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a b s t r a c t

Mg-doped CuAlO2 thin films are prepared by the chemical solution method. The XRD results show that
the solid solubility of Mg species on Al sites in CuAlO2 lattice is lower than 2 at.%. When less than 2 at.%
of Mg is added to the CuAlO2 film, the surface roughness of the films was reduced with Mg substitution.
Moreover, the c-axis orientation of the films improves because the in-plane fusion between CuAlO2
vailable online 21 October 2010
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crystallites is hindered. Optical and electrical measurements show that substituting Al3+ in the films
with Mg2+ increases both their transmittance in the visible region and their optical band gaps. As well,
their electrical conductivity is enhanced. At 300 K, the conductivity of the 1 at.% Mg-doped sample is up to
5.2 × 10−3 S/cm. Thus, Mg-doped CuAlO2 films may have potential applications as transparent conductive
oxides. Published by Elsevier B.V.
lectrical property
hemical solution deposition

. Introduction

Transparent conducting oxides (TCOs) have attracted much
ttention because of their functional combination of transparency
nd electrical conductivity. In general, most of the known TCOs
re n-type materials. N-type materials, such as tin oxide, zinc
xide, indium oxide, and cadmium oxide, were popularly used
n optoelectronics before 1997 [1–4]. For the use in transparent
lectronics technology, a p–n junction is required. Therefore, p-
ype TCO is highly sought after. p-Type CuAlO2 thin films were
rst fabricated in 1997 [5]. Since then, many attempts have been
ade to grow CuAlO2 thin films with high performance (high

onductivity and high transparency). Various production methods,
uch as pulsed laser deposition (PLD) [6], RF magnetron sputter-
ng [7], chemical vapor deposition [8,9], spray pyrolysis [10,11],
nd sol-gel processes [12–14], among others, have been reported.
nfortunately, some difficulties, including high crystallization tem-
eratures, secondary phase introductions, low transmittance, and

ow conductivity were encountered with these techniques. These

roblems have limited the applications of CuAlO2 thin films in pho-
ovoltaic cells, gas sensors, light-emitting diodes, transistors, and
o on.

∗ Corresponding author. Tel.: +86 551 5592757; fax: +86 551 5591434.
E-mail address: xbzhu@issp.ac.cn (X.B. Zhu).

925-8388/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.10.036
CuAlO2 has an ABO2 delafossite structure (A = Cu, Ag, Pd, Pt;
B = Sc, Cr, Fe, Y, La, Al, Ni, Rh, Co). In this structure, monova-
lent cation A is coordinated with two oxygen atoms along the
c-axis, forming an O–Cu–O dumbbell structure. Trivalent cation
B is coordinated with six oxygen atoms, forming an edge-sharing
BO6 octahedron. The Cu+ layers and B3+O2 layers alternately stack
along the c-axis. Recent studies presented the O–Cu–O dumbbell
layers are important for hole transport and oxygen intercalation
[15,16]. As such, the substitution of bivalent cations in B sites, such
as that in CuSc1−xMgxO2 [17], CuCr1−xMgxO2 [18], CuRh1−xMgxO2
[19], CuY1−xCaxO2 [20], CuIn1−xCaxO2 [21], and CuFe1−xNixO2 [22],
is generally considered a direct and effective route to increasing p-
type electrical conductivity because this substitution can induce
the change of Cu valence state from +1 to +2 in the O–Cu–O
dumbbell layers according to the valence equilibrium in defect
chemistry and then realize the hole hopping from the Cu2+ to Cu+.
It can be expressed as Cu+ + Al3+ → Cu+ + Mg2+

Al + h → Cu2+ +
Mg2+

Al , where Mg2+
Al and h denote the Mg2+ cation on the Al3+ site and

a positive hole, respectively. To date, a large number of experiments
have been devoted to research on the effects of Mg substitution
in isostructure CuCrO2 semiconductors. For example, Sadik et al.
reported the electrical transport of CuCr1−xMgxO2 thin films grown

by pulsed laser deposition, and found that the optimal atomic ratio
of Mg to Cr was 3 at.% [23]. Nagarajan et al. investigated the p-
type conductivity of Mg-doped CuCrO2 oxide thin films deposited
using RF sputtering; they found that the optimal value for dop-
ing was 5 at.% [24]. Through solid state reactions, Maignan et al.

dx.doi.org/10.1016/j.jallcom.2010.10.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xbzhu@issp.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.10.036
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Fig. 1. GIXRD patterns for the CuAl1−xMgxO2 (0 ≤ x ≤ 0.02) thin films. The asterisks
denote the impurity phase MgO.
H.F. Jiang et al. / Journal of Alloys a

ound that the solubility of Mg2+ in CuCrO2 compounds was not
ver 1 at.% [25]. These studies show that the doping of the same
ation in CuCrO2 materials could be influenced by the preparation
ethods of the material.
To the best of our knowledge, only Dong et al. [26] reported

n Mg substitution in CuAlO2 thin films deposited using the RF
agnetron sputtering technique. In their experiments, polycrys-

alline targets of CuAl1−xMgxO2 (x = 0, 0.01, 0.02 and 0.05) used for
puttering were synthesized by heating a stoichiometric mixture
f Cu2O (99%), Al(OH)3 (99.9%) and MgO (99.9%) at 1373 K for 10 h.
hey found that the solubility of Mg species in the CuAlO2 lattice
s up to 5 at.%, and the crystalline quality of the films declines with
ncreasing Mg concentration. In this paper, we report the prepara-
ion of CuAl1−xMgxO2 thin films by the chemical solution deposition
CSD) method, and investigate the effects of Mg substitution on the
tructural, optical and electrical properties of the CuAlO2 thin films
roduced.

. Experimental

Four solutions of CuAl1−xMgxO2 (x = 0, 0.005, 0.01 and 0.02) used for spin-coating
ere prepared by dissolving mixtures of Cu(CH3COO)2·H2O (99%), Al(NO3)3·9H2O

99%), and Mg(NO3)2·6H2O (99%) in CH3CH(OH)CH3 (99.7%). The molar ratio of Mg
o Cu in each solution was determined by the x value and then the molar ratio of
l species was equal to the (1 − x) value. The mixtures were stirred for 4 h in order

o obtain well-mixed solutions. The concentrations of these homogenous solutions
ere 0.2 M.

Before deposition, sapphire substrates were cleaned sequentially with acetone,
thanol, and deionized water in an ultrasonic cleaner. Droplets of these solutions
ere spin-coated onto (0 0 1) sapphire substrates at a speed of 6000 rpm for 20 s.

he deposited films were preheated for 20 min at 400 ◦C in a quartz tube furnace
o evaporate the solvent and remove organic residues. To obtain the desired thick-
ess, spin-coating and preheating were repeated six times. Finally, the deposited
lms were annealed for 6 h at 900 ◦C under ultra-pure nitrogen gas at a flow rate
f 150 mL/min. According to Ref. [27], CuAlO2 is not thermodynamically stable at
00 ◦C in air. Thus, nitrogen or argon must be used as an annealing gas to obtain
he pure delafossite phase. After annealing, the furnace was allowed to cool down
aturally to room temperature. In this paper, the thickness of all the obtained films
as about 200 nm (Fig. 4).

Film crystallinity was examined using a grazing incidence X-ray diffractometer
GIXRD, Philips designed X’Pert Pro type) (grazing angle ˛ = 1◦). Field emission-
canning electron microscope (FE-SEM) was used to determine surface patterns.
ptical transmittance was recorded using a UV–vis-NIR spectrophotometer (CARY-
E) at a fixed incidence angle perpendicular to the film surface and within the range
f 200–800 nm. Uncoated substrate was used as a reference for transmittance mea-
urements. In the inset of Fig. 7, the preparation of the CuAl1−xCrxO2 thin films
ollowed the above mentioned CSD route for comparison. DC resistivity was mea-
ured using the four-probe configuration. Silver paste was used to create good ohmic
ontacts. Hall measurements were carried out at room temperature using the van
er Pauw method.

. Results and discussion

Fig. 1 shows the GIXRD patterns for the synthesized
uAl1−xMgxO2 (x = 0–2%) samples. For the sake of description, we
efine here the CuAl1−xMgxO2 films with x = 0%, 0.5%, 1% and 2%
s the sample Mg0, Mg0.5, Mg1 and Mg2, respectively. When the
mount of Mg substitution is below 2 at.%, the obtained films are
hase-pure and the structure can be indexed to delafossite with
space group of R-3m. This result for solid solubility differs from

he result reported by Dong et al. [26]. However, the Mg2+ ionic
adius (0.66 Å) is almost equal to that of the Cr3+ radius (0.63 Å),
nd the Mg content in CuCr1−xMgxO2 thin films derived from var-
ous preparation methods are not over 5 at.% under the premise of
single delafossite phase. Furthermore, the CSD method is a novel

oute used to obtain thin films with compositional homogeneity.

urther work is necessary to clarify such inconsistencies between
tudies.

Each peak in Fig. 1 is indexed according to standard powder
ata (JCPDS, No. 35-1401). When x = 2%, the diffraction peaks cor-
esponding to the delafossite structure are strongly suppressed,

Fig. 2. (a) Magnified XRD patterns of the (0 0 6) peaks of the CuAl1−xMgxO2 thin
films. The oblique solid line reflects the shift of (0 0 6) peaks. (b) Variation of cal-
culated lattice parameters a and c with Mg concentration according to the formula
2d sin � = n� and the positions of (0 0 6) and (0 1 2) peaks.
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hile a peak at 42.3◦ is strengthened and another peak at 61.3◦

ppears. The peak at 42.3◦ is not believed to be a sign of (0 1 4) pre-
erred orientation growth. Instead, a new phase of MgO is thought
o have been produced, especially when the peak at 61.3◦ is taken
nto account.

With increasing x, the c-axis orientation of the samples Mg0,
g0.5 and Mg1 increases sequentially. This result also differs from

hat found by Dong et al. [26]. Here, a possible interpretation of
he variation of the c-axis orientation is presented. The primary
haracteristic of the chemical solution deposition process is that
uAlO2 crystal nuclei form dispersively, accompanying both the
ecomposition and evaporation of chemical organics. These crys-
al nuclei on the Al2O3 (0 0 1) substrate were all expected to be of
-axis orientation because of the match of both the crystal symme-
ry (rhombohedral crystal system) and the lattice parameter (the
–O distances for CuAlO2 and (0 0 1) Al2O3 are 2.86 and 2.70 Å,

espectively) between the CuAlO2 crystallite and the Al2O3 (0 0 1)
ubstrate. However, during annealing, these crystal nuclei grew
p and fused with each other in the in-plane direction, resulting

n c-axis degeneration. This is why thicker films have worse c-
xis orientation. Mg introduction causes difficulties in the in-plane
usion between crystallites. Thus, the growth of the crystallites
ends to become out-of-plane (c-axis). With increasing Mg con-
ent, the enhancement of c-axis orientation appears. As a layered
emiconductor possessing anisotropic conductivity [28], the tex-
ure growth of the three films favors increases in p-type electrical
onductivity.

The Mg2+ ionic radius is 0.66 Å while that for Al3+ is 0.51 Å. Due
o the mismatch between the ionic radii, the substitution of Mg2+
ons in Al3+ sites induces lattice distortion. This is clearly seen in the
agnified XRD patterns of the (0 0 6) peak, displayed in Fig. 2(a).
n oblique solid line, which reflects the shift of the (0 0 6) peaks, is
lso shown. The shift to lower angles occurs with increasing x. This

Fig. 3. SEM images of the surface morphol
mpounds 509 (2011) 1768–1773

finding is highly consistent with the variation of lattice parameters
shown in Fig. 2(b). Using the Scherrer formula (D = 0.9�/(ˇ cos �))
and the FWHM of the (0 0 6) peak, the crystallite sizes for the sam-
ples Mg0, Mg0.5 and Mg1 are calculated to be 29.4, 30.1, and 33.8 nm,
respectively.

Fig. 3 shows the morphology of the obtained CuAl1−xMgxO2
thin films. A needle-like surface forms for the undoped Mg0 film.
Judging from the colors of the grains, the film seems to consist of
several phases. However, the XRD patterns indicate that the film
is composed of pure delafossite phases. Therefore, the difference
in the colors could be due to the high surface roughness present
in the sample. When the amount of Mg is increased to 0.5 at.%,
the surface morphology of the Mg0.5 film significantly improves.
Compared to the undoped film, Mg0.5 has a much smoother surface
except for some holes. When the Mg content is further increased to
1 at.%, the Mg1 film becomes smoothest and most compact. The
morphological evolution of the three films (x < 2 at.%) illustrates
the improvement of surface roughness by Mg substitution. When
x is equal to 2 at.%, bigger grains are extruded on the surface of
the film, causing an inhomogeneous morphology. Initially, it was
assumed that larger grains were associated with MgO impurity
phases, and this hypothesis was expected to be verified by energy
dispersive spectral measurements. However, due to issues regard-
ing the thickness of the films (∼200 nm) and the penetration depth
of the X-ray used (much higher than 200 nm), the obtained results
(not shown here) were undesirable. Thus, the origin of the larger
grains remains unclear.

Fig. 5 illustrates the transmittance of CuAl1−xMgxO2 thin films
in the range of 200–800 nm. The transmittance of the samples

Mg0, Mg0.5, Mg1 and Mg2 at 500 nm are 71.1%, 74.9%, 74.8%, and
48.7%, respectively. Such high values for the three films (x < 2 at.%)
produced by the CSD method are comparable to those obtained
by physical methods, such as PLD and RF sputtering. In the vis-

ogy of the CuAl1−xMgxO2 thin films.
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Fig. 4. Cross-sectional SEM image of the thickness of the CuAl1−xMgxO2 thin films.
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results are entirely different from the results obtained for Cr-doped
CuAlO2 thin films investigated earlier by our group. In such films,
transmittance in the ultraviolet region presented monotonous
decreases with Cr doping (shown in the inset of Fig. 7). Consid-
ig. 5. Transmittance of the CuAl1−xMgxO2 thin films as a function of wavelength
anging from 200 to 800 nm.

ble region, the transmittance of the Mg-doped films is a little
igher than that of the undoped film. Given the surface morphol-
gy of these films, the improvement in their optical transparency
ould be due to decreased surface scattering (Fig. 3). Between 350
nd450 nm, the plots of the films, except for the sample Mg2,
ecome steeper with increasing x. This reflects improvements in
he crystallinity of the samples with increasing Mg substitution
29], which is highly consistent with the XRD results in Fig. 1.

Tauc’s relation, expressed as (˛h�)2 = A(h� − Eg) [30], was used
o calculate the optical band gaps of the CuAl1−xMgxO2 thin films.
he intersection point of each linear fit to h�-coordinate corre-
ponds to the optical band gap of each sample. In Fig. 6, the
and gaps of the samples Mg0, Mg0.5 and Mg1 are 3.32, 3.51, and
.58 eV, respectively. The change in optical band gaps could not
e interpreted using Burstein-Moss shift or quantum size effect
ccording to the above calculations for crystallite sizes [31]. The

1+ 3+
ptical anomaly in 13 group delafossites of Cu M O2, such as
uAlO2, CuGaO2, and CuInO2, has remained debatable [32]. If the
imple consideration that direct optical band gaps increase with
ncreasing M3+ ionic radius, i.e., gapCuAlO2

< gapCuGaO2
< gapCuInO2

,
s assumed, then the increase in the optical band gaps of the
Fig. 6. Optical band gaps of the CuAl1−xMgxO2 thin films calculated by using Tauc’s
relation.

CuAl1−xMgxO2 thin films could be simply attributed to Mg substi-
tution as an effect of increasing M3+ ionic radius. The sample Mg2
does not have an optical band gap, suggesting that this film loses
the function of optical window which means selective transmission
for incident light.

The optical transmittance of the films in the ultraviolet region
(175–325 nm) provides information regarding the structure of the
valence band maximum (VBM). Studies involving this region have
not yet been reported in relevant publications. Enlarged plots of
this region are shown in Fig. 7. The undoped sample Mg0 has
higher optical transmittance, while the transmittance of the sam-
ple Mg0.5 is lowered integrally on the premise of keeping the curve
unchanged. This implies the increase of electron occupation in the
VBM. However, the curve of the sample Mg1 differs significantly
from the two other samples (Mg and Mg ). The experimental
Fig. 7. Enlarged plots of the transmittance of the CuAl1−xMgxO2 thin films in
the ultraviolet region. The inset shows the transmittance of the CuAl1−xCrxO2

(0 ≤ x ≤ 0.015) thin films in the same region for comparison.
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ring the contribution of Cr 3d states to the VBM [33], enhanced
ybridization is expected. In the present films, however, because
g2+ ions have no d electrons, new considerations are proposed

ere. First, Mg substitution leads to bigger M3+ ionic radii, which
n turn increases the cell parameter a. Increasing this parameter
imultaneously induces the increase of O interstitials in triangu-
ar Cu layers [34], and the decrease of overlapping between Cu 3d
tates in the ab planes. On one hand, the increase of O intersti-
ials may cause hybridization strengthening because the VBM is
omposed of hybridized Cu 3d and O 2p anti-bonding states [32],
hich can cause increases in the total density of states. On the other
and, the character of the VBM is mainly dominated by overlap-
ing between Cu 3d states when x is greater than 0.5% because the
ff-stoichiometric oxygen is limited [35].

Fig. 8 shows the resistivity of the films as a profile of tempera-
ure in the range of 200–310 K. From the plots, the three samples
ll exhibit semiconductor-like electrical behavior (d�/dT < 0). As
nown, CuAlO2 is a layered p-type semiconductor and Al ions in its
tructure are in the trivalent state. Bivalent cations, such as Mg2+,
a2+, and Zn2+, doped onto Al3+ sites can increase p-type conduc-
ivity mainly by contributing to the hole concentration [26,36,37].
his conclusion has been thoroughly verified by many experiments
nvolving the delafossite structure. Enlarged plots of the films in the
emperature range of 280–310 K are shown in the inset of Fig. 8. At
00 K, the resistivity of the films with x = 0%, 0.5%, and 1% are 822,
42, and 193 �·cm, respectively. These values are slightly larger
han those of films with the same composition but prepared by
he PLD method, indicating that CSD technique needs to be further
mproved.

From the analysis of the transmittance in the ultraviolet region,
t appears that both Mg2+ cations and O interstitials contribute to
ole carriers. In addition to the carrier concentration, mobility is
nother important factor that influences conductivity (� = en �).
rom the XRD and SEM results, with increasing Mg substitution,
oth the enhancement of the c-axis orientation and improvements
f morphology are expected to increase the mobility of holes. In
rder to confirm this deduction, Hall measurements were carried
ut on the three films at room temperature using the van der

auw method. The positive Hall coefficient measured for these films
erifies the p-type conductivity of the samples. The carrier con-
entrations are 2.29 × 1016, 4.82 × 1016, and 7.58 × 1016 cm−3 for
he samples Mg0, Mg0.5 and Mg1, respectively. From these data,

ig. 8. Temperature dependence of the resistivity of the CuAl1−xMgxO2 thin films.
he inset shows the resistivity of these samples in the temperature range from 280
o 310 K.
Fig. 9. Plots of ln � vs. 1000/T of the CuAl1−xMgxO2 thin films (x = 0, 0.5%, 1%). The
linear fit of each curve determines the activation energy Ea of each sample.

the calculated mobility for Mg0, Mg0.5 and Mg1 are 3.31 × 10−1,
3.79 × 10−1, and 4.27 × 10−1 cm2 V−1 s−1, respectively. These val-
ues show that the increase in conductivity is a result of the increase
of both the carrier concentration and mobility.

The plots of ln � vs. 103/T are presented in Fig. 9 to better under-
stand the conduction mechanism of the films. From the figure, the
data obtained can fit the thermal activation model well, similar
to the results reported by Tate et al. [38]. The activation energy
is the energetic difference from an acceptor level to the valence
band maximum (VBM) for p-type semiconductors, or from the
conduction band minimum (CBM) to a donor level for n-type semi-
conductors. The activation energies are 331.6, 253.5, and 246.4 meV
for the samples Mg0, Mg0.5 and Mg1, respectively, indicating that
Mg-doping changes the position of the acceptor level in the band
gap. The variation trend is the same as that for resistivity, confirm-
ing once again the helpful effect of Mg substitution on the electrical
properties of the films.

4. Conclusion

We successfully prepared CuAl1−xMgxO2 thin films on sapphire
substrates by the CSD method. XRD and SEM results reveal that the
thin films crystallize in 3R-delafossite structure when x is lower
than 2 at.%, and that Mg substitution on Al sites improves the mor-
phology of the films produced. The optical band gaps increase
sequentially with increasing x (0 ≤ x ≤ 1%), due possibly to the size
effect of the M3+ ion in delafossite Cu1+M3+O2. Changes in transmit-
tance in the ultraviolet region indicate changes in both the degree
of hybridization and electron occupation in the VBM. Resistivity
measurements show that Mg doping is helpful in increasing p-
type conductivity. CuAl1−xMgxO2 thin films synthesized by the CSD
method have higher optical transparency, comparable even to films
prepared by other physical methods despite their lower electrical
conductivity. These results suggest that the CSD method is a novel
and valuable route for the preparation of oxide films.
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