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Highly polycrystalline and pure delafossite phase CuAlO2 powder has been synthesised within a short annealing period, shorter

than most conventional processes. This is an improvement over the conventional synthesis procedures. Conventional synthesis

procedure has seen CuAlO2 only formed at high annealing temperatures ≥ 1100 °C over long annealing time, some as long as 96

hours. In the current process, a pure phase devoid of impurities has been obtained at reduced calcination time of 1.5 hours in an

argon atmosphere at a temperature of 1150 °C. This was confirmed by XRD and SEM/EDX. High temperature DC/AC electrical

measurements show a change in conduction mechanism from mixed conductivity (ionic + p-type) in the temperature range of

375 ≥ T ≥ 25 °C to intrinsic type behavior above 375 °C. The activation energies for these two regimes are 0.27 eV and 0.08 eV

respectively. This change from mixed to DC conductivity is confirmed by spectral analysis too. Spectral analysis using the power

law also revealed that conduction is of long range hopping. Use of platinum as a contact electrode at elevated temperatures has a

detrimental effect on the electrical properties since it encourages the formation of CuAl2O4 at the interface due to the formation of

more stable Cu−Pt alloy by virtue of the chemical reaction Pt + 2CuAlO2 −→ CuAl2O4+ PtCu.

1 Introduction

CuAlO2 (CAO) is a delafossite p-type semiconductor with a

band gap of ≥ 3.0 eV1,2. The visible transmittance of the CAO

can be as high as 80%, suggesting that CAO can be considered

as an ideal candidate for p-type transparent conductive oxides

(TCOs)3.

TCOs find applications in a wide range of optoelectronics

devices such as solar cells, flat panel displays and touch panel

controls as transparent electrodes. Most of the transparent

films are made up of n-type semiconductors from oxides

and their doped versions of SnO2 , In2O3, ZnO4,5. These

are readily available. However in the formulation of p-n

junctions meant for transparent elements such as transistors and

diodes, transparent p-type semiconductors are required. Their

development has been a challenge as observed by Scanlon and

Smith6. It was not until 1997 when Kawazoe and co-workers

first reported a simulteneous p-type conductivity and optical

transparency of the CuAlO2 thin films2 that spurred extensive

research for these type of materials and led to a discovery of

many other delafossite-type compounds such as CuMO2: (M=

B, Cr, Sc, Y, Eu, Ga)7 and SrCu2O2
8.

The origin of p-type conductivity of undoped CuAlO2 is still

controversial but it is generally accepted that it is mainly due

to Cu-site holes9, small polaron transport10 and variable range

hopping (VRH)10,11. The conductivity is highly anisotropic

due to its structure12. CAO thin films are generally prepared

by pulsed laser deposition (PLD)2, spray pyrolysis13, chemical
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vapour deposition14, sputtering15–18. TCO thin films for

optoelectronics devices such as transparent solar cells and flat

panel displays are commercially deposited using RF sputtering

because of its capability of producing high purity thin films at

lower temperatures. Therefore, to improve the properties of the

TCO targets and the sputtered thin films, high quality phase

pure powders of CAO are required for the sputter targets.

A number of methods have been employed for the synthesis

of bulk CAO, such as wet chemical synthesis (sol-gel,

hydrothermal)3,5,19–21, slow cooling reactions from melts of

CuAl2O4 +CuO22 and the conventional method involving

a prolonged solid state reaction of Cu2O and Al2O3
2,15,23,24.

Other solid state reactions involving boehmite (AlOOH) and

Cu2O have also been reported recently25,26. The synthesis

temperatures involved here are always in the excess of

1100 °C and for prolonged reaction times, ranging from 3 to

96 hours as shown in Table 1. Despite all this, obtaining single

phases and well crystallined material has been a problem as

observed from their XRD patterns. Recently, Jarman et al. 27

synthesized CAO using the Pechini method and obtained a

pure phase at the reaction time of 3 h. Despite the success, the

number of stages and reagents involved for the preparation for

the CAO still make the conventional process economical and

less involving. Amrute et al. 24 also synthesised CAO using

solid state reaction, one in air and the other one in nitrogen

atmosphere. After 30 h of reaction at 1100 °C, CAO reacted

in air was 100 % pure while nitrogen environment obtained

only 70 % pure CAO. In our investigation, it has been shown

that argon environment and quenching reacted products under

graphite effectively produces a 100 % pure CAO in just 1.5 h.
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The energy saved is many magnitudes better than the processes

with reaction temperatures and durations in Table 1. Table 1

shows the general calcination temperatures and reaction time

for the synthesis of CAO powders by various researchers.

Table 1 Calcination temperatures and durations for the synthesis of

CAO. WC: Wet Chemical, SS: Solid State.

Method T (°C) Dur. (h) Environ. Refs

SS 1100 10/2. N2/air 26

SS 1150 2 resp. Ar 25

SS 1100 >30/30 N2/ air 24

WC 1100/800 24/48 air/N2
21

WC 320/400 12/4 - 20

SS 1050 /1200 96/5 . air 28

WC 1100 11 air 3

WC 1100 3 air 27

SS 1102 24 - 15

WC/SS 1100 6/15 - 29

SS 1100 24/36 air 23

SS 1100 10 - 30

SS 1100 20 air 31

SS 1200 12 air 17

WC 1200 4 air 19

SS 1100 72 vacuum 32

In this paper we report a procedure where CAO was obtained

at a much lower temperature and in short reaction time using

the conventional method of reacting Cu2O and Al2O3. A phase

pure powder was obtained as seen from the XRD pattern. The

process involved milling, powder pelletizing, isothermal firing

under argon and quenching.

2 Experimental

2.1 Thermodynamics Considerations

From the Al2O3 - 1
2
Cu2O/CuO phase diagram by Jacob and

Alcock 32 , the upper temperature stability limit of the CuAlO2

phase is 1160 °C at PO2
= 0.21 atm. This means that the

reactions (formation of CAO) can only be carried out at

temperatures below 1160 °C. Considering the fact that the

melting points of Cu2O and Al2O3 are 1232 °C and 2072 °C

respectively and, the absence of the eutectic melts below

1160 °C in the Al2O3- Cu2O system, the formation of the

CuAlO2 phase is a solid state mechanism. Since solid

state reactions occur via diffusion of the cations, a higher

temperature is required to enhance the diffusion since the

diffusion of these species is very slow at low temperature.

The calcination temperature of 1150 °C was therefore ideal and

gave the shortest reaction time.

2.2 Methodology

Appropriate amounts of precursor oxides, Cu2O (95% purity,

Scientific Laboratory Supplies) and γ−Al2O3 (99.7% purity,

SIGMA-Aldrich), were weighed and mixed in a plastic milling

jar. Zirconia balls and isopropranol were used as milling

media. The precursor powders were then milled overnight.

After milling, the slurry was dried into homogeneously mixed

powder. The powder was pressed into a cylindrical pellets at

loads of 1,4 and 8 tonnes using a 13 mm diameter uniaxial

steel die. This was meant to bring the reacting particles in

intimate contact with each other for easy reaction. The samples

in the form of loose powder and pellets were isothermally

fired at 1150 °C for ca 1.5 h under flowing argon environment

to prevent oxidation of the Cu2O. Isothermal firing is when

the sample is placed in the already hot furnace at that

target temperature and then removed from the furnace at the

same temperature. After 1.5 h of firing, the samples were

removed from the furnace and cooled under the cover of a

graphite crucible so as to prevent any possible oxidation of

Cu+ −→ Cu2+ in the reacted products.

For electrical characterisations, a pellet uniaxially pressed

under a load of 5 tonnes and sintered in air at 1150 °C for 6 h

was used. Platinum ink was painted on the parallel sides of the

pellet as electrode contacts and cured at 800 °C for 30 minutes.

The sample was spring loaded in a quartz assembly placed

inside a Faraday cage within a horizontal tube furnace during

the AC/DC electrical measurements. The DC conductivity

measurements were conducted using the Hewlett Packard

34420A NanoVolt/Micro Ohm meter and AC conductivity

measurements using the Solartron Instrument 1260. For phase

analysis of the samples by XRD, the samples were ground into

fine powder and analysed using the P’Analytical X’Pert MPD

(using Cu Kα radiation) in a spinning mode. Morphological

features and EDX (for chemical composition) were obtained

using the LEO Gemini 1530 field emission scanning electron

microscope.
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3 Results and Discussion

3.1 XRD

Fig. 1 shows XRD patterns of the CAO powder and pellets

annealed at 1150 °C for 1.5 h under argon atmosphere. To

study the effect of pelletising, unpelletised samples were also

characterised as a control. It can clearly be seen from the

XRD patterns in Fig. 1, especially of the pellets, that a pure

phase devoid of any detectable impurity phase or unreacted

precursors was formed. This exactly matches with the standard,

ICDD 04-010-0381 pattern. However, for the unpelletised

sample, very low intensity XRD peaks for CuO at

2θ = 36◦,38◦ can be seen. The presence of CuO clearly

indicates that the unpelletised sample did not fully react during

the 1.5 h isothermal heating. As a result, the unreacted Cu2O

might have oxidised when removing the sample from the

furnace after isothermal heat treatment. The CAO peaks are

also very intense showing a high degree of crystallinity.
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Fig. 1 XRD reflection data on the powder, and pellets pressed at

different loads. At the bottom the standard (ICDD 04-010-0381) is

shown as well.

It was also observed that the pelletising load had no

observable effect on the kinetics of the reaction, since all

pelletised samples gave pure CuAlO2. From this observation,

it can therefore be concluded that it is important to pelletise

the samples regardless of the amount of load. Results from

the same work, not included here showed that increasing the

reaction time above 1.5 h, all samples (powders and pellets)

produced a pure CuAlO2 phase. Hence it seems that 1.5 h

duration is the lower limit for obtaining a pure phase in pellets

at 1150 °C.

The success of the procedure that has ensured a phase

pure CuAlO2 within 1.5 h of reaction may be because of

(a) the inert environment which inhibits the oxidation of

Cu+ −→ Cu2+. This is because the oxide of Cu(I) is more

reactive than the oxide of Cu(II) in ambient atmosphere at

elevated temperatures20,24,26. Passing argon having low PO2

helps preserve the reactive precursor for subsequent reaction.

(b) pelletising brings reactive species in intimate contact for

easy reaction. In addition, pelletizing guarantees that any trace

of oxygen in the reaction furnace does not have access to the

bulk of the material except for the surface of the pellet. (c)

isothermal firing ensures that the intended reaction only takes

place at a particular target temperature, instead of many side

reactions which may inhibit or retard the intended formation

of CAO due to the formation of CuO which is less reactive.

Furthermore, CuO and Al2O3 can react to form CuAl2O4

spinel as impurity in the CAO which can be detrimental for

the optical and electrical properties of CAO33. (d ) Quenching

the sample under a graphite crucible. Quenching preserves the

CAO phase by preventing the slow formation of CuAl2O4. This

process is oxygen dependent, therefore quenching under the

graphite crucible prevents CAO oxidation because graphite acts

as an oxygen scavenger. Therefore, to obtain a pure and high

quality CAO powder suitable for target in PLD applications,

powder prepared by conventional method above and annealed

at 1150 for 1.5 h would yield the much desired quality of CAO.

3.2 SEM/EDX

Fig. 2 shows an SEM image and results of EDX scan of the

CAO powder annealed at 1150 °C. The top figure indicates that

elongated grains are formed during calcination. The crystal

growth seems to be more pronounced in one preferred direction.

However, the grains are randomly oriented. This has negative

effects on the electrical conductivity due to the anisotropic

behaviour of the CAO12,33. The microstructure show that

powder looks sintered at this temperature.

To confirm chemical composition, EDX measurements were

performed over the sintered grain. The bottom image shows

the scan area.
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On the right side is the table of elemental composition.

From the table, the ratio, Cu/Al = 24.14
22.15

= 1.08, suggesting

that CuAlO2 may be slightly non-stoichiometric having excess

of Cu+.

Fig. 2 EDX/SEM measurements on sintered CAO. The bottom

image is the EDX.

3.3 DC/AC Conductivity and Spectral Analysis

3.3.1 Impedance Analysis.The temperature dependence

of conductivity of CAO has been studied before but mostly

below the room temperature (RT) by previous researchers

Kawazoe et al. 2 , Deng et al. 3 , Lee. et al. 12 . These

measurements were on thin films and employing DC

measurements technique. Less work has been done on high

temperature measurements, although some researchers15,31,34

attempted to measure in the temperature range (in °C) of

302 ≥ T ≥ RT . These were thin films too and used DC

measurements. Prakash 31 used bulk samples and studied AC

conductivity from 60 to 200 °C. In this study, high temperature

DC and AC measurements were done over a temperature range

of 711 ≥ T ≥ RT °C.

Fig. 3 shows the Nyquist plots from the AC measurements

of the sample. As can clearly be seen from the semi-circular

Cole-Cole plots, the material conducts ions too. The

conduction is a polaronic thermally activated process. This

can be seen from the semi circles’ diameters decreasing with

temperature. The conductivity continues to increase with

temperature until a breakdown in ionic conductivity occurs

at a temperature of 375 °C. At temperatures higher than 375

°C, no ionic conductivity is observed except for the inductive

effects. This can be clearly seen in the inset of Fig. 3.
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Fig. 3 AC Impedance measurements of CAO. The inset shows the

temperatures at which there is a breakdown of ionic conductivity.

After 375 °C ionic conductivity diminishes.

Temperature dependence of conductivity is represented by

the Arrhenius relation in eqn(1);

σ = σ0 exp

(

−
Ea

kT

)

. (1)

where; σ0 is a pre-exponential factor which is a function of

charge carrier concentration and material structural parameters,

k is the Boltzmann constant and Ea is the activation energy of

conduction.

A comparison of p-type (hole) conductivity (from DC

measurements) and ionic conductivity (from AC impedance

measurements) is shown in the Arrhenius plot in Fig. 4. The

plot conforms to a polaronic thermally activated process. As

can be seen from these two measurements, it is clear that the

material is a mixed conductor (holes and ions) since both

hole and ionic phenomena could be measured through DC

and AC measurements respectively over a selected range of

temperatures.

The plot attributed to the hole conductivity in the Arrhenius

plot shows that DC conduction was reproducible as can be seen

from the Fig. 4.

4 | 1–8



1.0 1.5 2.0 2.5 3.0 3.5
-12

-10

-8

-6

-4

-2

AC

Ea(LT)=  0.22 eV

Ea(LT)=  0.27 eVEa(HT)=  0.08 eV

ln
 s

(W-
1 cm

-1
)

1000/T (K-1)

 Heating run(LT)- DC
 Heating run (HT)- DC
 Cooling run- DC
 Ionic(g)- AC
 Ionic(g+b)- AC

375 °C 

DC

Fig. 4 Arrhenius for DC and AC Conductivities. Ionic(g) and

ionic(g+b) are contributions from grains and grain+grain boundary

respectively.

It can also be seen that conductivity exhibits two segments,

high temperature (HT) and low temperature (LT). The slopes

of the two segments yield the value of activation energy

(Ea), which corresponds to the minimum energy required

to transfer carriers from acceptor level to the valence band.

The LT activation energy for DC conduction and AC grain

conduction were Ea(LT ) = 0.27 eV and Ea(LT ) = 0.22 eV

respectively. The values obtained in this study are in excellent

agreement with each other and are within the range of activation

energies reported in literature for both bulk and thin films in the

temperature regimes of T ≥ RT . Table 2 shows the activation

energy as obtained by various research workers in comparison

with the data obtained in this study.

In the present work, it has been shown for the first time that

there is a HT regime which begins at 375 °C with an activation

energy of Ea(HT ) = 0.08 eV. This corresponds to the regime

where hole conductivity completely dominates and the ionic

conductivity ceases to exist. This is evident in the inset of Fig.

3. This result suggests a change in conduction mechanism from

mixed conductivity (ionic + p-type) in the temperature range

of 375 ≥ T ≥ 25 °C to intrinsic type behavior above 375 °C.

This is because at high temperatures carriers from acceptors

become insignficant compared to the thermally generated

carriers because of the complete ionization that takes place37,38.

This behavior is a hallmark of most semiconductors. The

transition temperature Ttrans is related by

Ttrans = Eg/kB(NC(Ttrans)NV (Ttrans)). (2)

where NC(Ttrans) and NV (Ttrans) are the effective number of

states in the conduction and valence band respectively, at a

temperature close to the Ttrans. The transition temperatures

of different ternary adamantine semiconductors similar to

delafossites are reported elsewhere37 and this paper reports

for the first time the Ttrans for the delafossite CAO, being

Ttrans ≃ 375 °C.

The resistivity values obtained in this study are higher than

those reported in literature probably because of two possible

reasons: Firstly, the electrical conductivity in CAO appears to

be anisotropic, σab = 25σc
12, where σab is the conductivity in

the a-b plane and σc the conductivity in the c-axis, whereas the

random arrangement of grains in the bulk sample of the CAO

as shown in the SEM images in Figure 2 may have played a part

in giving rise to a lower conductivity of samples investigated

in this study.

Secondly, the presence of an orange brown phase later

identified as CuAl2O4 under the Pt electrical contact coating

may have perhaps hindered charge transport. This was also

observed by Lee. et al. 12 . After sample retrieval, it was also

observed that part of the Pt coating on the sample surface

of the pellet had delaminated as a result of the formation

of CuAl2O4 phase at the interface between Pt and CuAlO2,

however, on the exposed circumference of the pellet that was

uncoated, no signature of CuAl2O4 was seen. We believe

this is due to the catalytic behaviour of Pt which promotes the

formation of CuAl2O4 at the interface by virtue of the reaction :

Pt + 2CuAlO2 −→ CuAl2O4 + PtCu. Under normal

circumstances, the formation of CuAl2O4 from CAO according

to 4CuAlO2+O2 −→ 2 CuAl2O4 + 2 CuO reaction which is

PO2
dependent is very slow especially at lower temperatures,

below 1003 °C at 0.21 atm39 also evident from our preliminary

results. This implies that it is important to carefully select the

contact electrode metal however noble that may be when it is

to be placed in contact with another material containing copper.

Further investigation on this topic will be reported in a separate

communication in the near future.

3.3.2 Conductivity Spectral Analysis. Measurement of

AC conductivity (σ(ω) = σ ′(ω)− jσ ′′(ω)) generally shows

a frequency dispersion where, the real part of AC conductivity

σ ′(ω) depends on the angular frequency ω . Each curve may

have a low-frequency plateau, which corresponds to the DC

conductivity of the material, and a dispersive region at high

frequency, which corresponds to the ionic or AC conductivity.

The AC conductivity, σ(ω); obeys the Jonscher’s power law

called the universal dielectric response (UDR)40 and it is found

to vary with angular frequency according to eqn(3);

σ = σDC +Aωn (3)

where σDC is the DC conductivity, A and n are

temperature-dependent parameters. Frequency dependency

of conductivity at various temperatures is shown in Fig. 5.
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Table 2 Activation energies and how they compare to this work.

Meas.Type Samp.Type Temp.Range Act. Energy (eV) Refs

DC lamina Crystal 30 > T ≥−117 0.20 (c axis), 0.13 (ab plane) 12

DC Thin film 25 ≥ T ≥−196 0.20 2

DC Bulk 35 ≥ T ≥−99 0.175 3

DC Thin film 25 ≥ T ≥−214 0.22 30

DC Bulk 377 ≥ T ≥−143 0.26, 0.295 10

DC Thin film 127 ≥ T ≥ 25 0.26 15

DC Thin film 227 ≥ T ≥ 25 0.25 34

DC Thin film 742 ≥ T ≥ 679 0.14 35

DC Thin film 467 > T ≥ 25 0.26, 0.23, 0.11 36

DC Bulk 711 ≥ T ≥ 25 0.27 (LT), 0.08 (HT) This study

AC Bulk 375 ≥ T ≥ 25 0.22 This study

It can be observed that at low frequencies, the real part

of conductivity, σ ′(ω) is indeed independent of frequency

giving rise to DC conductivity while at high frequencies, AC

conductivity is dominant.
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Fig. 5 Frequency dispersion of the real part of the conductivity of

CAO at different temperatures.

The existence of such a dispersive regime in the conductivity

at higher frequencies rules out the possibility of random

hopping of mobile ions and suggests that ionic motion is

somehow correlated. The crossover frequency, the frequency at

which AC conductivity sets in is temperature dependent. Just

as has been shown in the Fig. 4, the existence of both the DC

and high frequency dispersion in Fig. 5 confirms that CAO is

indeed a mixed conductor. In addition, the figure also confirms

the disapperance of ionic conductivity and dominance of DC

conductivity at high temperatures and sets in at T > 375 °C,

the result also observed in Figs. 3 and 4.

At high temperatures, and at much higher frequencies,

there is a second plateau also observed by other workers41

believed to be due to excitation of Einstein oscillators

and transverse optical phonons. This was observed in

Na-(β/β ′′)-Alumina. Furthermore, at high temperature and

frequency, inductive effects are also observed which may

indicate ion adsorption. It may explain why copper was

observed in the Pt electrode after the measurements leaving

an interface rich with copper-deficient aluminate, CuAl2O4 as

explained in Section 3.3.1.

Non linear curve fitting using the allometric power function

in origin software was used to fit every single curve of Fig.

5 to obtain the values of n, A and σDC. The goodness of

the fit were greater than 98%. The DC conductivity obtained

was in perfect agreement with the actual DC measurements

obtained using a two point probe, bar the slight deviation of

about 10% on temperatures above 375 °C when the material

is purely non ionic conducting. This is shown in Fig. 6. The

deviation at high temperatures is because of contribution from

DC conductivity of the material and electrode contribution

because at high temperature electrode contribution dominates

impedance data also42.

The values of n in eqn(3) were found to range from 0.5-0.85,

and showed no systematic temperature dependence. The value

of n might have a physical meaning according to Funke 41 and

Vijaykumar et al. 43 . For instance, value of n < 1 would mean

that the hopping motion involved is a translational motion with

a big hop43.
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Fig. 6 An Arrhenius plot to compare the DC conductivity of the

actual measured values against the low frequency values.

On the other hand, value of n ≥ 1 would mean that the motion

involved is a localized hopping of the species with a small hop

without leaving the neighborhood. In this case, for CAO, the

transport phenomena is a long range hopping from one vacancy

site to another.

To determine the hopping frequency, ωH , the Almond and

West formalism44 was used. This is expressed as

ωH =
(σDC

A

)1/n

(4)

with A and n being temperature dependent parameters obtained

from the nonlinear function fitting of the conductivity spectra

of Fig. 5 at different temperatures. The hopping frequency

which is a function of temperature was then fitted to eqn(5)

ωH = ωo exp(−Eω/kT ) (5)

where ωo is the pre-exponential factor of the hopping rate and

Eω is hopping activation energy. The activation energy for

hopping is obtained from Fig. 7 and eqn(5). The inset of Fig.

7 shows the transition temperature when the first derivative of

lnωH denoted as (lnωH)
′ with respect to 1000/T is plotted.

The activation energy of hopping obtained (Eω = 0.41 eV)

obtained was higher than the DC activation energy obtained

from the Arrhenius equation (Ea = 0.27 eV) in eqn(1). This

value is however close to the value (0.40 eV) obtained by

other workers45. This implies that the charge carriers have to

overcome less energy barrier while conducting than relaxing.

4 Conclusion

Synthesis of a phase pure delafossite CuAlO2 through the

conventional high temperature processing of mixed component
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Fig. 7 Temperature dependence of hopping rate for CAO. There is a

change of slope at temperatures greater than 375 °C. The inset is a

first derivative of lnωH denoted as (lnωH)
′ with respect to 1000/T .

The transition point is evident.

oxides, Cu2O and Al2O3 has always been obtained after

prolonged reaction time some as long as 4 days. In this paper

we have reported a process of pelletising component oxides

followed by isothermal calcination in argon environment and

quenching under graphite crucible which can be employed to

reduce the reaction time down to 1.5 h. A single phase CuAlO2

can be easily synthesized from mixed component oxides as

long as the powder has been pelletised regardless of the amount

of load applied. High temperature electrical measurements

show that the material is a mixed conductor (holes and ions)

up to about 375 °C beyond which the intrinsic type behavior

completely dominates, the result also confirmed by the spectral

analysis. Spectral analysis also revealed that conduction is

of long range hopping. The LT activation energy from DC

measurements was, Ea(LT ) = 0.27 eV and high temperature

value, Ea(HT ) = 0.08 eV while the LT activation energy for

ionic conductivity was Ea(LT ) = 0.22 eV. The transition from

p-type to intrinsic type conduction occurs at around 375 °C

in CuAlO2. We have also shown for the first time that Pt can

catalyse the inadvertent formation of CuAl2O4 spinel from

CuAlO2, former being an insulator whereas the latter is a

good p-type conductor. This is in complete agreement with

the current understanding of the thermodynamic principles of

Cu−Cr−O and Cu−Y−O ternary systems46–48.
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