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ABSTRACT
CuAlO2 has been examined as a potential luminescent material by substituting Eu for Al cations 
in the delafossite structure. CuAlO2:Eu3+ nanofibers have been prepared via electrospinning 
for the ease of mitigating synthesis requirements and for future optoelectronics and emerging 
applications. Single-phase CuAlO2 fibers could be obtained at a temperature of 1100 °C 
in air. The Eu was successfully doped in the delafossite structure and two strong emission 
bands at ~405 and 610  nm were observed in the photoluminescence spectra. These bands 
are due to the intrinsic near-band-edge transition of CuAlO2 and the f-f transition of the Eu3+ 
activator, respectively. Further electrical characterization indicated that these fibers exhibit 
semiconducting behavior and the introduction of Eu could act as band-edge modifiers, thus 
changing the thermal activation energies. In light of this study, CuAlO2:Eu3+ fibers with both 
strong photoluminescence and p-type conductivity could be produced by tailoring the rare 
earth doping concentrations.
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near-band-edge emission due to the recombination of 
free excitons.[1,6,7] The delafossite structure allows for 
chemical bond stretching from either the Cu-O bonds 
(xy-plane) or the Al-O bonds (z-direction) and the local 
lattice relaxations are crucial to electrical properties. By 
substituting the Al cation site with other trivalent ions, 
the conductivity could be enhanced due to the change of 
the electronic density via ligand field modification.[8,9]

While most researchers focus on the electrical prop-
erties of CuAlO2 as a p-type transparent conducting 
oxide, there are few reports of CuAlO2 as a potential 
phosphor material. In addition, with the development of 
field emission display and other flat display technologies, 
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1. Introduction

Delafossite-type CMO2 ternary oxides (C represents 
monovalent ion and M represents the trivalent ion) have 
been widely studied as p-type transparent conducting 
oxides and exhibit promise for various optoelectronics 
applications.[1–5] This class of materials has a rhom-
bohedral space group of R3̄m. The c-direction of the 
layered delafossite is occupied by a linearly coordinated 
O-Cu-O dumbbell. The edge-sharing MO6 octahedra 
constitute the MO2 layer along the ab plane, which is 
connected by the Cu+ ions. CuAlO2 is a typical p-type 
transparent oxide with a wide band-gap (>3  eV) and 
room temperature photoluminescence through its UV 
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source was a monochromated Al Kα line at 1486.6 eV. 
The beam sweeps for each high resolution scan were 
adjusted (three sweeps: Al2p/Cu2p; one sweep: O1s and 
C1s) to yield a signal-to-noise ratio of >100:1 with 
exception of doping agents Eu4d (three sweeps), which 
were adjusted to yield a signal-to-noise ratio of >50:1. 
The Hall measurement (MMR Technologies, San Jose, 
CA) was conducted at room temperature to determine 
the carrier type and density. The fibrous mat was cold 
pressed onto a square glass substrate and coated with 
silver electrodes on the four corners.

3. Results and discussion

Thermal treatment of electrospun fibers involves the 
burnout of organics and simultaneous crystallization. 
The thermo-gravimetric and differential thermal anal-
yses are shown in Figure 1. The TG curve consists of 
three stages of weight loss. The first weight loss event 
occurred at ~100 °C, which could be attributed to the 
volatilization of adsorbed water and surface organics. 
The second event, at ~225 °C, is accompanied by a strong 
thermopositive peak in the DTA signal. This is due to 
the decomposition of PVP lateral chains and the nitrate 
salts. The third stage of weight loss begins at 400 °C, with 
a small thermal positive peak, which could correspond 
to the further burnout of PVP fundamental chains.
[14,15] At above 800 °C, the TG curve exhibits a broad 
endothermic peak in the DTA curve. The TG plateau 
indicates that the thermal decomposition process was 
complete and the decomposed copper and aluminum 
nitrate undertook a combination reaction to finally form 
CuAlO2. The overall weight loss is nearly 80%, given 
the large amount of PVP addition into the precursors 
required to yield ideal elasticity for electrospinning.

The X-ray diffraction (XRD) patterns together with 
RWP (residual weight pattern) values from the refine-
ments are shown in Figure 2 along with the standard 
CuAlO2 (R3̄m) phase for comparison. All samples show 
a single CuAlO2 phase with no other crystal structure 
identified. This shows that the post annealing condition 
is sufficient to transform the polymeric as-spun fibers 
into a single, crystalline delafossite structure. In addition, 
samples (not shown in Figure 2) with a higher anneal-
ing temperature of 1200 °C show undesired CuAl2O4 
phase due to the oxidation of cuprous ions. Annealing at 
lower temperatures than 1040 °C, both CuAlO2 and CuO 
phases result, due to the insufficient reaction between 
CuO and CuAl2O4.[16,17] It is noteworthy that crystal-
linity differs among samples with different Eu doping. 
Samples with the 0.001 and 0.003 Eu doping show lower 
degree of crystallinity corresponding to broader diffrac-
tion peaks. However, when the doping concentration 
exceeds 0.01, well-defined CuAlO2 delafossite peaks are 
exhibited. According to the bonding environment shown 
later, the substituted Eu and resultant Eu-O bond may 
alter the bonding environment, allowing for higher mass 

new generation of phosphors with good luminescence, 
conductivity and stability are required. CuAlO2 could 
be a promising host material in which the Al site could 
be substituted with various trivalent rare earth dopants, 
without changing the hole transport within the Cu+ 
plane.[9] Since the main conduction path in delafossite 
crystals is close-packed Cu+ layers,[10] the electrical 
properties could be sustained in addition to photolu-
minescence properties. Conventional solid-state syn-
thesis of CuAlO2 powders or thin films requires high 
temperature sintering and repeated thermal treatments. 
In this study, we prepared CuAlO2 fibers via a cost-ef-
fective electrospinning method. The wire-like CuAlO2 
nanostructures possess higher surface area and sintering 
activity, which could lower the annealing temperature. 
Additionally, the one-dimensional material may also 
present extraordinary effectiveness in light emitting and 
transparent conducting.[11–13] The dopant cation, Eu3+, 
was chosen as the emission activator and intense red 
emission from f-f transition of Eu3+ was identified. The 
Eu3+ activator center was successfully doped into the Al3+ 
site and this delafossite-type material could be used as 
potential host for luminescence application.

2. Experimental details

The 0.01 mol CuAl1-xEuxO2 (x = 0.001, 0.003, 0.01, 0.03, 
0.05 and 0.1) was prepared through stoichiometric mix-
ing of copper nitrate, aluminum nitrate and europium 
nitrate in deionized water. Poly(vinylpyrrolidone) (PVP, 
molar weight ~140,000 g mol–1) was then added into 
the aqueous solution to obtain desirable viscosity for 
electrospinning. The viscous solution was then electro-
spun onto aluminum foil via a self-made electrospinning 
stage. The as-spun polymer fibers were collected and 
annealed in air at 1100 °C for 3 h.

The thermo-gravimetric (TG) and differential ther-
mal analyses (DTA) were carried out on Q600 TG/DTA 
(TA Instruments, New Castle, DE) in flowing air. The 
powder X-ray diffraction measurement was performed 
on Bruker D2 Phaser (Bruker-AXS, Madison, WI) using 
Cu Kα radiation line. The Rietveld refinement was car-
ried out by TOPAS software kits (Bruker-AXS, Madison, 
WI). The microstructure of the electrospun fibers was 
observed through an FEI Quanta 200F environmental 
scanning electron microscope (ESEM) (Fei, HIllsboro, 
OR) combined with energy dispersive spectroscopy 
(EDS). Steady state photoluminescence (PL) spectrum 
measurements were performed on a Spex FluoroLog 
Tau-3 (HORIBA Jobin Yvon, Edison, NJ) at 300  K. 
A Fourier-transform Raman spectrometer (Thermo 
Nicolet 6700, Thermo Nicolet Corp., Madison, WI) was 
used to record room-temperature Raman spectra of the 
delafossite samples. X-ray photoelectron spectroscopy 
(XPS) (PHI Quantera, ULVAC-PHI, Chanhassen, MN) 
was used to examine the local chemical environment 
in the doped samples (x = 0.001, 0.003, 0.01). The X-ray 
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The lattice parameters extracted from the Rietveld 
refinement of the delafossite phase CuAl1-xEuxO2 are 
shown in Figure 3. The lattice parameter a increases 
with increasing Eu concentration while c remains nearly 
constant. This behavior could be explained by a pseudo-
linear relationship between lattice constant and trivalent 
ion radius rR in a delafossite structure.[19] According 
to our host material, CuAlO2, the lattice constant could 
be estimated by a = 2.784 ×  rR + 1.437, in which the 
constant 2.784 was calculated from the a value at zero 
doping level from the standard powder diffraction file 
(PDF#35-1401). The trivalent ion radius rR follows 
a weighted sum of both Al3+ radius and Eu3+ radius 
(rR = (1 – x)rAl + xrEu).[20] By employing the Vegard’s 
law, the Eu3+ ions are assumed to exclusively occupy the 
Al3+ sites, due to their equivalent charge and more dif-
ficulties in impurity doping of Cu-O dumbbells with 
strong covalency between Cu+ d10 levels and O-2p orbit-
als. Based on the two equations above, the calculated 
value is shown as a dashed line in Figure 3. It can be seen 
that both experimental and calculated parameters follow 
a similar trend as a function of Eu concentration. The 
deviation could be attributed to the stoichiometric var-
iation in starting precursors and the difference between 
nominal and doped Eu ion concentrations. The c value 

diffusivity and more sufficient crystallization, which 
might explain the promotional effect of Eu on CuAlO2 
crystallization. In summary, the nanofiber-derived sin-
gle-phase CuAlO2 via single step annealing and rela-
tively short dwelling time implies that one-dimensional 
ceramic fibers have higher sintering activity than pow-
ders or thin films.[18]

Figure 1. Tg-dTa curve of as-spun polymeric fibers.

Figure 2.  Xrd patterns and profile fitting of cual1-xeuxo2 
(x=0.001, 0.003, 0.01, 0.03, 0.05, 0.1) electrospun fibers annealed 
at 1100 °c for 3 h, with standard Pdf#35-1041 corresponding to 
3r-polytype delafossite cualo2.

Figure 3.  The lattice parameters a and c of the 3r-polytype 
structure delafossite cual1-xeuxo2 as a function of eu 
concentration. The dashed line shows the calculated a values 
based on a  =  2.784  ×  rR  +  1.437, where rR  =  (1  -  x)rAl  +  xrEu 
(vegard’s law).
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patterns. When the Eu concentration increased with 
further increase in crystallinity to a degree that the 
bonding to crystallites cannot hold the accumulated 
stress in the cylindrical fibrous structure, the non-wo-
ven fibers break up and the crystallites start growing 
as isolated particles.

During the annealing process of the electrospun 
 fibers, the organics derived from the PVP addition 
must be eliminated in order to achieve well- crystallized 
ceramic fibers suitable for luminescence application. 
EDS was employed to confirm the burn-out of the pol-
ymers shown in Figure 5. Before thermal annealing, 
the energy peaks associated with C and N were prom-
inent because of the existence of PVP ((C6H9NO)n). 
After 1100 °C annealing, there were no C or N peaks 
identified; only Cu, Al, O, and Eu (enlarged inset in 
Figure 5) peaks were observed. The polymer burn-out, 
thermal decomposition and crystallization proceeded 
simultaneously during the annealing, which shows that 

is independent of rR and at various doping levels, the 
lattice parameter c remains almost constant. The trends 
in both a and c in terms of dopant concentration imply 
that Eu3+ substitutes Al3+ site in this delafossite structure.

The SEM micrographs are shown in Figure 4. After 
thermal annealing, the smooth polymeric as-spun fib-
ers become coarse and rough, with nano-sized polygo-
nal grains observed on the fibers. The microstructure 
evolution with the increasing doping concentration is 
also prominent, from well-sustained non-woven fibers 
to a disconnected porous structure. According to the 
significant radius difference between Eu3+ and Al3+ ions, 
the introduction of Eu3+ in the Al3+ site may cause lat-
tice distortions and unrelaxed strains. Additionally, the 
radial crystallization on self-supported fibers imposes 
excess surface strain on the crystallites. As a result, 
excess enthalpy was produced for crystallization and a 
higher crystallinity is expected with a further increas-
ing in Eu level, in a similar manner revealed from XRD 

Figure 4. SeM microstructure of cual1-xeuxo2 (x=0.001, 0.003, 0.01, 0.03, 0.05 and 0.1) electrospun fibers annealed at 1100 °c for 3 h.

D
ow

nl
oa

de
d 

by
 [

A
st

on
 U

ni
ve

rs
ity

] 
at

 0
0:

28
 2

2 
Ju

ne
 2

01
6 



Sci. Technol. Adv. Mater. 17 (2016) 204 Y. LIU et al.

peak energy, which leads to the conjecture that the emis-
sion with the excitation wavelength of 365 nm results 
from the CuAlO2 near-band-edge transition. We also 
need to consider other factors regarding to the violet 
emission. The defect origin from VCu in the delafossite 
material is assumed to form an acceptor level above the 
zero vibrational level,[27,28] leading to a Stokes shift in 
the spectrum. Since our experiments were performed at 
room temperature and no other peaks associated with 
Eu3+ activators were observed from the emission spec-
tra, the broad violet emission is unlikely from transi-
tion to defect levels. Byrne et al. [25] recently observed 
a coexistence of both a near-band-edge UV emission 
and a blue emission at ~430 nm at 14.5 K, with almost 
100 nm Stokes shift. Revisiting the study by Jacob et al. 
[29] on CuYO2 and CuLaO2, the prolific hybridization 
from Cu 4p/3d orbitals and the resultant 3d2

z
 + 4s and 

3d
2

z
 - 4s splitting only give rise to an asymmetric and 

overlapped peak feature rather than large Stokes shift. 
In addition, the effect of defect states on room temper-
ature excitation still remains unclear, which definitely 
requires further investigation. The one-dimensional 
fibrous microstructure with major surface defects may 
also cause a band-gap narrowing in some oxide mate-
rials.[30] However, since there have been no reports on 
the photoluminescence of CuAlO2 in the form of fibers 
to the best of our knowledge, at the current stage we may 
conjecture that the decrease in the band-gap associated 
with lower excitation energy (365 nm in our case) leads 
to the red shift in the PL emission spectra. At differ-
ent dopant levels, the band-gap extracted from the PL 
peak energies in Figure 6 decreases with the increase of 
Eu level, indicating the further band modifications as a 
result of trivalent ion substitution and change of degree 
in Cu 4p/3d hybridization.

We also compared the peak energies in terms of doping 
levels. Regardless of the variation in relative PL emission 

this delafossite-type phosphor could be synthesized as 
one-dimensional fibers.

The photoluminescence of CuAl1-xEuxO2 (x = 0.001, 
0.003, 0.01, 0.03, 0.05 and 0.1) electrospun fibers has 
been studied at two excitation wavelengths (365 and 
420  nm). Delafossite-type CuMO2 has room temper-
ature luminescence due to its UV near-band-edge 
emissions [21–24]. The Cu-O bonds in the O-Cu-O 
dumbbell layers determine the electronic structure near 
the band-gap and lead to strong localization of excitons 
in the x–y plane as well as larger binding energy. This 
causes hybridization between the 3d2

z
 and 4s orbitals 

in the CuMO2 delafossite. Since the binding energy 
exceeded the room temperature thermal energy (kT ≈ 
0.025 eV), room temperature PL emissions were pre-
sented.[6,7] We herein reported the room temperature 
near-band-edge emissions from the Eu-doped CuAlO2 
fibers with slightly different peak energies compared 
to other studies.[7,25] The peak positions in terms of 
relative intensity shown in Figure 6 mainly centered 
at ~407 nm, indicating a 0.3 eV decrease in the direct 
band-gap compared to a normal 370 nm emission in 
thin films or bulks. Since the reported direct band-gap 
values of CuAlO2 vary from 3.0 to 3.8 eV and highly 
depend on fabrication method, the near-band-edge 
emission is supposed to shift accordingly. The oxygen 
vacancies, surface defects and crystallinity associated 
with fabrication methods in low dimensional CuAlO2 
thin films or nanoparticles often yield dispersed band-
gap values. In this particular study, the peak energy shift 
is also attributed to a fiber-derived band-gap energy 
change. A similar phenomenon has been observed in 
TiO2 ceramic fibers,[26] i.e. that band-gap increases 
with the excess pressure on the fiber circular cross sec-
tion. The inset in Figure 6 shows the measured optical 
band gap in our study, the absorption edge (3.084 eV 
corresponds to ~402 nm) of which is similar to the PL 

Figure 5. edS spectra of as-spun polymeric fibers and annealed 
cual0.99eu0.01o2 ceramic fibers. The enlarged inset shows the 
presence of eu.

Figure 6. near-band-edge photoluminescence of cual1-xeuxo2 
excited at 365 nm. inset shows the Tauc plot used for evaluating 
the optical band gap of cual0.999eu0.001o2.
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indicating the environment around the activator centers. 
The increasing 5D0 → 7F2 emission intensity from samples 
with x = 0.001–0.01 indicates a higher symmetry local 
site. Upon the occupancy of Eu3+ ions in the octahedral 
center, the lattice was distorted and the local symmetry 
of Eu3+ continued to change with increasing Eu3+ doping 
level. As a consequence, the probability of each 5D0 → 7FJ 
transition channels may change, which leads to the vari-
ation of intensity of the six 5D0 → 7F2 emissions shown in 
Figure 8(b). The overall red emission intensity increases 
with the increase of doping concentration up to 0.01Eu. 
Above this doping level, the intensity significantly drops 
due to the concentration quench effect [33,34] shown in 
Figure 8(c). With the increase of Eu3+ concentration, the 
cross-relaxation becomes dominant due to the reduced 
distance between two Eu3+ activator ions. Therefore, 
the luminescence emission intensity almost vanishes at 
higher Eu3+ concentration. Since the activator is intro-
duced solely on the Al3+ site, the critical transfer distance 
(Rc) could be estimated by the following equation:

 

where V is the unit cell volume, xc is the critical concen-
tration and N is the number of Al3+ ions per unit cell. 
For CuAlO2 host (N = 3), xc is roughly equal to 0.01 at 
which concentration the maximum luminescent inten-
sity was observed. The cell volume from XRD refinement 
is 120.75 Å3 and the Rc was calculated to be approxi-
mately 20 Å. For a Eu3+–Eu3+ distance larger than 5 Å, 
the multipolar interaction is dominant and the exchange 
interaction is negligible.[35] Therefore, the main mech-
anism for concentration quenching in the CuAlO2:Eu3+ 
phosphor is the multipolar interaction.

Room temperature Raman spectra are shown in 
Figure 9. It has been widely acknowledged that in dela-
fossite structure with Γ = A1 g+Eg+3A2u+3Eu, only the first 

(1)R
c
≈ 2

(

3V

4�x
c
N

)
1

3

intensities, the spectrum shifts to longer wavelength as 
the doping level goes up, roughly from 407.29 nm in 
CuAl0.999Eu0.001O2 to 410.66 nm in CuAl0.9Eu0.1O2. Based 
on previous study,[29,31] this monotonic shift to lower 
energies is due to the change of hybridization between 
Cu 4px,y to 3d2

z

 ± 4s, under the influence of trivalent par-
tial substitution on Cu-O bond. As the Cu-O covalency 
increase from CuAlO2 to CuAl1-xEuxO2, hybridization 
between the 3d2

z
 and 4s orbitals became more prolific 

which would lift the non-bonding 3d2
z
-4s orbital energy 

in order to compensate for the antibonding 3d2
z
 + 4s 

orbitals. Therefore the transition energy between 3d2
z
-

4s and 4px,y is lowered upon introducing Eu3+ ions. Our 
observation also confirmed the prediction that this 
Stokes shift would increase as the size of trivalent metal 
ion increases.[25] For all the doped samples at excitation 
wavelength of 365 nm, only the broad near-band-edge 
emission was identified and no peaks associated with Eu 
f-f transitions were observed above 500 nm. At higher 
excitation energies, the excitons near the band edge may 
undergo fast recombination across the band-gap and 
non-radiative relaxation to the ground state while the 
transitions to Eu activators become absent.

PL excitation and emission spectra from 
CuAl0.99Eu0.01O2 are shown in Figure 7. The excitation 
peaks between 300 and 500  nm correspond to Eu3+ 
intra-4f transitions. The 7F0-

5D2 line at 465 nm is the 
strongest line in the excitation spectrum. The peak at 
365 nm was identified as the intrinsic excitation peak 
from CuAlO2, according to Ahmad’s work on CuAlO2 
nanoparticles [32] and our previous work on nanofib-
ers.[31] The emission spectrum with 465 nm excitation 
shows broad bands at 587, 610, 654 and 690 nm, which 
are due to the f-f transition of 5D0 → 7FJ of Eu3+, respec-
tively. For the 0.01Eu sample, 5D1 → 7F1 transition was 
also observed. The two-channel emission diagram is 
depicted in Figure 8(a). The strongest 5D0 → 7F2 red emis-
sion is the result of hypersensitive transitions with ΔJ = 2 

Figure 7.  Photoluminescence excitation spectrum (a) showing the direct band-gap transition in cualo2 host, and the emission 
spectrum (b) of cual0.99eu0.01o2.
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of Cu-O bonds and the E modes represent the vibrations 
in the perpendicular direction. A previous report on 
particulate CuAlO2 [25] shows two sharp peaks at 418 
and 767 cm-1, respectively. However, the Raman scat-
tering peaks could shift to a large extent depending on 
the trivalent ion species. CuLaO2 with the same crystal 
geometry has two peaks centered at 318 and 652 cm-1.
[38] The lowered frequencies could be due to a higher 
M atom mass and weaker M-O bond. The room tem-
perature Raman spectrum that we obtained here shows 
a similar Eg position but a slight lower frequency of A1 g 
mode, which might provide supplementary information 
on trivalent substitution. Upon the introduction of larger 
Eu3+ ions, the MO6 along the ab plane would go through 
a decrease in bonding energy, which is also confirmed by 
XPS in later discussion. Therefore the Eg characterized 
by the vibration along the ab-plane mode should shift to 
lower frequency. However from the experimental data, 
the Eg shows a typical CuAlO2 peak position whereas the 
A1 g peak shifts to lower frequency for both undoped and 
doped samples, which might lead to the conjecture that 
the decrease of the A1 g frequency might due to the elec-
trospinning synthesis during which the MO6 octahedral 

two modes are Raman active.[36,37] The A modes cor-
respond to the vibrational movements in the direction 

Figure 8. Schematic diagram of photoluminescence emission channels in the rare-earth doped delafossite cualo2 (a), 5d0 →7f1 and 
7f2 transitions with respect to doping concentration (b) and integrated Pl intensity of 610 nm emission as a function of doping 
concentration (c).

Figure 9. room temperature raman spectrum under 1064 nm 
excitation provided by a nd:yvo4 laser.
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plots were used to identify the thermal-activation type of 
these wide band-gap materials. DC current was applied 
through a piece of fiber mat sandwiched by two rectangular 
graphite foils, which were used to minimize the contact 
resistance. The conductivity increases as the temperature 
increases, showing semiconduction. At ~300 K, the electri-
cal conductivity for 0.1% Eu doped CuAlO2 fibers is ~0.05 
S cm−1 with a thermal activation energy of ~0.09 eV. The 
room temperature conductivity increased with elevated 
Eu doping levels, from 0.05 to 0.17 S cm−1. This could be 
attributed to the substitution of Eu cations which induced 
the lattice distortion and increased the hole concentrations. 
On the other hand, the substitution of Eu on the Al site may 
introduce a smaller band-gap associated with CuEuO2 and 
this modification at the near-band-edge may also contrib-
ute to the hole conductivity enhancement. Based on the 
plot shown in Figure 11, when the doping level is as small 
as 0.1%, logσ decreases linearly with the reciprocal of tem-
perature. However as the doping concentration increased, 
a variable-range hopping mechanism occurred,[41] which 
could be seen from the segmented slopes at different tem-
perature ranges. The slope at higher temperature range 

bonding energy is lowered. Another possible explana-
tion for the decrease of A1 g mode could be extrapolated 
from our near-band-edge emission observation. Since 
the Cu-O covalency is predicted to increase in the doped 
sample, the higher degree of hybridization might cause 
the A1 g vibration mode to move to lower frequency. In 
addition, the band width of Eg mode becomes broader 
after Eu doping, indicating that the Eg mode is more 
sensitive to the substitution of trivalent ions.

The binding energies (BE) of the atoms were exam-
ined by XPS and calibrated with respect to the C 1s BE 
(284.6 eV). The XPS high resolution Cu 2p, Al 2p and Eu 
4d spectra are shown in Figure 10. The BE for Cu 2p3/2 is 
centered at ~933.4 eV for all three samples with no shift 
observed with Eu doping. It has been widely acknowl-
edged that in the delafossite structure the strong two-di-
mensional confinement of Cu-O bonds along the z-axis 
restrains the electronic structure.[6] Therefore the sub-
stitution of Eu3+ ions along the ab plane has little effect 
on the charge density around Cu+ ions. For the spectra 
shown in Figure 10(b), the peaks can be deconvoluted 
into Al 2p and Cu 3p components. In contrast to Cu 2p3/2 
peaks, the Al 2p peaks shift to lower binding energies 
at higher dopant concentrations (74.52 eV for x = 0.001, 
74.09  eV for x = 0.003 and 73.54  eV for x = 0.01) due 
to the environment change around the MO6 octahedra 
along the ab plane. The different Cu 2p3/2 and Al 2p BE 
responses to trivalent ion substitution leads to the con-
jecture that the introduced rare earth within the MO2 
layer would insignificantly disturb the hole conduction 
path in the Cu+ layer. Therefore, the p-type conductivity 
might not be impaired. In Figure 10(c), the presence of 
Eu 4d spectra indicates the successful doping of euro-
pium ions into the delafossite lattice. The trivalent euro-
pium compounds with orbit-spin splitting Eu3+ 4d5/2 and 
Eu3+ 4d3/2 have been shown to have a binding energy of 
135 and 142.5 eV,[39,40] which is similar to what we 
observed in our study.

The temperature dependence of electrical conductivity 
of the electrospun fibers is shown in Figure 11. Arrhenius 

Figure 10. XPS spectra of (a) cu 2p3/2, (b) al 2p, and (c) eu 4d levels.

Figure 11.  arrhenius plots of dc electrical conductivity in 
cualo2 fibers.
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properties of p-type Cu–Al–O transparent oxide 
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 [3]  Fang M, He H, Lu B, et al. Optical properties of p-type 
CuAlO2 thin film grown by rf magnetron sputtering. 
Appl Surf Sci. 2011;257:8330–8333. 

 [4]  Chen HY, Tsai MW. Delafossite-CuAlO2 thin 
films prepared by thermal annealing. J Nano Res. 
2011;13:81–86. 

 [5]  Mo R, Liu Y 2011 Synthesis and properties of 
delafossite CuAlO2 nanowires J Sol-gel Sci Techn 57 
16–19. 

 [6]  Banerjee AN, Joo SW, Min B-K. Quantum size 
effect in the photoluminescence properties of p-type 
semiconducting transparent CuAlO2 nanoparticles. J 
Appl Phys. 2012;112:114329. 

 [7]  Banerjee A, Chattopadhyay K. Size-dependent optical 
properties of sputter-deposited nanocrystalline 
p-type transparent CuAlO2 thin films. J Appl Phys. 
2005;97:084308. 

 [8]  Jiang HF, Zhu XB, Lei HC, et al. Effect of Cr doping on 
the optical–electrical property of CuAlO2 thin films 
derived by chemical solution deposition. Thin Solid 
Films. 2011;519:2559–2563. 

 [9]  Tsuboi N, Hoshino T, Ohara H, et al. Control of 
luminescence and conductivity of delafossite-type 
CuYO2 by substitution of rare earth cation (Eu, Tb) 
and/or Ca cation for Y cation. J Phys Chem Solids. 
2005;66:2134–2138. 

 [10]  Lee M, Kim T, Kim D. Anisotropic electrical 
conductivity of delafossite-type CuAlO2 laminar 
crystal. Appl Phys Lett. 2001;79:2028–2030. 

 [11]  Bu W, Hua Z, Chen H, et al. Epitaxial synthesis of 
uniform cerium phosphate One-Dimensional nanocable 
heterostructures with improved luminescence. J Phys 
Chem B. 2005;109:14461–14464. 

 [12]  Jia G, Zheng Y, Liu K, et al. Facile surfactant-and 
template-free synthesis and luminescent properties of 
one-dimensional Lu2O3: Eu3+ phosphors. J Phys Chem 
C. 2008;113:153–158.

 [13]  Yang J, Li C, Cheng Z, et al. Size-tailored synthesis 
and luminescent properties of one-dimensional 
Gd2O3:Eu3+ nanorods and microrods. J Phys Chem 
C. 2007;111:18148–18154. 

 [14]  Zhang X, Xu S, Han G. Fabrication and photocatalytic 
activity of TiO2 nanofiber membrane. Mater Lett. 
2009;63:1761–1763. 

 [15]  Zhang Z, Li X, Wang C, et al. ZnO hollow nanofibers: 
fabrication from facile single capillary electrospinning 
and applications in gas sensors. J Phys Chem C. 
2009;113:19397–19403. 

 [16]  Jacob K, Alcock C. Thermodynamics of CuAlO2 and 
CuAl2O4 and phase equilibria in the system Cu2O-
CuO-Al2O3. J Am Ceram Soc. 1975;58:192–195. 

 [17]  Xiong D, Zeng X, Zhang W, et al. Synthesis and 
characterization of CuAlO2 and AgAlO2 delafossite 
oxides through low-temperature hydrothermal 
methods. Inorg Chem. 2014;53:4106–4116.

 [18]  Liu Y, Olson TL, Wu Y. Luminescence and 
microstructure of Nd Doped Y2Si2O7 electrospun 
fibers. J Am Ceram Soc. 2014;97:2390–2393. 

 [19]  Isawa K, Yaegashi Y, Komatsu M, et al. Synthesis of 
delafossite-derived phases, RCuO2+ δ with R= Y, La, 
Pr, Nd, Sm, and Eu, and observation of spin-gap-like 
behavior. Phys Rev B. 1997;56:3457.

between 570 and 800 K is lower than that at a lower tem-
perature range between 300 and 400  K. A revisit to PL 
energy peaks shown Figure 6 could lead to the conjecture 
that the change in thermal activation may result from the 
various band-gaps induced by Eu partial substitution, since 
the band-gaps decrease with the increase of Eu concen-
tration. In addition to the DC temperature-dependent 
conductivity measurement, the Hall coefficient (RH) for 
the 0.1%Eu doped sample determined by Hall measure-
ment is + 5.48 cm3/C, corresponding to a carrier density of 
1.14 × 1018 cm−3, while the heavily doped 10% sample has a 
RH = +6.94 cm3/C and a carrier density of 8.99 × 1017 cm−3, 
both showing a p-type semiconductivity.

4. Conclusions

CuAl1-xEuxO2 (x = 0.001, 0.003, 0.01, 0.03, 0.05 and 0.1) 
fibers have been fabricated through a combination of 
a chemical solution method and electrospinning tech-
nique. This method could effectively synthesize sin-
gle-phase CuAlO2 via one-step annealing in air. The 
lattice parameter a follows a pseudolinear relationship 
with Eu concentration while the lattice parameter c 
remains almost constant with Eu concentrations. This 
implied that the delafossite-type CuAlO2 could be used 
as a potential host material for the rare-earth Eu3+ partial 
substitution on trivalent site. Further photoluminescence 
measurements indicated that upon two excitation wave-
lengths of 390 and 465 nm, the CuAl1-xEuxO2 exhibits 
two emission behaviors from both intrinsic near-band-
edge violet emission and Eu3+ 5D0 → 7FJ red emission, 
which shows that this material might be versatile in mul-
ti-channel light emitting. All fibers show semiconduct-
ing behavior as a function of temperature, and the room 
temperature conductivity increased monotonically with 
an increase of Eu concentration. The variation in thermal 
activation energy as a result of Eu substitution indicates 
different hopping mechanisms occur at inhomogeneous 
near-band-edges in the Eu doped delafossite structure.
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