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Abstract: Cu-excess Cu, AlO, ceramics with delafossite phases were synthesized using sol-gel. In the composition range of

1<Cx<C1.04,there are no detectable non-delafossite phases. Weak diffraction peaks of CuO are observed when x=1. 04.

The room temperature conductivity of the Cu; o, AlO, sample is improved by nearly an order of magnitude over that of the

CuAlO, sample. The major defect mechanism responsible for the conductivity enhancement is proposed to be substitution

defects of CuAl (Cu®" ions substitute AI’* ions) . The composition formula unit for Cu-excess Cu, AlO, may be expressed as

Cu(Al,-,Cu,)0,.
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1 Introduction

Delafossite oxides ABO, (A is Cu and Ag,B is tri-
valent cation, such as Al, Cr, In, Ga, Sc, La) have
gained intense interest in optoelectronic fields since
CuAlO; was found to be a p-type transparent conduc-
ting oxide (p-TCOs)'". As the key components of all-
oxide transparent devices, the p-TCOs have potential

”[21 However, the

applications in “invisible circuits
conductivities of these p-TCOs are much lower than
those of n-TCOs, such as tin-doped indium oxide
(ITO) and ZnO®*'. To enhance p-type conductivi-
ties,acceptor-doping on the B-site as well as nonstoi-
chiometric (excess oxygen and/or excess metal cat-
ions) in these delafossite oxides are of interest for
study-*~"1.

The delafossite structure can be described as
sheets of edge-shared BOs
stacked with close-packed A-ions layers. Delafossites
ABO, can form either rhombohedral 3R (R 3m) or

hexagonal 2H (P6;/mmc) structures, depending on

octahedra alternating

the stacking of the layers'™'. Previous studies suggest
that the delafossites with small B-cation radii (inclu-
ding CuAlO, ) are composed primarily of the 3R
structure. However, the CuAlO, powders synthesized
by Ingram et al." showed a 3R major phase with a
small amount of 2H structure.

CuAlQO; is a p-TCO with typical delafossite struc-
ture. Previous studies have shown that it has a nonsto-
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ichiometric nature of Cu-deficient that is responsible
for its p-type conductivity. However,the defect mech-
anism is still not completely understood. Previous
studies have shown that CuAlO, prepared by solid
state reaction does not allow significant cation off-
stoichiometry. On the other hand, low-temperature
hydrothermal synthesized nominal CuAlO, powders
show an average atomic ratio of Cu/Al of 0. 86 and a
defect complex of Al on a Cu-site stabilized by two
bound oxygen interstitials, (Ale,~20;") ” is proposed,
which serves as an acceptor dopant to set the hole
concentration'®’ . However, there are no reports of the
effect of Cu-excess on the transport properties of pure
bulk CuAlO, ceramics as far as we know. In this pa-
per,a series of nominal Cu-excess copper aluminum
oxides were synthesized by sol-gel, which has been re-
ported to useful for preparing nonstoichiometric oxide

[0 and filmstH 1%

ceramics . The dependence of struc-
tural and electrical properties on Cu/Al atomic ratio
is also investigated. Previous researchers have shown
that a considerable amount of O-excess can exist in
some delafossites, e. g., CuScO,.,'” and Cu-
LaO,.,""" . The oxygen content of the samples in this
work is not quantified. For convenience,the composi-
tions will be identified simply by the formula unit

Cu, AlO, .
2 Experiment

Polycrystalline Cu,AlO, ceramic pellets were

synthesized by sol-gel, and the reaction mechanism is
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Fig.1 XRD patterns of the Cu,AlO, ceramic pellets The
nominal molar ratio of Cu/Al is shown in the bottom left corner
of each pattern.

discussed in detail in Ref.[10]. A batch of Cu,AlO,
(x=1,1.02,1.04,1.06) precursor solutions with de-
sired compositions of Cu-acetate, Cu (CH;COQO), -
H,O ( Alfa Aesar, 99.9%) and Al-sec-butoxide,
AlIlOCH(CH;)CH,CH; ]; (Alfa Aesar, 97%) were
dried respectively at 375 and 573K for several hours
to expel the organics. The dried powders were ground
and annealed at 1375K for 8h under air atmosphere,
and then the annealed powders were reground,
pressed into pellets,and annealed at 1373K for 3h. All
the pellets were pressed under the same pressure and
annealed in a batch in order to exclude the influence
of experimental factors on the electrical properties.

A Philips X" pert PRO X-ray diffractometer
(XRD) with Cu-Ka source and an FEI designed Sirion
200 field-emission scanning electron microscope (FE-
SEM) were used to check crystallization and micro-
structure. The electron dispersion spectrum (EDS)
was used to determine the chemical composition of
the prepared samples. The average crystal size of the
samples was estimated from the XRD results using the
Scherrer formula. The temperature dependence of the
conductivity was measured by the standard four-probe
method by means of the cryogenic refrigeration
equipment.

3 Results and discussion

XRD analysis was performed on Cu,AlO,(x =1,
1.02,1.04,1.06) ceramic pellets (Fig.1). The full
width at half maximum (FWHM) of CuAlQO, (012)
peaks are 0.102°,0.122°,0.102",0.102" with x = 1,
1.02,1.04,1. 06, respectively,and the crystallite sizes
estimated from the Scherrer formula are about 93
nm. For all the samples, the 3R delafossite phase is
the dominant phase,and a small amount of 2H dela-
fossite phase is also detected. In the composition
range of x<C1.04, there are no detectable non-dela-
fossite phases. With a further increase of x,a second-
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ary phase CuO with weak diffraction peaks is ob-
served.

The delafossite unit cell dimensions were calcu-
lated with the least mean squares determination and
the results are shown in the Figs. 2 and 3. The a and ¢
lattice parameters have similar tendencies and the
sample with x = 1. 04 has minimum a and c lattice pa-
rameters. EDS analysis was carried out using the same
measurement parameters and the results are shown in
Table 1. All the pellets were polished to avoid the
possibility that during the annealing process, copper
oxide diffused to the surface of the pellets and helped
account for the excess copper. Because EDS only de-
tects the atoms at the surface and does not provide the
actual stoichiometry of the bulk,the high porosities of
all the samples whose calculated porosities are be-
tween 37% ~39% may still result in some deviation of
the results from the actual stoichiometry of the sam-
ples.So the contents of Cu, Al,and O may not to be
quantified, but a comparison of the Cu/Al ratio of

each sample can give some information. With an

Table 1 EDS results, conductivities and activation energies of
the Cu, AlO, ceramic pellets
EDS results
- Conductivity ,
X Cu/Al atomic O/(Cu+ AD o E./eV
. R . /(S/cm)
ratio atomic ratio
1.00 1.148 1.1523 5.47X10°° 0.20
1.02 1.168 1.1886 6.37X10°° 0.20
1.04 1.178 1.0665 4.55Xx10°* 0.22
1.06 1.191 1.1375 1.35x10°¢ 0.24
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Fig.5 Temperature dependence of conductivity for Cu,AlO,

Fig.4 SEM images of the Cu, AlO, ceramic pellets, where x is
1.00 (a),1.02 (b),1.04 (¢), and 1. 06 (d)

samples The nominal molar ratio of Cu/Al is shown in the top

right corner of the pattern.

increase of x,the measured Cu/Al ratio also increa-
ses,suggesting that some of the Cu was doped into the
lattice. As oxygen interstitials O; was reported in the
triangles formed by Cu ions in the Cu sheet and have
the lowest formation energy among the point defects
of CuAlO,M™,O-excess is observed in all the samples,
as shown in Table 1. Figure 2, Figure 3, and Table 1
show that a and ¢ lattice paramecters increase with
the increase of oxygen content in the samples. Because
the a and c lattice parameters are elongated by both
O; and Cu,,,the large amount of O; in all these sam-
ples may have a more dominant effect than Cuy,.

The SEM images of the pellets are shown in
Fig. 4. There is no obvious dependence of the particle
size on the value of x. A large amount of pores can be
seen in all the samples, which is consistent with the
calculated porosities.

The temperature dependences of conductivities
are shown in Fig. 5. The high porosities and small
crystalline sizes (~93nm) of all the samples are re-
sponsible for the lower electrical conductivities than
the CuAlQ, sample prepared in Ref.[16],which has a
porosity of 25.1%.In the measured temperature ran-
ges,all the samples show thermal activated conductiv-
ities. The conductivities shown in Table 1 increase as
x increases when x <C1.04, but further increasing x
reduces the conductivity. Moreover,the room temper-
ature conductivity of the sample with x = 1. 04 (4.55
X 107" S/em) is enhanced about an order of magni-
tude more than that of the sample with x =1 (5. 47X
107° S/cm) . The activation energy (E,) of each sam-
ple is obtained using the Arrhenius equation:
- E,

g T
and the results are shown in Table 1. The activation

@Y

Ing = Ing, +

energies increase monotonously from 0. 20 to 0. 24eV
as x increases, suggesting that there are transitions in
the major defect mechanism.

Previous reports have suggested that in uninten-
tional doped p-type CuAlQO, there exist variations of
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acceptor defects, and have proposed the Cu vacancy
“Vea7s Oy and defect complex of (Alg, "20,") 117,
Since the results of the EDS analysis in our experi-
ment suggest a Cu excess, the most preferable expla-
nation is the substitutional acceptor defect of Cuy,.
The composition formula unit of Cu, AIO, may be ex-
pressed as Cu(Al, -, Cu,)O,. Since the radius of Cu**
ions (about 0.07Z2nm) is much smaller than that of
Cu'" ions (about 0. 096nm), the substitution of Cu**
I’* ion (about 0. 051nm) sites is more fa-
vorable considering less structural disorders are intro-
duced. Large amount of acceptor defect O; plays an
important role in the p-type conductivities in all the

ions on the A

samples,but may not responsible for the conductivity
enhancement in this experiment since O; is reported to
induce relatively deep levels in the band gap'™® . In the
range 1<Cx<C1. 04, the hole carriers generated by the
acceptor defect of Cuil may have a dominant effect
and are responsible for the conductivity enhance-
ment. As the Cu/Al atomic ratio increases further, the
secondary phase of CuO becomes un-neglectable. CuO
is a metal deficient p-type semiconductor with copper
vacancies generated at sinter temperatures lower than
1000C . At higher sinter temperatures,the material is.,
with a good approximation, stoichiometric and has
room temperature conductivity lower than 1X107° S/
cm"'® In our experiment, the sinter temperature of
1100C is not favorable for the formation of copper
vacancies in CuO,so the conductivity of CuO may be
lower than that of CuAlO,. This may be one reason
why the conductivity decreases at x >>1.04. On the
other hand,in n-type semiconductor materials,electri-
cal properties are also sensitive to the structural de-
stacking
.In this experiment,as x increases,the car-

such as structural disorders and

[20.21]

fects
faults
rier diffractions effects of structural disorders intro-
duced by Cuji; defects and the secondary phase of
CuO become un-neglectable and also contribute to the
conductivity decrease at x>1. 04.

4 Conclusion

Cu,AlO,(x =1,1.02,1.04,1.06) ceramics were
synthesized by sol-gel. In the composition range of x
<1. 04, there are no detectable non-delafossite pha-
ses. Weak diffraction peaks of CuO are observed
when x=>1. 04. The conductivity of the sample with x
=1is5.47%X107° S/cm at 300K. With an increase of
x ,the conductivity is improved and reaches a maxi-
mum of 4. 55X 107" S/cm when x = 1. 04. This is near-
ly an order of magnitude larger than that of x =1.
The substitutional acceptor defect of CuA
lieved to be the major defect mechanism responsible

1> is be-

for the conductivity enhancement. These results sug-
gest that the primary defect mechanism responsible
for the conductivity in CuAlO, can be manipulated by
varying the Cu/Al ratio in sol-gel synthesized ceram-
ics.
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