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Abstract The effect of antimony doping on the optical

and electrical properties of copper aluminum oxide syn-

thesized by solid state reaction technique was investigated.

Formation of single phase CuAlO2 was confirmed by x-ray

diffraction studies. Variation of strain, particle size, and

preferred orientation of the crystallites with Sb doping

concentrations were analyzed by x-ray diffraction. Using

the x-ray photoelectron spectroscopy trivalent state of Sb

ions was confirmed. A blue shift in the energy band gap

with Sb doping was observed, and it was supported by

ab initio calculation based on density functional theory. A

nonlinear current–voltage characteristic was observed for

the Sb-doped CuAlO2 samples whereas the same was linear

for the undoped samples. The nonlinearity of the current–

voltage characteristics changed significantly at higher

temperature, and this behavior was explained.

Introduction

The transparent conducting oxides (TCOs) are a class of

semiconducting materials which are transparent in the

visible region of the electromagnetic spectrum with a high

electrical conductivity. Wide spread interests in TCOs are

due to their interesting electrical and optoelectronic prop-

erties, which qualify them as a promising candidate for

various technological applications such as transparent

electrodes in flat panel display [1], window layers in solar

cell [2], liquid crystal display [3], organic light-emitting

diode [4], transparent thin film transistor [5], UV-emitting

diode [6], photovoltaic cell [7], catalysis [8], thermoelec-

trics [9] etc. It is well known that most of the common

TCOs like tin oxide (SnO2) [10], indium tin oxide (ITO)

[11], cadmium oxide (CdO) [12], zinc oxide (ZnO) [13]

etc. are all n-type semiconductors (electrons are majority

carriers). Along with various applications utilizing the

linear current density–electric field (J–E) characteristics in

the above mentioned fields, nonlinear J–E characteristics

observed in different doped TCOs such as Sb-doped SnO2

[14], F-doped SnO2 [15], F-doped CdO [16], made them

also potential candidates in the field of power supply net-

work and electrical stress grading at insulator–conductor

interface in high voltage applications [17]. There are also a

few reports on the p-type conducting oxides such as CuO

[18], but they are not transparent in the visible region of

the electromagnetic spectrum. The primary advantage of

CuAlO2 (CAO) is that, it exhibits p-type semiconducting

behavior and shows transparency in the visible region.

However, the electrical conductivity of CAO was 2–3

orders of magnitude lower than that of the most commonly

used n-type TCOs like ITO. Therefore, the improvement of

the electrical conductivity of CAO seems very exigent and

necessary for practical applications. Effect of doping by

divalent ionic species on the electrical properties of CAO

was investigated by many researchers [19, 20]. We have

also examined the effect of excess oxygen on the electrical

property of CAO [21]. Field emission property and ther-

moelectric effects of CAO were reported by our research

group [22, 23]. We have also fabricated all oxide trans-

parent heterojunction (n-ZnO/p-CuAlO2) that proves itself

a potential candidate for the invisible electronics [24].

There are a few reports on the magnetic properties of
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transitional metal-doped CAO [25, 26]. However, there is

no report on the effect of doping by trivalent non-transi-

tional metal elements such as Sb on the optical and elec-

trical properties of CAO whereas effect of Sb doping on

the other delafossite materials had been studied previously

[27, 28]. The aim of this article is to study the effect of Sb

doping on the structural, optical, and electrical properties

of CAO. To support our experimental observations, we

have also performed ab initio calculations based on the

density functional theory.

Experimental details

Sample preparation

CuAl1-xSbxO2 (x = 0.02, 0.04, 0.06, and 0.08) powders

were synthesized by solid state reaction method. Stoichi-

ometric mixtures of high purity Cu2O (Aldrich 99.99%),

Al2O3 (Aldrich 99.99%), and Sb2O3 (Alfa Aesar, 99.6%)

powders were mixed for 2 h. Then the mixtures were sin-

tered in a furnace in open air at 1150 �C for 12 h to obtain

the Sb-doped CAO samples. Finally, the sintered powders

were grounded and pressed into pellets by a hydrostatic

pressure of 100 Kgf/cm2. The obtained pellets were

again sintered at 1100 �C and were used for further

characterizations.

Characterization

The synthesized powders were characterized by x-ray dif-

fraction technique (XRD, BRUKER D8 ADVANCE, by Cu

Ka radiation, k = 1.5404 Å). X-ray photoelectron spec-

troscopic (Specs, Germany) measurement was carried out

using a dual anode source and a hemispherical analyzer

(HSA 3500) operating in a constant pass energy mode.

Measurement was carried out by using Al Ka radiation

(1486.6 eV) and with pass energy of 40 eV. The base

pressure of the sample analysis chamber was 2.8 9

10-9 mbar. Analyses of the oxidation states from the

spectra were performed by deconvolution using the Shirley

background correction with the CASA software. Optical

absorption spectra of the prepared Sb-doped CAO samples

were measured by a UV–vis-NIR spectrophotometer

(SHIMADZU-UV-3101-PC) in the wavelength range from

200 to 800 nm. CuAlO2 powders were dispersed in alcohol

and were sonicated for 5 min. Then on clean glass slide

substrates CuAlO2, thin films were deposited by dip coating

method for optical measurement. The electrical character-

izations of the SCAO samples were carried out by home

made two probe electrical set up from room temperature

(300 K) to 415 K under vacuum condition (10-5 mbar).

Electrical contacts were made with conducting silver paste

(Arora Mathey) which was found to be Ohmic (showing

linear I–V characteristics) within the entire range of applied

voltage. Ohmic nature of the silver paste contacts have been

confirmed previously by different researchers also [29–32].

Results and discussion

Structural property

X-ray diffraction pattern of the Sb-doped CAO samples

(CuAl1-xSbxO2, x = 0.02, 0.04, 0.06, and 0.08, SCAO) are

shown in Fig. 1. The XRD pattern clearly matches with the

polycrystalline delafossite structure of CAO (space group:

R3m, PDF 35–1401) and rules out the possibility of any

secondary phase formation.

The increment in the full width at half maximum

(FWHM, b) of the peaks with Sb doping indicates the

reduction of grain size and also increment of the strain with

Sb doping. Variation of grain size (D) and strain (e) of

CAO powder with Sb doping was calculated from the well

known Williamson–Hall relation [33]

bcosh=k ¼ 1=Dþ esinh=k ð1Þ

and are shown in Fig. 2. The increase in strain is due to the

larger ionic radius of Sb?3 (0.76 Å) [34] compared to Al?3

(0.675 Å) [35]. Equilibrium particle size (r0) is mainly

determined by surface energy (rs) and volume energy (rv)

that includes strain and it is given by r0 ¼ 2rs=rv [36]. The

main contribution to surface energy originates from

dangling bonds (depends on the shape of the particle)

and energy associated with dangling bond that depends on

oxidation state of the atoms, more precisely on the

electronegativity differences between the anion and the

Fig. 1 X-ray diffraction patterns of a 2%, b 4%, c 6%, and d 8%

Sb-doped CAO (inset shows variation of a/c ratio with Sb doping)
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cation [37]. Since the particle shape is not changing, so the

dangling bond remains same. If Sb be present at the Al site

within the lattice as well as at the grain boundary region, its

binding energy corresponding to two different types of Sb

present in the system (within lattice and at the grain

boundary) will be different but we have observed no

asymmetry in XPS Sb 3d peak (discussed in Sect.

Chemical state analysis and valence band structure

determination by photoelectron spectroscopy; ab initio

density of states calculation), so we may conclude that

major portion of Sb is present within the lattice site. Even if

small fraction of Sb were present at the grain boundaries,

they will reduce the surface strain energy further because

the electronegativity difference between Sb (1.88 [38]) and

O (3.44 [39]) is less than the electronegativity differences

between Al (1.5 [40]) and O. So we may neglect that the

change in surface energy due to presence of very small

fraction of Sb at grain boundary. However, strain

contribution to volume energy will increase with Sb

doping due to larger ionic radius of Sb?3 than that of

Al?3. Therefore, we may predict that grain size will

decrease due to enhancement of strain contribution to total

volume energy. Lattice constants (a, c) were calculated

from the relation between inter planar spacing and lattice

constants of hexagonal crystal structure described

elsewhere [41]. An enhancement in a/c ratio (shown in

the inset of Fig. 1) with respect to Sb doping suggests that

lattice parameter ‘a’ is increasing due to substitution of

Al?3 by Sb?3. The preferential orientation of the

crystallites along (hkl) crystal plane in the samples were

analyzed by calculating the texture coefficient Ci of each

XRD peak according to the relation [42]

Ci ¼
NðIi=Ii0Þ
PN

i¼1

ðIi=Ii0Þ
ð2Þ

where Ci is the texture coefficient of the ith plane, Ii is the

measured integral intensity, Ii0 is the integral intensity of

the JCPDS-PDF of the corresponding peak i, and N is the

number of the reflections considered for the analysis. Ci is

unity for each reflection in case of a randomly oriented

sample, and values of the Ci greater than unity indicate

preferential orientation of the crystallites in that particular

direction. In this case (107), (018) planes for 2% and (104),

(006), (107) planes for 4% Sb-doped CuAlO2 samples

showed preferential orientations. The degree of preferential

orientation of the sample as a whole, X, can be assessed by

estimating the standard deviation of all the Ci values

calculated for the sample [33],

X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN

i¼1

ðCi � Ci0Þ2

N

v
u
u
u
t

ð3Þ

where Ci0 is the texture coefficient of the powder sample,

which is always unity. The value of X gives the degree of

the orientation of the sample as a whole and can be used to

compare the degree of preferential orientation (may not be

in a particular/specific direction) of different samples. A

value of zero for X indicates complete randomness of the

whole sample and on the other hand, higher value of X
suggests better preferential orientation of the prepared

samples as whole. The texture coefficients of all the

observed peaks of SCAO samples, along with the value of

X for each concentrations are shown in Table 1. Here, it is

observed that the degree of preferential orientation of CAO

sample as a whole continuously increases with Sb doping.

Similar types of results were also obtained previously by

different researchers [43–46].

Chemical state analysis and valence band structure

determination by photoelectron spectroscopy; ab initio

density of states calculation

Chemical composition and valence states of the atoms

present in SCAO were investigated by XPS. Sb concen-

trations as determined from the XPS analysis were 1.93,

3.92, 5.90, and 7.85% corresponding to nominal compo-

sitions of 2.00, 4.00, 6.00, and 8.00% in the samples,

Fig. 2 Variation of particle size and strain with Sb doping

concentration

Table 1 The texture coefficient (C) and the degree of preferential

orientation (r) for Sb-doped CAO

%Sb Texture coefficient (C) X

(006) (101) (012) (104) (009) (107) (018)

2 0.8680 0.8104 0.8379 0.9432 0.9220 1.2140 1.4042 0.21

4 1.3639 0.6149 0.5997 1.1729 0.7262 1.8221 0.7001 0.43

6 0.1507 0.0764 0.1147 0.1314 0.2462 0.1841 0.1352 0.85

8 0.1202 0.1201 0.1194 0.1660 0.1315 0.1299 0.2126 0.86
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respectively. The XPS spectra of SCAO covering Cu 2p, Al

2p and Al 2s and Sb 3d and O 1s core level are shown in

Figs. 3, 4, and 5 respectively. From Fig. 3 it is clear that,

the binding energies of the Cu 2p3/2 and Cu 2p1/2 are found

at 931.63 and 951.47 eV, respectively. The binding ener-

gies of the Al 2p, Al 2s, and O 1s levels are found at 73.7,

118.3 (Fig. 4), and 531.2 eV (Fig. 5). Detailed XPS anal-

ysis of copper, aluminum, and oxygen present in CAO has

been described elsewhere [47]. There is no difference in

binding energies of different core level energies corre-

sponding to copper, aluminum, and oxygen in the case of

CAO and SCAO. Low lying energy levels of pure CAO

and 6% Sb-doped CAO samples are shown in Fig. 6a and

b, respectively. From the figures it is clear that a valence

band maximum in the case of SCAO samples shifts toward

higher binding energy side compared to pure CAO. In pure

CAO, valence band originates from Cu 3d and O 2p states

as predicted by Kawazoe et al. [19] on the basis of

chemical modulation of valence band. Binding energies of

different low lying energy levels of copper 3d and oxygen

2p in pure CAO are listed in Table 2. After deconvoluting

the low lying energy spectra of the Sb-doped CAO, we

have obtained the binding energies of Cu 3d and O

Fig. 3 X-ray photoelectron spectra of Cu 2p3/2 and Cu 2p1/2 levels

Fig. 4 X-ray photoelectron spectra of Al 2p, 2s and Cu 3p, 3s levels

Fig. 5 X-ray photoelectron spectra of Sb 3d3/2 and O 1s levels

Fig. 6 a Low lying energy levels of pure CAO. b Low lying energy

levels of 6% Sb-doped CAO
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2p orbitals, and they are also listed in Table 2. Binding

energy of Sb 5p orbital is measured at -0.15 eV. The

electron–electron (Sb 5p–O 2p and Cu 3d) Coulomb

repulsion may be responsible for the observed shift in

valence band maximum.

To support our experimental observation, we have also

performed ab initio band structure calculation of pure CAO

and SCAO on the basis of density functional theory using

super cells approach. The calculation was carried out by

using CASTEP package provided by the Material Studio

4.1 developed by Accelrys. It is an ab initio quantum

mechanical code based on density functional theory. Here,

pseudo-potential is being considered for ionic potential, the

electronic wave function is expanded on the basis of plane

wave, and the exchange and correlative potential of elec-

tron–electron interactions are improved by the generalized

gradient approximation (GGA). In this calculation,

1 9 1 9 1 Monkhorst–Pack k-point mesh was fixed within

the Brillouin zone. Energy cutoff and precision were set at

500 eV and 2.0 9 10-4 eV/atom, respectively. Here,

2 9 2 9 2 super cell was set because of our computational

limitation, and it corresponds to 12.5% of Sb doping.

Density of states (DOS) of pure CAO and 12.5% Sb-doped

CAO are shown in Figs. 7 and 8, respectively. Three peaks

are distinguishable in the valence band region approxi-

mately at -1.8, -3.4, and -6.1 eV (indexed I–III in

Fig. 10a). Similar kind of results was also obtained by

Aston et al. [48]. The Cu partial density of states (PDOS) is

dominated by 3d states at -1.8 eV, corresponding to peak I

in the total DOS. The O PDOS displays two main peaks (II

and III) observed at -3.4 and -6.1 eV. Two peaks origi-

nating from oxygen and one peak from copper have been

observed in the XPS spectra at the same energy values. Al

PDOS is not shown here because its contribution to valence

band is insignificant [49]. There are also Cu 3d states

between -4.3 and -3.2 eV, indicating a covalent nature in

bonding with oxygen. Therefore, valence band mainly

consists of states derived from a mixture of Cu 3d and O

2p orbitals. Antimony has 5s and 5p orbitals whose ener-

gies are very close to O 2p and Cu 3d states. So the

incorporation of antimony in CuAlO2 causes hybridization

among Sb 5s, 5p, and Cu 3d, O 2p and this hybridization

strongly affects the valence band structure. Total DOS and

PDOS for SCAO were calculated by ab initio density

functional theory, and they are represented in Fig. 8. It has

been observed that Sb 5s and 5p orbitals have significant

contribution within the valence band region of CAO.

Strong hybridization among the levels leads to a change in

their respective energy values. Dominating Cu 3d is mea-

sured at -4.2 eV instead of -1.8 eV in the case of pure

CuAlO2. Whereas O 2p PDOS, observed at -4.1, -6.3,

and -9.3 eV, are less than pure CuAlO2.

Table 2 Low lying binding energies (in eV) of different energy

levels of copper (2p) and oxygen (2p) in pure CAO and Sb-doped

CAO

Sample Cu (in eV) O (in eV)

3d 2p1/2 2p3/2

CAO 1.98 3.36 6.15

6% Sb-doped CAO 2.11 4.09 9.28

Fig. 7 a Total DOS and b and c are PDOS of Cu 3d and O 2p,

respectively of CAO

Fig. 8 a Total DOS and b, c, d, and e are PDOS of Cu 3d, O 2p, and

Sb 5s and Sb 5p, respectively of SCAO

J Mater Sci (2011) 46:1613–1621 1617

123



Optical properties

The fundamental absorption, i.e., transition from the

valence band to the conduction band can be used to

determine the nature and value of the optical band gap.

The relation between the absorption coefficient (a) and

incident photon energy (hm) can be written as ahtð Þ1=n¼
A ht� Eg

� �
, where A is constant, Eg is the band gap of the

material under consideration, and the exponent ‘n’ depends

on the nature of the type of transition. ‘n’ = 1/2, 2, and 3/2

for direct allowed, indirect allowed, and direct forbidden

transitions, respectively. The plot of (ahm)1/n versus hm will

be straight line for different values of ‘n’; by extrapolating

the linear portion of the curve to the hm-axis, we may obtain

the corresponding band gaps. Here, we have calculated the

direct band gap of CuAl1-xSbxO2 (x = 0.02, 0.04, 0.06,

0.08) [50–53] [(ahm)2 versus hm plot are shown in Fig. 9].

As represented in Table 3, we have found that the band gap

of SCAO samples increases from 4.09 to 4.41 eV, with

increasing doping concentration from 2 to 8%. From XPS

measurement and ab initio calculation based on density

functional theory (discussed in previous section), it has

been realized that the valence band shifts toward lower

energy side due to hybridization between Sb 5s and 5p and

Cu 2d and O 2p states and consequently the band gap

energy increases with Sb doping. We have found the

presence of indirect transitions at 4.0, 4.1, 4.23, and

4.33 eV [by plotting (ahm)1/2 versus hm and extrapolating

the straight line portions to (ahm)1/2 = 0 on the hm axis],

respectively. The origin of indirect transitions may be due

to the generation of midgap levels due to Sb doping (just

above the valence band).

Electrical properties

The electrical characterizations of the Sb-doped CuAlO2

samples were performed by two probe method from room

temperature (300 K) to 415 K under vacuum condition

(10-5 mbar). In Fig. 10, we have plotted lnr versus 1/T;

the straight line behavior of the plot confirms the semi-

conducting nature of the samples. Two distinct regions in

the J–E characteristics can be found as shown in Fig. 11. In

the low voltage region, the J–E plots were linear ohmic

type, whereas at higher voltage region, nonlinear J–E plots

were observed. The nonlinearity is governed by space

charges accumulated at grain boundary regions [54]. To

explain the nonlinear behavior of the observed conductiv-

ity, we assumed that each CAO grain behaves as a quasi-

intrinsic semiconductor, and the conduction process occurs

by tunneling of thermally generated holes within the CAO

grain through the grain boundaries. In the low field region,

current density in the x-direction can be expressed by the

equation,

Jx ¼ nel
Z

DxðEÞdE ð4Þ

where n is the concentration of thermally generated free

holes in the valence band at thermal equilibrium, and it

depends on the effective density of states (Nv) of the

valence bands. l is the intrinsic mobility inside the grain

Fig. 9 Plot of (ahm)2 vs. hm for (a) 2% (b) 4% (c) 6% and (d) 8% Sb-

doped CAO (inset shows the transmittance plot for a 2%, b 4%, c 6%,

and d 8% Sb-doped CAO samples)

Table 3 Variation of band gap (Eg) with Sb doping

Doping concentration (in %) Band gap, Eg (eV)

2 4.11

4 4.16

6 4.34

8 4.41

Fig. 10 lnr versus 1/T for a 2%, b 4%, c 6%, and d 8% Sb-doped

CAO
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and barrier height at the grain boundary [55]. Dx(E) is the

transmission probability of the barrier. For small barrier

voltage, we can neglect the energy dependence of Dx(E).

Within WKB approximation, DxðEÞ ¼ expð�2nkÞ, where

n ¼ 8P2m1uh2
� �12

and m1 is the effective mass of a charge

carrier within the grain boundary region, u represents the

barrier height [56, 57]. Therefore, conductivity of a

polycrystalline intrinsic semiconductor can be expressed as,

r ¼ Nvelexpð�Ea

kT
Þexpð�2nkÞ ð5Þ

where Ea is the activation energy. From XPS study and

ab initio density functional theory-based calculations, we

have observed that Sb 5p and 5s orbitals create levels

within the valence band, i.e., Sb doping increases DOS

(Nv), hence the electrical conductivity initially increases

due to increment in Nv. Similar type of observation was

also reported by Seager et al. and Tsurumi et al. [58, 59].

lnr versus 1/T curves were fitted with Eq. (5) to obtain

activation energy (Ea) within CAO grain. Activation

energy increases with doping as shown in Fig. 12.

Previous XPS and ab initio DFT calculation revealed that

the valence band edge (Cu 3d orbitals) shifts toward lower

energy side due to the interaction between Sb 5s and

5p orbitals with the Cu 3d orbitals, and this leads to the

increment of the activation energy (Ea). Enhancement of Ea

reduces the electrical conductivity in the higher doping

region. In the non-ohmic region of conductivity, slopes of

lnI vs. lnV were in the range 1.3–1.6, which clearly shows

that the conductivity is mainly space charge limited current

(SCLC) controlled by trap levels at grain boundary region.

In this field region, current density can be expressed by the

equation [60, 61]

Fig. 11 J–E characteristics of a 2%, b 4%, c 6%, and d 8% Sb-doped CAO at different temperatures. Arrows indicate the voltage for linear–

nonlinear transition

Fig. 12 Variation of room temperature electrical conductivity and

activation energy with doping concentration
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JSCLS ¼
9

8

� �

el
Nv

Nt

� �

e �ðEt�EvÞ=kTf g V2

d3

� �

ð6Þ

where Nt represents the density of trapping levels situated

at energy Et above the valence band and e is the permit-

tivity. Straight line nature of the ln(J/V2) versus 1/T (for

d = 1 mm for all the samples) plots as shown in Fig. 13

for CuAl1-xSbxO2 (x = 0.02, 0.04, 0.06, and 0.08) at the

high field non-ohmic region confirms that the current is

limited by space charge, accumulated at grain boundary

region. Position of trap energy states can be obtained from

the slopes of the ln(J/V2) versus 1/T curves for CuAl1-x

SbxO2 (x = 0.02, 0.04, 0.06, and 0.08). Continuous dec-

rement of the energy difference between the trap states and

the top of the valence band (Et - Ev) with respect to

doping has been observed (shown in the inset of Fig. 13).

As the doping concentration was increased, trap states

formed a band, and further increase of doping concen-

tration increases the width of this band that decrease the

Et - Ev with Sb doping.

Conclusion

In summary, we have successfully synthesized Sb-doped

CuAlO2 by solid-reaction technique. Then we have inves-

tigated the structural, optical, and electrical properties of

Sb-doped CuAlO2. Our results revealed that (i) the crystal

structure is not changing with respect to Sb doping

(although a/c ratio changes), (ii) strain is increasing line-

arly due to larger ionic radius of the dopant atoms com-

pared to the host atom, (iii) band gap increases with Sb

doping and this enhancement is well supported from shift

of valence band edge measured by x-ray photoelectron

spectroscopy and ab initio calculation based on density

functional theory, and (iv) in the case of electrical char-

acterizations, a nonlinear variation in conductivity has

been observed with respect to Sb doping. The nonlinear

J–E characteristic has also been successfully explained on

the basis of space charge accumulation at the grain

boundaries. The critical field, at which the nonlinearity

starts, increases with doping concentration. The observed

nonlinearity in the J–E characteristics in Sb-doped CAO

samples may be useful in the field of power supply network

and electrical stress grading at insulator–conductor inter-

face in high voltage application.
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