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a b s t r a c t

Delafossites CuY1−xCaxO2 (0 ≤x ≤0.10) ceramics have been prepared by solid state reaction using
Cu2O, Y2O3 and CaCO3. Liquid phase sintering, which obviously accelerates the reaction speed of
Cu2O–Y2O3–CaCO3 system and promotes the formation of CuYO2 phase is evidenced for the Ca-doped
ccepted 27 January 2011
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samples. During the sintering process, CuO can react with CaO to form two intermediate compounds,
CaCu2O3 and Ca2CuO3, which decompose into CaO and liquid phase during 1273–1323 K. In the dopant
range of 0 ≤x ≤0.10, both electrical conductivity and density of the samples are increased by Ca-doping.
The room temperature conductivity of CuY0.94Ca0.06O2 is more than four orders of magnitude higher than
that of CuYO2.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Delafossite oxides ABO2 (A is Cu and Ag, B is trivalent cation,
uch as Al, Cr, Y, La, Sc) have been studied intensively due to
heir applications as catalysts [1–3], sensors [4,5], diluted mag-
etic semiconductors [6] and transparent p-type conducting oxides
p-TCOs) [7–10]. As the key components of all-oxide transparent
evices, the p-TCOs have potential applications in the so called
invisible circuits” [11]. However, the conductivities of these p-
COs are much lower than those of n-TCOs, such as tin-doped
ndium oxide (ITO), ZnO [12]. With the aim to enhance p-type con-
uctivities, acceptor-doping on B-site as well as nonstoichiometric
excess oxygen and/or excess metal cations) in these delafossite
xides are interesting to be studied [13–17].

The delafossite structure can be described as sheets of edge-
hared BO6 octahedra alternating stacked with close-packed A-ions
ayers. Delafossites ABO2 can form either rhombohedral 3R (R3m)
r hexagonal 2H (P63/mmc) structures, depending on the stack-

ng of the layers [18]. In the previous studies, the crystal structure,
uminescence property and thermoelectric power of CuYO2 were
tudied; its application to p-TCOs and hydrogen photocathode
as explored [19–22]. Ca2+ doped CuYO2 has also been reported

∗ Corresponding author. Tel.: +86 551 5593508; fax: +86 551 5593527.
E-mail address: zhdeng@aiofm.ac.cn (Z. Deng).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.184
in the previous studies [23–25]. Singh et al. have analyzed the
thermopower and related properties of doped CuYO2 and sug-
gested that Ca2+ doping in the Y site was less likely to produce
strong scattering. Study on luminescence properties by Tsuboi et al.
showed that for CuY1−xCaxO2 (0 ≤x ≤ 0.05), with the increase in
Ca concentration, the Cu+ emission shifted slightly to the shorter-
wavelength side which was considered to be caused by the increase
in hole concentration. They have also found that the p-type conduc-
tivity of CuRxCayY1−x−yO2 (x = 0.005 and y ≤ 0.02) increased with
increasing Ca concentration, indicating the increase of hole concen-
tration caused by doping with Ca2+ acceptor cation on the Y3+ site.
Ingram has reported significant increase in the hole concentration
of CuY0.95Ca0.05O2 relative to the undoped compound, however
the hole contents were less than expected based upon the dop-
ing level, second phases (e.g., CaO) were assumed to exist in small
proportions though they were undetectable in XRD analysis.

It is reported that the Ca2+ doped CuYO2 thin film prepared
by thermal co-evaporation showed a bandgap of 3.5 eV, average
transparency of 50% in the visible region and enhanced p-type con-
ductivity of 1.0 S cm−1.

In this article, a series of CuY1−xCaxO2 (0 ≤ x ≤ 0.10) ceram-

ics were prepared by solid-state reaction technique using Cu2O,
Y2O3 and CaCO3. The role of CaCO3 in the reaction system
of Cu2O–Y2O3–CaCO3 was studied. The effect of Ca-doping on
the structural and electrical properties of CuYO2 was investi-
gated.

dx.doi.org/10.1016/j.jallcom.2011.01.184
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhdeng@aiofm.ac.cn
dx.doi.org/10.1016/j.jallcom.2011.01.184
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. Experimental

Polycrystalline samples of delafossites CuY1−xCaxO2 (0 ≤ x ≤ 0.10) were prepared
y solid-state reaction technique. The starting materials were Cu2O (Alfa Aesar,
9.0%), Y2O3 (Alfa Aesar, 99.9%) and CaCO3 (Alfa Aesar, 99.0%). Y2O3 was dried at
073 K under air atmosphere for 8 h before use. The stoichiometric mixtures of Cu2O,
2O3 and CaCO3 were grinded and sintered at 1373 K for 10 h under N2 atmosphere,
espectively. The grinding and sintering procedures were repeated twice. Then the
owders were grinded, pelleted and annealed at 1373 K for 10 h under N2 atmo-
phere, respectively, to obtain pure delafossite phase. Note that the N2 gas stream
as cut off when all the samples were cooled to 473 K. All the pellets were pressed
nder the same pressure of about 35 MPa and annealed in a batch in order to exclude
he influence of experimental factors on the electrical properties.

A Philips X’pert PRO X-ray diffractometer (XRD) with Cu-K� source was used to
dentify the crystalline phases. Diffraction patterns were taken from 10 to 80◦ at a
canning speed of 4◦/min. The lattice parameters were calculated by the least square
ethod from the diffraction peaks (0 0 2), (1 0 0), (1 0 1), (0 0 4), (1 0 2), (1 0 4), (1 1 0),

1 0 6) and (1 1 4) of the 2H–CuYO2 phase. The theoretical densities were calculated
rom the lattice parameters. Though the absolute value of the lattice parameters and
heoretical densities may not be accurate, the relative variations of the parameters
ould provide valuable information.

A FEI designed Sirion 200 field-emission scanning electron microscope (FE-SEM)
as used to check the crystallization and microstructures. The temperature depen-
ence of the conductivity was measured by the standard four-probe method by
eans of the cryogenic refrigeration equipment.

. Results and discussion

XRD analysis was performed on the CuY1−xCaxO2 (0 ≤ x ≤ 0.10)
amples which were prepared under the same sintering temper-
ture of 1373 K for 20 h. For the samples of 0.02 ≤ x ≤ 0.10, all
iffraction peaks are indexed as the 2H–CuYO2 phase (JCPDF No. 76-
422) and no secondary phase can be detected, as shown in Fig. 1.
or the sample of x = 0, the diffraction peaks of original material
2O3 can be found. Further sintering the sample at 1453 K for 10 h

till can detect some Y2O3 phase. This means that CaCO3 can obvi-
usly accelerate the reaction speed of the Cu2O and Y2O3, and then
ecrease the sintering temperature of CuYO2. In addition, the grad-
al shifting to lower angle was observed on the XRD pattern peaks
or the calcium doped samples. That may be associated with the
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ig. 1. XRD patterns of the CuY1−xCaxO2 (0 ≤ x ≤ 0.10) samples: (a) x = 0; (b) x = 0.02;
c) x = 0.04; (d) x = 0.06; (e) x = 0.10.
Ca content (x)

Fig. 2. Lattice parameters of the CuY1−xCaxO2 (0 ≤ x ≤ 0.10) samples.

solid solution of Ca2+ into the CuYO2 lattice, due to the substitution
of Ca2+ ions with a large ionic radius (0.99 Å) for Y3+ (0.89 Å). Indeed,
the lattice parameters (Fig. 2) obtained from XRD patterns increase
with the Ca-doping amounts x for 0 ≤ x ≤ 0.06, but further increase
of the x makes negligible elongation of the lattice parameters sug-
gesting a solubility limit of 0.06, which agrees with the inference
proposed above. Secondary phases (e.g., CaO) may be undetectable
by XRD analysis, but are assumed to exist in small proportions in
the sample of x = 0.10. For sample x = 0, some diffraction peaks of
original material Y2O3 may overlap with that of 2H–CuYO2 and
result in larger error than those of other samples in lattice param-
eters calculation. That may be the reason for the lattice parameters
decrease from x = 0 to 0.02.

SEM analysis was performed to check the microstructures, as
shown in Fig. 3. The particles of the undoped sample exhibit an
irregular morphology consisting of particles around 1 �m with
some agglomeration, as shown in the Fig. 3(a). The morphologies
of the Ca-doped samples, which are absolutely different from the
undoped sample with much larger particles compactly connected
to each other, suggest liquid phase sintering taking place. The liq-
uid phase sintering obviously accelerates the reaction speed of
Cu2O–Y2O3–CaCO3 system and promotes the formation of CuYO2
phase. It also contributes to the increase of relative density from
about 67% for the undoped sample to around 80% for the Ca-doped
samples.

Since the liquid phase may be obtained by the reaction of
system CaCO3–Cu2O or Y2O3–CaCO3 at 1373 K, a series of exper-
iments were designed to figure out the origin of liquid phase,
as shown in Table 1. Cu2O–Y2O3 (labeled as S2), CaCO3–Y2O3
(labeled as S3) and CaCO3–Cu2O (labeled as S4) were sintered at
1323 K under N2 atmosphere, respectively. Only sample S4, which
is mainly composed of CaO and Cu2O phases, shows the sign of liq-
uid phase sintering as shown in Figs. 4 and 5. Gadalla [26] and Hou
[27] reported that in the system CuO–Cu2O–CaO (CaCO3), CaCO3
decomposed completely into CaO and CO2 below 1073 K, then CuO
and CaO could react to form two intermediate compounds, CaCu2O3
and Ca2CuO3, which decomposed into CaO and liquid phase during
1273–1323 K. Under the reduced oxygen condition of our exper-
iments, the formation of CaCu O and Ca CuO is also evidenced
2 3 2 3
in the system CaCO3–Cu2O at 1123 K (labeled as S5) as shown in
Fig. 6. The formation of liquid phase during the sintering process
obviously accelerates the formation of CuYO2 phase and decreases
the porosity.
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Fig. 3. SEM images of the CuY1−xCaxO2 (0 ≤ x ≤ 0.10) sam

The temperature dependences of electrical conductivities are

hown in Fig. 7. Electrical conductivities increase with the increase
f temperature over the measured temperature range, indicat-
ng semiconducting behavior. It is reported that Ca-doping could
nhance the electrical conductivity of CuYO2 by introducing
ositive holes [19,21,23–25,28]. In our experiment, the conductiv-
(a) x = 0; (b) x = 0.02; (c) x = 0.04; (d) x = 0.06; (e) x = 0.10.

ities increase with the dopant concentration x when 0 ≤ x ≤ 0.06

and then decrease with x when 0.06 ≤ x ≤ 0.10, which may be
ascribed to second phase formation. Moreover, it is observed that
the room temperature conductivity of the sample with x = 0.06
(5.11 × 10−3 S cm−1) is more than four orders of magnitude higher
than that of the sample with x = 0 (1.18 × 10−7 S cm−1).
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Table 1
Sintering conditions of samples S1–S5.

No. Starting materials Molar ratio Reaction conditions Liquid phase
sintering?

S1 Cu2O–Y2O3–CaCO3 Cu:Y:Ca = 1:0.9:0.1 1323 K, N2, 12 h Yes
S2 Cu2O–Y2O3 Cu:Y = 1:1 1323 K, N2, 12 h No
S3 CaCO3–Y2O3 Ca:Y = 1:1 1323 K, N2, 12 h No
S4 CaCO3–Cu2O Ca:Cu = 1:1 1323 K, N2, 12 h Yes
S5 CaCO3–Cu2O Ca:Cu = 1:1 1123 K, N2, 12 h No
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References
Fig. 5. SEM image of sample S4.

. Conclusions

The effect of Ca-doping on the structural and electrical prop-
rties of CuYO2 ceramics is studied. By introducing CaCO3 into
he system Cu2O–Y2O3, intermediate liquid phase is formed by
he reaction of Cu2O and CaO during the sintering process, which
bviously accelerates the reaction speed of Cu2O–Y2O3–CaCO3 sys-
em and promotes the formation of CuYO2 phase, the porosity is
ecreased as well. Significant enhancement of conductivities in the

opant range 0 ≤ x ≤ 0.10 is also observed. The room temperature
onductivity of the sample with x = 0.06 is more than four orders of
agnitude higher than that of the sample with x = 0.
Fig. 7. Temperature dependence of conductivities for CuY1−xCaxO2 (0 ≤ x ≤ 0.10)
samples: (a) x = 0; (b) x = 0.02; (c) x = 0.04; (d) x = 0.06; (e) x = 0.10.
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