted for in the regions sur-
rounding the Cu ions, as seen in Figure 4.

To accurately determine the structure of HT-CuAlOs,
several models based on varying levels of nonstoichi-
ometry and defect incorporation were used (e.g., Vcu,
Oy, or Alg,™). Owing to the different X-ray scattering
cross sections of Cu and Al, the occupation of a site by
either of these ions can clearly be differentiated in a

(32) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. 1969, B25,
925—946.

(33) Ishiguro, T.; Kitazawa, A.; Mizutani, N.; Kato, M. J. Solid State
Chem. 1981, 40, 170—174.
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Table 2. Crystallographic Parameters for HT- and
SS-CuAlO; Based on Refinement of Powder Neutron TOF
Data and/or XRD Data in the R3m Space Group

atom site X y Z Biso occupancy
HT1-CuAlO, @
Cu 3z 0 0 0 2.60(7) A>  0.925(8)
Al 3¢ 0 0 0 2.60(7) A2 0.075(8)
Al 36 0 0 0.5 2.64(11) A2 1.000
O 6¢c 0 0 0.1097(2) 2.21(12) A2 1.000
O  18h 0.38(3) —0.38(3) —0.006(3) 2.21(12)A2  0.027(3)
SS-CuAlOy®
Cu 3¢ 0 0 0 B11=0.04; 0.976(7)
B33=0.00047
Al 3a 0 0 0 £11=0.04; 0.024(7)
B33=0.00047
Al 3 0 0 0.5 B11=0.022;  1.000
B33=0.00054
O 6¢c 0 0 0.10975(2) 0.68956 A2 1.000
O  36i 0.14(3) 0.00(3) 0.037(4) 0.68956 A2  0.0042(9)

@ XRD, 32 = 1.77: Rp = 4.93%, Ryp = 5.37%. a = b = 2.8611(1)
A, ¢ =16.9370(2) A. ® XRD: R, = 4.8%, Ryp = 6.2%, Rexp = 4.8%,
and Reragg = 7.1%. TOF (144.845°): R, = 5.0%, Rup = 5.3%, Rexp=
3.0%, and Rpyagg = 2.5%. TOF (90°): R, = 5.4%, Ryp = 6.8%, Rexp
= 3.0%, and Rpragg = 2.0%. TOF (44°): Ry = 3.7%, Rup = 3.7%,
Rexp = 5.4%, and Rprage = 1.8%. a = b = 2.85650(7) A, ¢ =
16.9410(5) A.
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Figure 5. Fourier electron difference map of the (001) plane
at z = 0 (Cu plane), with the center of reference located at 0
0 0 and a map size of 10 x 10 A. Refinement shows no residual
electron density when oxide ions are placed on the interstitial
18h sites (note: the 18h sites are only 2.7(3)% occupied as
described in Table 2).

refinement. The model that produced the best fit
revealed significant Al substitution on the Cu sites as
well as interstitial oxygen. The final refinement cycle
of this model yielded lattice parameters a = b =
2.8611(1) A, ¢ = 16.9370(2) A, and R, = 4.93%, Ry, =
5.87%, and y?> = 1.77. The refinement values are
presented in Table 2. An electron density map of the
basal plane, shown in Figure 5, indicated that there is
no residual electron density unaccounted for by this
model. The Cu—0 and Al(gctahedran—O bond distances are
1.858(3) and 1.913(2) A, respectively. These lengths
were expected and matched those for previously re-
ported samples of CuAlQs.5:33-35

On the basis of the refined model, 7.5% excess Al ions
occupy the copper (3a) sites in HT-CuAlOs. In addition,

(34) Ishiguro, T.; Ishizawa, N.; Mizutani, N.; Kato, M.; Tanaka, K.;
Marumo, T. Acta Crystallogr. 1983, B39, 564—569.

(35) Ishiguro, T.; Ishizawa, N.; Mizutani, N.; Kato, M. . J. Solid
State Chem. 1982, 41, 132—137.
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Figure 6. Thermogravemetric analysis results of CuAlOg
reduction in 7% Hy/N3 atmosphere. The final products (verified
by PXRD) were Al;O3 and Cu metal.

0.162 extra oxide ions per formula unit were found on
the interstitial 18h sites located within the two-
dimensional Cu planes. A formula wunit of
(Cu0.925(8)A10,()75(8))A102_162(18) is therefore indicated for
HT-CuAlO;. TOF refinements of HT-CuAlOs showed
reasonable agreement with the above results, however,
the amount of available HT-powder (i.e., < 0.1 g per
batch), was insufficient to obtain good fitting param-
eters.

Instead, the oxygen composition of HT-CuAlOs was
experimentally verified by thermogravimetric analysis
(TGA) as per eq 4, and the results are shown in Figure
6. A 7.48% weight loss is observed beginning at 325 °C.
There are three weight loss steps, with the major step
occurring between 750 and 850 °C. Infrared (IR) spectra
of HT-CuAlO; did not reveal any excitations character-
istic of O—H stretches. As such, the two low-tempera-
ture weight loss steps cannot be attributed to the
loss of lattice water. Based on the final products,
as characterized by XRD, and the level of weight
loss, an initial oxygen content of 2.16 per formula
unit was measured, consistent with the composition
(Cug.9258)Al0.0758)A102 162(18) as per the XRD data refine-
ment.

The XRD and three TOF diffraction data sets collected
on the SS-CuAlO sample were combined and structur-
ally refined using Rietveld analysis. The Debye—Waller
factors were fixed to those obtained at 295 K by Ishiguro
et al. using single crystals.3® For the cation sites,
anisotropic thermal parameters were used, while for the
oxygen sites, the equivalent isotropic thermal parameter
was calculated from the anisotropic values given in ref
35. The refinement indicated the presence of impurity
phases: 1.3% CuAly,O4 and 1.9% 2H—CuAlOq with the
balance 3R—CuAlOs. The combined XRD/TOF refine-
ment and relevant details for the 3R-polytype compo-
nent are included in Table 2. The final refinement cycle
yielded lattice parameters a = b = 2.85650(7) A, ¢ =
16.9410(5) A. Owing to a broad local minimum between
several refinement models and small defect populations,
a precise defect determination was difficult to obtain
from TOF/XRD refinements of SS-CuAlQOs, however the
fit given in Table 2 was found to have the best
parameters and is consistent with the previously dis-
cussed experimental observations, which are very sensi-
tive to low defect populations. Unfortunately, TGA was
unable to conclusively verify excess oxygen levels as is
expected from the hole concentrations (determined from
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Figure 7. Review of off-stoichiometric levels as determined
from structural refinements and gravimetric results in HT-
CuAlO; (left side) and SS-CuAlO; (right side). Cu-deficiency
and Al-excess in each sample are nearly equivalent and
correspond to half the level of O-excess.

the thermoelectric coefficients) which suggests <0.02
oxygen excess per formula unit.

The above finding is intriguing since Alc,™ is a donor
defect, which should produce n-type character instead
of the experimentally determined p-type character of
CuAlQO;. Furthermore, Al prefers higher coordination
numbers than the Cu-site provides. A defect associate
of the form (Alc,*20;")" is proposed, whereby two bound
oxygen interstitials increase the coordination number
of the Cu-site by forming a psuedo-tetrahedral site, thus
stabilizing Alcy,™ and accounting for the established
excess oxygen. It should be noted that these oxygens
are bound and nonresponsive to pOy changes at inter-
mediate temperatures (as previously discussed). Ag-
glomerations between these associates may exist, which
would decrease the Oy to Alcy™ ratio. The refinement
results have been verified by the TGA and ICP studies,
supporting a 2:1 ratio between O;"" and Alg,™ species in
both HT-CuAlOs and SS-CuAlOs. The hole concentra-
tion is therefore set by the Brouwer approximation at
high temperatures

P~ 2 [(Al,"20,")"] %)

leading to pOq-independent electrical properties.

A carrier concentration of 1.2 x 102! £ 0.35 x 102%!
cm~3 was obtained from eq 7 and the excess Al content
listed in Table 2 for SS-CuAlOs. A carrier concentration
of 3.8 x 1021 £ 0.4 x 102! cm 2 is similarly obtained
from the refinement values in Table 2 and eq 7 for HT-
CuAlOy, showing an increase in hole content relative
to SS-CuAlOs. The above results are reviewed in Figure
7 and show similar trends between the two synthesis
routes, albeit on different scales. Both refinement and
gravimetric studies demonstrate the Cu-deficiency and
Al-excess levels are nearly equivalent and approxi-
mately half the level of O-excess, thereby supporting,
in combination with electrical properties, the existence
of (Algy*20;")" complexes.

It should be noted that the room-temperature ther-
mopower of SS-CuAlO; was found to be ~670 4 V/K, in
agreement with Benko et al.1% and significantly larger
than the high-temperature value (~440 uV/K), suggest-
ing a decrease in carrier content at low temperatures
as per eq 3. This may be due to the trapping of mobile
polarons (designated as h*) by the (Alg,*20;")" associ-
ates, as governed by the following equilibrium reaction:

2Cug,” + (Al 20,")" + 2h" <
(Alg,” 20" 2CuZ!, )" (8)
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At elevated temperatures, the above equilibrium shifts
to the left in favor of mobile holes; at room temperature,
however, the equilibrium is shifted to the right, with a
decrease in hole concentration.

Additional evidence for the trapping of mobile po-
larons with decreasing temperature as described by eq
8 is seen by comparing the hole concentrations at high
and low temperatures with the change observed in the
conductivity. On the basis of the thermoelectric values
and eq 3, only ~ 7% of the carriers available for
transport at high temperatures remain mobile at room
temperature. The reduction in mobile holes is also seen
in the reduced conductivity of SS-CuAlO; at room
temperature (0.03 S/cm by PSC) vs high temperature
(~3 S/em in bar-specimens at 800 °C). Combining the
high- and room-temperature hole content and conduc-
tivity values gives mobilities of 8.9 x 1073 cm? V-1 571
and 6.2 x 1072 cm2 V! 57! at room temperature and
800 °C, respectively. These mobility values correspond
favorably with those calculated based on small polaron
analysis:

=g — cea®v(kgT) ' exp(—E /kgT)  (9)

where g is a geometric factor on the order of unity; ¢ is
the fraction of sites occupied by holes; a is the hopping
distance (i.e., Cu—Cu distance), v is the optical mode
phonon frequency (~1013 s71); E, is the hopping energy
(~0.14 ?), and kg and e are Boltzman’s constant and the
charge on an electron, respectively. Given the character
of the specimens in this study (loose powders or poly-
crystalline bars), independent measurements of room-
temperature mobility were not possible.

Conclusions

Electrical property measurements, including high-
temperature thermopower and conductivity, were com-
pared with gravimetric studies and neutron time-of-
flight and powder XRD refinements to establish a defect
model for high-temperature solid state (SS) and low-
temperature hydrothermal (HT) synthesized CuAlOs.

Free oxygen interstitials were found to be minority
species in SS-CuAlO; as evidenced by pOs-independent
conductivity and thermopower at 800 °C. Additionally,
impurity levels (extrinsic doping) were insufficient to
account for the observed hole concentrations in SS-
CuAlO;. In the absence of oxygen interstitials and
extrinsic doping, the refinement and gravimetric results,
reviewed in Figure 7, suggest that hole doping is
governed by the intrinsic defect associate of the form
(Alcy™20;")" which determines the hole population in
CuAlOs.

Comparison of electrical properties and site occupan-
cies shows a significant difference in the off-stoichiom-
etry observed between low-temperature hydrothermal
and high-temperature solid-state synthesized com-
pounds, leading to an order of magnitude increase in
carrier content in HT-CuAlOs. From these findings, it
appears that the degree of off-stoichiometry in CuAlOq
is synthesis-dependent, which may explain the large
discrepancy in reported hole concentrations. It should
be noted that although the hole content can be large at
high-temperature, a significant fraction of holes become
immobile at low-temperatures. Even at elevated tem-
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peratures the mobility is limited by the small polaron
conduction mechanism (<1 ¢m? V-1 s71) regardless of
the synthesis route. Based on the hydrothermal method
discussed in this paper, optimal synthesis techniques
require a combination of low synthesis temperature and
an intimate mixing of cation species. Not surprisingly,
low-temperature techniques (i.e., sol—gel, hydrothermal,
and various thin-film growth techniques) often lead to
enhanced doping/defect levels, transport properties, and

Ingram et al.

high carrier concentrations due to the nonequilibrium
processes involved.
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