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Electrical and structural characteristics of
non-stoichiometric Cu-based delafossites
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Non-stoichiometric Cu,GaO, polycrystalline ceramics were prepared using solid-state
synthesis methods and their structural and electrical properties were characterized as a
function of x. While single phase delafossite could only be confirmed for the stoichiometric
composition, X-ray diffraction results show that the a and c lattice parameters were stable
from Cug95GaO, to Cuq g2GaO,. Below x = 0.97, the structure underwent a 0.4% decrease in
cell volume. For compositions rich in Cu, the a parameter remained constant while the ¢
parameter shrank at a constant rate. Despite these changes in cell dimensions, the results
of current-voltage and impedance spectroscopy measurements indicate that both the
conductivity and the activation energy do not vary with x. The absence of a change in
electrical properties as well as the formation of secondary phases in non-stoichiometric
compositions suggests that CuGaO, does not allow significant deviations from the ideal
CuGaO0, stoichiometry. This implies that the p-type conductivity is fixed by a defect species

that does not vary with the Cu stoichiometry.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Transparent conducting oxides (TCQO’s) have a wide-
variety of applications ranging from transparent elec-
trodes in flat panel displays to coatings on low emissiv-
ity architectural glass. As such, a considerable amount
of research has been performed in this broad field [1-7]
With the advent of p-type TCOs [8], the possibility of
a transparent pn-junction, and thus transparent ceramic
electrical devices has become a reality [1, 9, 10]. The
current industry standard for n-type TCOs is tin-doped
indium oxide (ITO). Typically, ITO has a conductiv-
ity of at least 1000 S/cm while transparent delafossites
have achieved p-type conductivities of only 220 S/cm
with Mg-doped CuCrO; [11]. Clearly, the conductivity
values for p-type delafossites must be improved if they
are to have any commercial viability. In order to fur-
ther improve the electrical characteristics of CuGaO,, a
better understanding of the conduction mechanisms is
required. This work attempts to further this task by ex-
amining the defect chemistry of CuGaO; as it relates to
the structural and electrical properties by creating and
characterizing non-stoichiometric compounds based on
Cu,GaO,.

The delafossite structure has the chemical formula
of ABO,, where the nominal oxidation states for each
ion are A'*, B3*, and O?~. It can form either hexag-
onal 2H (P63/mmc) or thombohedral 3R (R3m) struc-
tures, however the majority of delafossites (including
CuGa0;) exhibit the 3R structure (Fig. 1). The delafos-
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site structure has the coordination scheme A"BY'OYY,
where the A-site is a monovalent cation (Cu, Ag, Pd,
and Pt), while the B-site is a trivalent cation (Al, Co, Cr,
Ga, In, etc.) [12-14]. Fig. 1 shows the delafossite crys-
tal structure which can be described as sheets of edge
shared BOg octahedra separated by triangular layers of
A-ions. The B3* atom is a six-fold coordinated ion and
the A" ions form linear O-A-O units oriented parallel to
the ¢ axis [15]. It should be noted that the BOg units are
not perfect octahedra; rather they are slightly flattened
along the ¢ axis. This distortion is likely due to the elec-
trostatic repulsion of the neighboring B** ions [16]. A
summary of Cu-based delafossites and their respective
conductivities can be seen in Table L.

There has been limited success in using cation doping
and oxygen intercalation to improve the conductivity of
delafossites [1, 10, 11, 17-21]. Typically, doping to in-
crease the conductivity does so at the expense of trans-
parency. For example, CuGaO, thin films have been
doped with Fe to increase conductivity from 0.02 S/cm
to 1 S/cm, however optical transparency decreased from
70-85% to 50-70% [11].

The defect structure plays a considerable role in de-
termining the conductivity of delafossites. For most
p-type delafossite compounds, the p-type conductiv-
ity arises in the absence of intentional doping. Draw-
ing upon the known defect chemistry of Cu,O [22] it
has been theorized that a combination of ionized cop-
per vacancies (V(,,) andinterstitial oxygens (O;’) are the
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TABLE I Conductivities and activation energy of a selection of Cu-
delafossites

Material Reference o (S/cm) E (eV) Type
CuAl O, 28 200 — Film
CuAlO, 24 0.3 0.2 Film
CuAlO, 29 17 0.19 Bulk
CuCrO, 30 100 0.36 Bulk
CuCrO,:Mg 11 220 0.02 Film
CuEu0; 65 31 0.065 0.24 Bulk
CuFeO, 32 1.5 0.17 Bulk
CuFeO,:Mg 32 9.0 0.11 Bulk
CuFeO,:Sn 32 0.32 0.10 Bulk
CuGaO, 11 0.02 0.1 Film
Cu(Gagp sFep 5)02 11 1 0.1 Film
CuGa0O;:Ca 33 55 0.24 Bulk
CulnO,:Ca 10 0.0028 0.19 Film
CulnO;:Sn 10 0.0038 0.077 Film
CuLaO; 64 31 0.012 0.24 Bulk
CuNiy/38b1 30, 11 0.05 0.7 Film
CuNdO; 2 31 2.0 0.24 Bulk
CuPrO, ¢, 31 0.13 0.24 Bulk
CuScOy4,:Mg 11 30 0.095 Film
SrCu,07:K 1 0.048 0.1 Film
CuSmO; 63 31 0.22 0.24 Bulk
CuYO,47:Ca 31 0.0078 0.24 Bulk
CuYO, 34 0.000001 - Bulk
CuYO, 53 31 0.00085 0.24 Bulk
CuYO;:Ca 34 0.0022 0.21 Bulk
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Figure 1 Delafossite crystal structure.

primary defects responsible for p-type conductivity in
delafossites such as CuAlO, and CuGaO, [8, 23, 24].
Evidence for this has been found in the demonstration
that oxygen intercalation of CuScO, and CuAlO, was
shown to improve conductivity at the expense of trans-
parency [11, 25].

Aliovalent doping of CuGaO; has been largely un-
successful at either increasing the conductivity or in-
ducing n-type conductivity. Acceptor doping with Ni>*+
or Mg?* did not result in a significant increase in con-
ductivity, and donor doping with Sn** resulted in a
dramatic decrease in conductivity along with the for-
mation of compensating ionic defects in the form of
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Cu-vacancies [26]. Therefore, the focus of this work is
to examine the limits of non-stoichiometry in CuGaO,
and relate the role of Cu-vacancies to the electrical con-
ductivity through Cu,GaO, with a varying concentra-
tion of Cu.

2. Experimental

Sintered disks of CuGaO, were prepared using solid
state synthesis. The desired compositions were batched
from Cu,O (99.9%, Alfa-Aesar) and Ga,03(99.999%,
All-Chemie). The batched compositions were milled in
ethanol for 4 h using zirconia media in a vibratory mill
to ensure a homogeneous mixture. The powders were
dried and calcined at 1100°C for 12 h in a sealed tube
furnace with a flowing N»/O, gas mixture of 0.1% O,.
The calcined powders were quenched from 1100°C by
using a magnetic pull-rod to rapidly cool the powders
to room temperature while maintaining atmospheric in-
tegrity. The powders were then sieved through a 60 um
mesh, and a small amount of polyvinyl acetate (PVA)
binder was added. Pellets with a diameter of 12.5 mm
were uniaxially pressed. The resulting pellets were fired
at 1100°C for 24 h under the conditions (0.1 %0,),
with the addition of a binder burnout step consisting of
6 h at 600°C. The pellets were once again quenched
by rapidly removing them from the hot zone of the
furnace.

Once the pellets had been fired, each pellet was
then ground to a uniform thickness of 1.0 mm and
X-ray diffraction (XRD) was employed to analyze
the crystal structure. Density measurements were per-
formed on the sintered pellets via Archimedes method.
A silver-based electrode paste (Ferro C1000) was
painted onto both sides of the pellet and fired at 400°C
for 10 min under the same atmosphere as the sin-
tering conditions. Room temperature ac impedance
spectroscopy measurements were made using an HP
4194A impedance/gain-phase analyzer, dc current-
voltage curves were measured using a Keithley 237
source-measure unit, and resistance versus tempera-
ture plots were made using a Delta 9023 environmental
chamber. All of the electrical measurements were com-
puter controlled using Labview software. A Siemens
D500 diffractometer with a Cu-Ke radiation source was
used, and the patterns were analyzed using Jade 6.5 and
Unitcell software.

3. Results
3.1. Structural characterization
XRD analysis was performed on Cu,GaO; composi-
tions with x ranging from 0.95 to 1.05 (Figs 2 and
3). Previous authors have shown that a considerable
amount of non-stoichiometry can exist on the anion site
in some delafossites, e.g. CuScO;4s [11]. The oxygen
content of the specimens in this work was not deter-
mined, however for the purposes of this article the batch
compositions will be identified simply by the formula
unit Cu, GaO,.

For both Cu-deficient and Cu-excess compositions,
the 3R delafossite phase was the dominant phase. The
secondary phases Cu, O and Ga, O3 were also identified
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Figure 2 XRD data for Cu-deficient Cu,GaO,; 4 symbol denotes
Gay 03 peaks.
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Figure 3 XRD data for Cu-excess Cu, GaO,; 4 symbol denotes Gay O3
peaks.

in some compositions. There were no peaks corre-
sponding to the CuGa, Oy spinel phase or Cu metal. This
suggests that the temperature, oxygen partial pressure,
and quench conditions were appropriately targeted for
the CuGaO, phase field.

For the stoichiometric composition, single phase de-
lafossite was observed. For the Cu-deficient composi-
tions, delafossite was still shown to be the dominant
phase but small amounts of Ga; O3 were observed. The
mole fraction of the Ga,O3 phase increased with de-
creasing x. The diffraction patterns from compositions
with excess Cu displayed only delafossite peaks up to
x = 1.05, with the exception of the x = 1.02 com-
position which showed trace amounts of Ga;O3. The
presence of Cu,O could not be confirmed in any of the
Cu-excess compositions because the primary peak for
Cu,0 is overshadowed by the (012) delafossite peak. It
should also be noted that there were no trends identified
in the width of the (012) delafossite peak as a function
of x.
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Figure 4 a lattice parameter versus composition x.
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Figure 6 Unit cell volume versus composition x.

The delafossite unit cell dimensions were calculated
with a least mean squares determination with the results
presented in (Figs 4-6). While the CuGaO, phase is
rhombohedral, the lattice parameter data are presented
using the equivalent hexagonal unit cell. These figures
show a marked stability in the unit cell dimensions over
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TABLE II Phases determined through EDS analysis

Compound Phases

Cug.96Ga0O; Single Phase + Ga, O,
Cug.97Ga0O; Single Phase + Ga, O,
Cug.98Ga0; Single Phase

Cug.99Ga0; Single Phase

CuGaO, Single Phase

Cuy 01Ga0O; Single Phase

Cuy 2Ga0O; Single Phase + Cu, O, and Ga,O,
Cuj 95GaO;y Single Phase + Cu, O, and Ga, O,

the compositional range 0.99 < x < 1.02. Within the
Cu-deficient compositions, the @ and ¢ parameter and
cell volume all exhibited a marked decrease at x <
0.98. This coincides with the formation of Ga,O3 in
the XRD data. Since the a-parameter corresponds most
closely to the geometry of the BOg octahedral layer,
the observed decrease in @ may be due to a rearrange-
ment in the B-site occupancy. Additionally, since the
c-axis parameter is strongly associated with the O-A-O
bonding in the A-site layer, it is likely that the observed
decrease in c is related to an increase in vacancies on the
A-site.

For Cu-excess compositions, the a-lattice parameter
remained relatively constant up to and including the
x = 1.05 composition. The ¢ parameter decreased to
a minimum at x = 1.05. These data suggest that the
composition of the B-site remained constant up to x =
1.05. However, it is not certain why the ¢ parameter
decreases with increasing x.

For most compositions, the diffraction peaks for
Cu, O were difficult to identify because of a strong over-
lap with the delafossite peaks. Therefore, scanning elec-
tron microscopy (SEM) with energy dispersive spec-
troscopy (EDS) was employed to verify the existence
of the secondary phases. The results from the EDS study
are presented in Table II. No secondary phases could
be identified for compositions between x = 0.98 and
x = 1.02. Beyond those limits, Ga-rich and/or Cu-rich
oxide phases were observed. Quantitative EDS mea-
surements were not carried out, but it is most likely
that the secondary phases observed in the SEM corre-
spond to the Cu,O and Ga, 03 phases identified in the
XRD data.

A micrograph showing the typical microstructure of
the sintered CuGaO,, pellets is shown in Fig. 7. The sam-
ple was etched using a 1M H;SOy4 solution for 1.5 min.
As illustrated in the figure the densities of each pellet
ranged from 60-70% of theoretical density. A rough
analysis indicated that the grain size was approximately
1 pum, with larger conglomerations forming to the size
of 5-10 um. This structure is indicative of incomplete
sintering.

3.2. Electrical measurements

A number of electrode materials were investigated in
this study. Fired Ag-electrodes proved to be the best,
with a negligible bias-dependence to the electrical prop-
erties and a low contact resistance. The electrical mea-
surements taken with Ag-electrodes showed consistent
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Figure 7 SEM micrograph of typical CuGaO; microstructure.

resistance values from both ac impedance spectroscopy
and dc current-voltage measurements.

The results of dc current-voltage measurements are
shown in Table III. While there is some variation in
conductivity, the conductivities for all compositions are
close to 0.01 S/cm. These values are in close agreement
with the other reported conductivities of CuGaO, which
range from 0.005 to 0.063 S/cm [11, 23, 27].

Impedance spectroscopy measurements were used to
examine the discrete contributions to the impedance of
each compound. Nyquist plots we created by analyz-
ing the real (Z') and imaginary (Z") impedance of each
sample from 100 Hz to 5 MHz. The data can be fit to
a relatively simple equivalent circuit (Fig. 8), and used
to extrapolate a full model (Fig. 9). This equivalent cir-
cuit is commonly used to describe impedance elements
arising from grain, grain boundary, and interfacial com-
ponents. Because of the time constants associated with
each element, typically the grain resistance is given by
R1, the grain boundary resistance is given as R2, and
the interfacial resistance is given by R3. Table IV gives
a summary of the results for the compositions in this
study. In each of these cases, R1 provided the largest
contribution to the overall resistance of the sample. This
was closely followed by R2, which provided a lesser but
still considerable contribution to the resistance. The R3

TABLE III DC conductivities for Cu,GaO, compounds

Compound DC o (S/cm)
Cuy.96Ga0, 0.014

Cu0_97 Ga02 0.0069
Cuy.93Ga0O, 0.0071
Cug.99Ga0; 0.016
CuGaO, 0.011
Cu1_01Ga02 0.014
Cuy,02GaO, 0.0057
Cu1_05Ga02 0.016

R1 R2 R3

Figure 8 Equivalent circuit used in impedance analysis.



TABLE IV Fitting parameters derived from impedance spectra for
Cu, GaO; ceramics using the equivalent circuit shown in Fig. 8

Compound R1 (Q) R2 (Q) R3 (Q)
Cug.96GaO, 4.63 1.39 0.42
Cug.97GaO, 4.85 1.64 0.12
Cug.9§GaO, 7.99 3.27 0.22
Cug.99GaO, 3.54 1.06 0.14
CuGaO, 6.00 2.38 0.27
Cuy 01 GaO, 3.27 2.45 0.58
Cuy.02Ga0O, 9.45 2.63 0.37
Cuy 05GaO, 4.81 1.33 0.24
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Figure 9 Nyquist plot and equivalent circuit extrapolation.

resistance of each sample contributed a relatively mi-
nor fraction of less than 10% of the total resistance. It
is important to note that grain size effects can be ne-
glected because SEM observations indicated that the
grain size remained relatively constant across all com-
positions. The most important conclusion that can be
drawn from the data is that all of the compositions in this
study exhibited a similar impedance spectra. In com-
bination with the dc electrical data, this suggests that
the electrical conductivity was remarkably invariant to
composition.

The temperature dependence on conductivity was
also explored. By examining the change in conductivity
from 150 to —50°C, one can see an approximately lin-
ear relationship when plotting log o versus reciprocal
temperature for each of the compounds (Fig. 10). The
activation energy (E 4) of each compound can also be
obtained using the Arrhenius equation:

—E,
kgT

)

Inoc =Inoy +

The activation energies of each compound can be
found in Table V. The activation energies ranged from
0.18-0.22 eV with no discernable trend.

4. Discussion

The combination of XRD and SEM/EDS data sug-
gests that the solid state synthesized CuGaO, delafos-
site ceramics tolerates very little variation in the Cu

TABLE V Activation energies for CuyGaO, compounds in this study

Compound E, (eV)
Cll()l% GaOz 0.20
Cuy.97Ga0; 0.22
CU()lgg GaOz 0.21
Cug.99GaO, 0.20
CuGaO, 0.21
Cuy,01GaO, 0.18
CullozGaOZ 0.21
Cuy,05GaO, 0.21
-1
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B
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Figure 10 Temperature dependence of conductivity for Cu, GaO; com-
pounds.

non-stoichiometry in CuyGaO,. The data illustrate that
there exists a compositional range between approxi-
mately Cug99GaO; to Cuj gGaO, where the unit cell
dimensions remain constant. The implication is that the
composition of the delafossite phase over the range 0.99
< x < 1.02 does not change, and the mole fractions
of Cu- or Ga-oxides required for mass balance appear
in the form of a secondary phase. A marked change in
the unit cell dimensions occurs below x = 0.97, where
the cell volume decreases by approximately 0.4%. The
Cu-excess compositions exhibited a smooth decrease
in volume down to the x = 1.05 composition.

The electrical transport properties of the compounds
did not exhibit a dependence on x. While most of the
compositions in this study are not single phase, it is
expected that the electrical properties would be dom-
inated by the large mole fraction of the delafossite
phase. Both secondary phases, Ga;O3; and Cu,0, ap-
pear in small amounts and are both relatively insulating
compared to CuGaO,. The compositional invariance
seen in the electrical data also supports the conclusion
that the delafossite phase has no tolerance for Cu non-
stoichiometry. The close correspondence between the
activation energies across a wide range in x provides
further support for this conclusion. It is interesting to
note that even at x = 0.97 where the cell parameters
exhibit a significant shift, the electrical properties of the
material remain constant.

These results are relevant to conduction mechanisms
which are responsible for the observed p-type behav-
ior in most Cu delafossites. Previous workers have
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suggested Vi, O, and (Alc,**20;)" as the primary
defect species for p-type CuAlO, which is the most
well-characterized delafossite material. In this study,
it is clearly apparent that it is not possible to intro-
duce significant variations in the stoichiometry of the
structure through high temperature solid state synthe-
sis techniques. It is possible that Cu-vacancies can be
stabilized in thin film samples prepared through non-
equilibrium processes. It is not clear whether or not
interstitial oxygens can be responsible for the observed
results. The oxygen content of the samples in this study
was not measured, however all of the samples were pre-
pared under identical conditions (pO,, T). It has been
proposed by Ingram et al. [25] that the most energeti-
cally favorable site for the interstitial oxygen is within
the 2-dimensional A-layer in the basal plane.

In CuAlQ,, it has been demonstrated that the Cu/Al
stoichiometry has a significant effect on the conductiv-
ity. The model of Ingram et al. for CuAlO, proposes that
an intrinsic acceptor defect associate ((Alc,**20;”)")
with tetrahedrally coordinated Al on the Cu-site de-
termines the hole concentration. The concentration of
this defect associate appears to be dependent on the
Cu/Al stoichiometry in CuAlQO;. Considering the fea-
sibility of this defect existing in CuGaQ, the a lattice
parameter that scales with the interatomic spacing in
the basal plane is 4.2% larger than CuAlO,. However,
the ionic radius of Ga*>* in a tetrahedral coordination is
15.1% larger than A>T, Therefore, this defect species
may be less energetically favorable in CuGaO, than
in CuAlQO;. In the solid state synthesized specimens in
this work, it was not possible to modify the Cu/Ga non-
stoichiometry. If the hole concentration depended on
the concentration of this defect complex, since the con-
ductivity of Cu,GaO, was observed to be independent
of x it is likely that the defect concentration was also
independent of x.

5. Conclusions
Non-stoichiometric compounds of Cu,GaO; ranging
from Cug9sGaO, to Cuj9sGaO, were prepared us-
ing high temperature solid-state synthesis. From XRD,
SEM/EDS, and electrical measurements it was ob-
served that the CuGaO, structure does not allow sig-
nificant deviations in the Cu-stoichiometry. XRD re-
finement shows the lattice parameters remains invari-
ant from Cug 99GaO; to Cu; goGaO,. Below x = 0.97
there is a contraction in both the a and ¢ parameters.
The Cu-excess compositions exhibited a decrease in the
¢ parameter with x, while the a parameter remained
constant.

dc conductivity, ac impedance, and conductivity ver-
sus temperature measurements showed that the conduc-
tivity remained constant across the entire compositional
range. The magnitude of the conductivity was approx-
imately 0.01 S/cm and the activation energies ranged
from 0.18-0.22 eV. Impedance spectra from each com-
position could be fit to a single equivalent circuit and
the magnitude of the resistance and capacitance of the
circuit elements did not varywith x. All of the above
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results suggest that primary defect species responsible
for the p-type conductivity in CuGaO, could not be
manipulated by varying the Cu/Ga ratio in solid state
synthesized ceramics.
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