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Rapid synthesis of delafossite CuAlO2 was achieved by a solid-state reaction method. The synthesized
sample was subjected to phase analysis by X-ray diffraction. The desired crystalline phase was obtained
and all peaks in the X-ray diffraction phase investigation were found to belong to the CuAlO; pattern.
Morphological and stoichiometric properties were defined by a scanning electron microscope and in-
situ attachment of energy dispersive spectroscopy. X-ray photoelectron spectroscopy measurements
were done to provide a detailed elemental composition analysis in the parts per thousand ranges. X-
ray photoelectron spectroscopy measurements revealed that the core level of the 4 electron species
Cu 2p, Al 2p, and O 1s exists. The structural defects of CuAlOs were investigated using the Agilent
Cary Eclipse Fluorescence Spectrophotometer. The photoluminescence measurements showed that the
near-band emission, cooper vacancy, and oxygen vacancy emission occurred. The nature of optical
and magnetic properties of the CuAlO2 sample was defined by Quantum Design Physical Properties
Measurement System and correlated with the X-ray photoelectron spectroscopy and photoluminescence
results.
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1. Introduction Cu?* ions are linearly coordinated by two O2~

(2022)

The demand for developing new or alternative
materials for existing technology is an everlasting
desire and effort in research areas. For this pur-
pose, providing maximal efficiency and suitability at
a reasonable costs and uncompromised safety plays
a crucial role in the development of new functional
nanodevices. Transparent conductive oxides (TCO)
with their direct applications are gaining consider-
able technological interest and potential usage, es-
pecially in solar cells and their related components
such as touch panels and transparent electrodes in
flat panel displays [1]. In addition to these purposes
of usage, a potential interest in its thermoelectric
properties has been achieved nowadays [2]. As p-
type conductivity (with relatively high hole mobil-
ity), TCOs act as active devices for industrial ap-
plications [3, 4]. CuAlOy has a rhombohedral type
of crystal structure in which Al** ions are coordi-
nated by six O?~ ions as octahedral packing, and
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The distances corresponding to the Cu—O and Al-O
bonds are 1.861 and 1.912 A, respectively. In the
literature, even though there are many studies on
the growth, electrical, and optical characterization
of CuAlO,, the basics of CuAlO; still need to be
clarified [5-18].

In wide bandgap semiconductors, defects play
a critical role in their structural, optical proper-
ties, and electrical conduction. When we consider
n-type ZnO materials with intrinsic defects, oxygen
vacancy and interstitial zinc are the primary sources
of structural, optical properties, and electrical con-
duction [19-22].

In intrinsic p-type TCO semiconductors, the con-
duction mechanism is similar to that of n-type
TCO semiconductors. For p-type CuAlO, materi-
als, some intrinsic defects such as Cu vacancy, Al
vacancy, and interstitial oxygen may contribute to
their structural, optical, and electrical conduction
properties.
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In order to improve the structural, optical prop-
erties and electrical conduction of materials, atten-
tion should be paid to defects due to annealing tem-
perature, annealing time, and additive elements, as
these are some of the most critical parameters in de-
termining the desired physical properties. Depend-
ing on the synthesizing technique, bulk and powder
forms of CuAlOy have varying annealing temper-
atures and durations. Using CupO and Al(OH)s,
bulk form of CuAlOs was synthesized using a con-
ventional solid-state reaction method under vacuum
at 1050°C [17]. By melting CuO,, into a-Al;O3, the
reaction could be provided at 1200°C [18]. The re-
ported process was performed for the first reaction
going down to 320-400°C by a mixture of CuCl and
NaAlO; [23]. Generally, complex instrumentations
are needed to synthesize CuAlOs. In this presented
research, the rapid synthesizing method was used
and the influence of defects on the structural, op-
tical, and magnetic properties of CuAlOs samples
was studied. The obtained results were correlated
with the results existing in the literature.

2. Material and methods

Direct reaction of chemicals with high purity
(> 99% purity) of CusO and Al,O3 was subjected
to redox reaction (CusO+AlyO35 — 2CuAlO3). The
open-air heat sintering was applied to the result-
ing sample by increasing the furnace temperature
by 4 degrees per min. The final temperature was
1100°C and the sample was kept at this temper-
ature for 1.5 h [24]. The furnace was turned off
for self-cooling without the programmed decrease.
Structural phases were defined by X-ray diffrac-
tion method (Rigaku Multiflex XRD instrument)
using a monochromated Cu K, (1.5418 A) source
in the 26 scan range of 10-120°. The surface mor-
phology and stoichiometry of the sample were clari-
fied by Jeol-6390-LV Scanning Electron Microscopy
(SEM-EDX) tool. To confirm the chemical analy-
sis, X-ray photoelectron spectroscopy (special de-
sign) measurement (XPS) was also performed. The
field-dependent magnetic behavior (M—H) of the
sample and the magnetic moment variation behav-
ior under a temperature range (M-T) were mea-
sured by Quantum Design Physical Properties Mea-
surement System (PPMS). The optical properties
of the sample were provided in the range of 200—
900 nm with the help of the Shimadzu 2600 UV-
Spectrophotometer.

3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

The diffraction pattern belonging to the CuAlOq
powder was depicted in Fig. 1.

All peaks in the pattern were indexed and evalu-
ated under the database of ICDD. As can be seen
in the evaluated pattern, the contribution of the
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Fig. 1. XRD pattern of CuAlO2 synthesized by
solid-state reaction method.
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Fig. 2. XPS analysis of CuAlO> in terms of bind-
ing energy.

secondary peak is at a level that can be ignored.
The maximum peak formation was observed for
(012) at 20 = 38.07° in Fig. 1, which matches
well with the CuAlO, pattern form in the litera-
ture [25]. We found that the indexed peaks belonged
to a rhombohedral unit cell with the space group of
(R3m), and the lattice parameters also calculated
were a = 0.2858 nm and ¢ = 1.6899 nm. The sec-
ondary peaks of CuAlO5 were marked in Fig. 1 with
# and * signs indicating diamagnetic Al;O3 and
CuO, respectively.

Using the full width at half maximum (FWHM)
of the maximum peak (provided from the ICDD
database), the particle size of 40 nm was calculated
by using the Debye—Scherrer equation given by

KA
b= Bcos(6)’ (1)
where 3 is the intensity at FWHM, 6 is the diffrac-
tion angle, and K and X-ray wavelength A constants
are 0.9 and 0.15406 nm, respectively.

3.2. X-ray photoelectron
spectroscopy (XPS) analysis

Binding energy-dependent XPS analysis of the
CuAlO; sample was demonstrated in Fig. 2 using
a wide binding energy range from 0 to 1200 eV.
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Fig. 3. The core level of XPS spectra (a) Cu 2p1/2, (b) Cu 2p3/2, (c) Al 2p, and (d) O 1s.

To figure out the chemical compositions of
CuAlO; sample, a detailed XPS measurement was
carried out. XPS spectral profiles of core level for
the 4 electron-species Cu 2pl/2, Cu 2p3/2, Al 2p,
and O 1s were depicted in Fig. 3a—d, respectively.
The fitted Cu 2p1/2 deconvolution peak is centered
at ~ 954.1 eV (Cu?*) (see Fig. 3a) and similarly
seen in [26], and the typical Cu 2p3/2 peak is lo-
cated at ~ 934.2 €V (see Fig. 3b), corresponding
to Cu?" in the matrix [27]. The XPS studies along
with the XRD results indicate that there are two
phases (CuAlO; and Al,O3) in our sample [28].

As seen in Fig. 3c, the observed Al 2p signal at
~ 75.4 €V is attributed to the existence of AlOs3.
The typical O 1s peak is located at around 533.2 eV
in Fig. 3d. It is commonly emphasized in the litera-
ture that the O 1s core-level spectra with the bind-
ing energy values ~ 530 eV and 533.4 eV belong to
species with two negative charges, O%~, while the
higher intensity peak that reveals at 533 eV is asso-
ciated with oxygen species including COs.

3.3. Scanning electron microscopy (SEM) analysis

The SEM images of the CuAlOy sample syn-
thesized by the solid-state reaction method of
2 pm magnifications were given in Fig. 4. As seen
in Fig. 4, the particles in the images are almost sep-
arated from each other and the melting does not
become actively effective at the annealing temper-
ature of 1100°C. To evaluate the stoichiometry of
the sample, energy dispersive spectroscopy (EDS)
measurements were performed from different parts
of the sample five times.

TABLE 1

The elemental composition details of the CuAlO2
nanopowder.

Element | Weight [%] | Atomic [%] Net Int.
Error
O K series 28.72 53.70 0.01
Al K series 20.02 22.19 0.01
Cu K series 51.26 24.11 0.01

As seen in Fig. 4d, all peaks belong to the CuAlO4
composition and the desired composition, presented
in Table I, was achieved. The elemental composition
of CuAlOs with the K shell energy-dependent ta-
ble was given in Table I. As depicted in Table I, the
atomic percentage of CuAlOs nanopowder is conve-
nient as stoichiometry.

3.4. Photoluminescence (PL) analysis

Photoluminescence (PL) measurements of the
CuAlO; sample were performed in the range of
3.65-1.38 eV by using an excitation wavelength of
300 nm (4.13 eV), see Fig. 5. The two main peaks
observed in Fig. 5 are the ultraviolet (UV) emission
peak and the broad visible emission band. These
peak are responsible for quality of the crystalliza-
tion and defect numbers in the sample and for the
origin of defects, respectively. In addition, a few
weak peaks were observed between 3.1 and 2.48 eV.

In the UV region, a sharp transition peak as-
cribed to near band edge (NBE) transitions was
observed at 3.42 eV and 3.29 eV for the CuAlOq
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Fig. 4. SEM micro images of the CuAlO; sample at magnification of (a, b) 2 pm and (¢) 5 pm. Panel (d)

shows the elemental composition of CuAlOs sample.

sample. NBE emission is caused by excitonic transi-
tions between electrons and holes, and the stronger
the UV emission of the sample, the higher the
¢ — crystallization quality and fewer defects occur-
ring. Compared to other studies in the literature,
NBE emission appears to have a higher crystalliza-
tion value. This means that the sample growth an-
nealing temperature is suitable for the quality of the
crystallization.

The second dominant and broad emission peak
is the visible region known as deep-level (DL) emis-
sion, consisting of violet, blue, green, yellow, orange
and red emission peaks. Deep-level emission is ad-
justed impurities or defects such as Cu-interstitial
(Cuy), Cu vacancies (Vay), Al vacancy (Va), oxy-
gen vacancies (Vo), and oxygen interstitial (O;) in
the crystal structure. Therefore, the Gaussian de-
composition of PL spectra was analyzed by the “Fi-
tyk” software.

Nine Gaussian decompositions of PL spectra ver-
sus emission wavelength were plotted in Fig. 5. Nine
peaks are suited to five emissions; two ultraviolet
emissions (Peak 1 and Peak 2) from 3.44 to 3.18 eV
can be ascribed to NBE of CuAlO» as an indication
of the excitonic characteristic. One violet emission
(Peak 3) from 3.18 to 2.79 eV can be attributed to
Cu-interstitial (Cu;) and two blue emissions (Peak 4
and Peak 5) from 2.79 to 2.52 €V can be attributed
to Cu vacancies. In turn, two red emissions (Peak 6
and Peak 7) from 2 to 1.65 €V are consistent with
the results of Senol et al. [19].

The red emission is divided into two parts;
(2.79-1.80 €V) and (1.80-1.65 €V) can be attributed
to the oxygen interstitials (O;) and the oxy-
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Fig. 5. Gaussian decompositions of PL spectra

and inset PL spectra of the CuAlO2 sample.

gen vacancy (Vg), respectively. Two NIR (near-
infrared) emissions (Peak 8 and Peak 9) from 1.65
to 1.61 eV were the results of the oxygen vacancy
depicted in [19] (and other references in [19]). More-
over, this can be attributed to the second-order
diffraction (a harmonic of the first of the near band-
edge) [27].

As seen in Fig. 5, the DL emission (visible region)
band consists of the red and NIR emission peaks
for the CuAlO, sample in the wavelength range of
1.77-1.54 eV. It can be concluded that reactions in
the solid-state reaction process may cause cooper
and oxygen vacancies and affect the luminescence,
structural and magnetic properties of the CuAlOq
sample.
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3.5. Optical analysis

3.5.1. UV-VIS diffuse reflectance spectra

The bandgap, impurity centers and oxygen defi-
ciency are some of the effective factors that domi-
nate the reflectance properties. As seen in Fig. 6, the
synthesized CuAlOs nanoparticles were optically in-
vestigated by wavelength-dependent UV-diffuse re-
flectance spectroscopy (UV-DRS) in the wavelength
range of 330-700 nm. The reflectance of CuAlOq
nanoparticles has a sharp decrease in intensity at
wavelength of about 340 nm.

8.5.2. Band gap calculation

The values of the optical band gap E, depended
on several factors such as crystallite size, carrier
concentration, lattice strain, and the size effect of
the dopant metals in the CuAlO; lattice. Kubelka—
Munk function F(R) was calculated with the use
of the diffuse reflectance spectra. It turns out that
the optical band gap E, of the samples can be
calculated from the Kubelka—Munk function F(R),
which transforms the reflectance (R) data, as given
by the relation [28]

(1-R)
F(R) = ————. 2
(=1 B
The optical band gap (E,) is typically determined
between the absorption coefficient (a) and the pho-

ton energy (hv) [29] using

ahw = k(hv — By)'". 3)
In (3), k is the energy-independent constant, and
n is a constant depending on the bandgap type,
i.e., 1/2 and 2 for the direct and indirect bandgaps,
respectively.

Since F(R) is proportional to «, thus for the di-
rectly (n = 1/2) and indirectly (n = 2) allowed
transitions, (3) can be transformed to

[F (R h)* = K (h — B,), (4)
and
[F(R)w]"" = k2 (hv — E,). (5)
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Fig. 6. Reflectance spectra of CuAlO2 sample in
the wavelength range from 330 to 700 nm.
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as a function of photon energy (hv) for the CuAlO,
nanoparticles.

TABLE II

Calculatiion of the direct and indirect bandgap ener-
gies for the CuAlO2 nanoparticles.

Bandgaps I [eV]
Eg—direct 3.35
ngindirect 2.78

As shown in Table II and Fig. 7, the direct
and indirect bandgap energies (denoted Eg-direct
and Eg-indirect) were calculated by the linear ap-
proximation of the graphical slopes of (F(R)hv)?
and (F(R)hv)'/? to the photon energy axis, where
F(R) = 0. In other words, the value of E; was ob-
tained from the intersection between the linear fit
and the photon energy axis. As shown in Fig. 7, the
direct and indirect bandgap energies of the CuAlO9
nanoparticles samples were observed as 3.35 eV and
2.78 eV, respectively. The obtained values were com-
patible both with the experimental and theoretical
values in the literature [30-33].

3.6. Magnetic analysis

Figure 8 shows the magnetization curves of
CuAlO; prepared at 1100°C. At low and high tem-
peratures, weakly nonlinear magnetization curves
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Fig. 8. (a) Isothermal M(H) loops (at 0.5 T) of

CuAlO2 nanoparticles were measured at six differ-
ent temperatures. The H. coercive field variations
were depicted in panel (b).

were observed due to the presence of the
ferromagnetic-like contribution. In all measured
temperatures, the magnetic parameters on hystere-
sis curves were presented in Table III. In Fig. 8
it is seen that a sudden drop and a transition to
lower moment values were observed between 10 and
50 K in the CuAlO, sample, so we conclude that
this is an indication of dominant thermal magne-
tization in the sample. A decrement was also ob-
served in the M—H curve and the result of steady
increase of the measurement temperature gradu-
ally up to 300 K. As a result of residual CuO,
low-temperature paramagnetism in CuAlO, was re-
ported by Tate et al. [34]. In fact, the Cu?* ion
was also observed in our sample. The paramagnetic
nature of the CuAlOs sample should be also ex-
plained by the presence of Cu?t with the d° elec-
tronic configuration. The electron holes accounting
for the divalent Cu?* ions move in a valence band
for conduction [2]. Additionally, the role of impu-
rity and residual ferromagnetic contributions is still
a matter of discussion. As seen in Pauli’s paramag-
netism, there should be spin and orbital motions of
the delocalized electrons in this sample. The coer-
civity (H) and the remanent magnetization (M)
values were directly provided from the M vs H de-
pendence in Fig. 8a and b.
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TABLE III

The remanent magnetization, saturation magnetiza-
tion, and coercivity field in all measured temperatures
of the CuAlO2 sample.

Constant
ons aln Remanent Saturation Coercivity
measuring . ) . .
magnetisation | magnetisation field
tomp- I 1y femu/gl | M femu/e) | He [Oc]
for M vs H r lemu/g s lemu/g e [e
10 2.222 x 1073 -
50 2.194 x 1075 | 3.728 x 10~ 1.715
100 1.838 x 107°% | 2.886 x 10~* 14.525
150 1.948 x 1072 | 2.461 x 10~4 5.059
200 1.426 x 107°% | 2.344 x 104 4.465
300 0.834 x 1075 | 1.924 x 10~4 14.595

As seen in Fig. 8b, the magnetization value ex-
hibits an increment with the external magnetic field
in the low field region. However, even in the pres-
ence of a relatively strong magnetic field at 6 kOe,
magnetization does not reach the saturation level.
The ferromagnetic feature of CuAlO4 should be as-
sociated with Cu?*, which is structurally paramag-
netic.

The ferromagnetic feature of CuAlOs should be
associated by Cu?*t, which is structural paramag-
netic. To figure out the ferromagnetic properties of
CuAlOs, the following equations were fitted

M = My+xH+ M,B;(T,H),

oth ( m) — coth ( a

Here B and J are the Brillouin function and the
total moment, respectively.

The blue colored data in Fig. 9 represent the
M-H measurement at 10 K and the line given by
orange color belongs to the fitted Brillouin curve.
The magnetization curve at 10 K was fitted by
the M-Brillouin model (see (6) and (7)). The op-
timized fitting parameters, My, My, pg, X, and
J were calculated as 5.35 x 107° emu/g, 2.741 x
1077 emu/g, 30 pp/fu, 1.20 x 10~7 emu/gOe, and
0.1, respectively. In (7), z parameter is equal to
x = pugH/(kgT) where kg is the Boltzmann con-
stant and pp in  parameter is pgy = gJup in which
g is the Land’e g-factor, J is the total moment, and
up is the Bohr magnetron. Figure 9 manifests the
trace of the ferromagnetic contribution due to either
the role of impurity or the residual ferromagnetic
contributions. No saturation was observed with the
applied magnetic field H = 46 kOe. The overall be-
havior is a typical paramagnetic behavior, and the
reason for this is addressed to Cu?* with the d°
electronic configuration in the structure [29].

Figure 10 manifests the magnetization vs tem-
perature curves of the CuAlO, sample taken un-
der the field-cooled (FC) condition through a 5 kOe
field. The M vs T data was fitted to the Curie-Weiss
law and the parameters were calculated by fitting.

(6)

2J+1
2J

2J+1
2J

T

By(T, H)= o
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TABLE 1V

The peak center, height, area, FWHM values, emission range, and origin of PL emission of the CuAlOs sample.

Cent Cent,
Peak label enter enter Height Area FWHM Emission range Origin
[nm] [eV]
Peak 1 362.344 3.42 376.029 | 5032.28 | 12.5722 | ultraviolet excitons % 8
Peak 2 376.651 3.29 794.57 | 20597.6 | 24.353 | ultraviolet excitons Z %
Peak 3 403.064 3.08 605.38 | 19852.7 | 30.8077 | violet Cu-interstitial q
Peak 4 447.402 2.77 68.5502 | 2616.25 | 35.854 | blue Vcu '%
Peak 5 483.93 2.56 32.8344 | 961.749 | 27.5169 | blue Vecu 'g
Peak 6 703.04 1.76 20.3157 | 1096.88 | 50.722 | red Vo a
Peak 7 727.04 1.71 66.743 | 1893.04 | 26.6454 | red Vo A
Peak 8 755 1.64 78.436 | 3511.81 | 42.0613 | NIR (near-infrared) | Vo
Peak 9 801.9 1.55 29.6535 | 1955.68 | 61.9569 | NIR (near-infrared) | Vo
9
1.0 M-H data at 10 K ol
— Brillouin function fit =
o =71
S 054 ]
S 64
E £
2 =] 8 T=60 K
§ %97 o1 0
L £ ¢ A
g 0.5 E°] &
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Fig. 9. The magnetic moment M as a function of Fig. 11. Temperature-dependent ZFC magnetiza-

the field H in the range from —6 to 6 kOe, measured
at 10 K for the CuAlO2 sample.

2.0+
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Fig. 10. Temperature-dependent magnetization

curve with Curie-Weiss fitting.

The obtained values related to the Curie-Weiss law
were exhibited in Fig. 10. Using the presented FC
data from 10 to 150 K, the Currie-Weiss tempera-
ture of 1.4 K was obtained [34]. It is known in the lit-
erature that the CuAlO5 magnetic behavior should
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tion curve showing antiferromagnetic behavior.

be diamagnetic due to Cu™, Al1**, and O?~ possess-
ing unpaired electrons and preparing a highly pure
and stoichiometric CuAlOs is a very difficult task.
So far, in bulk, diamagnetism has not been sup-
ported for the CuAlOs matrix due to p-type con-
duction [34-36].

In Fig. 11, the temperature-dependent magneti-
zation behavior of the CuAlOy sample in the zero-
field cooling (ZFC) case was presented in the tem-
perature range from 0 to 300 K. As seen in the in-
set curve, especially at 60 K, an antiferromagnetic
short-range-order has been developed. The reason
for this could be the preparation method which
causes oxygen vacancies, especially in the case of
the solid-state reaction method. The antiferromag-
netic short-range-order revealed at 60 K in the in-
set in Fig. 11 is ascribed to the mixed state of Cu?*
and Cu™ with a high amount of oxygen vacancies in
the Cu—O sub-lattice. The existence of oxygen va-
cancies was also revealed in the PL measurements
in Fig. 5. As seen in the Gaussian decompositions
of PL spectra, the red emission part was divided
into two parts, attributed to oxygen interstitials
(O;) and oxygen vacancy (Vo) (please see Table IV
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for further details on the related wavelengths). The
existence of O 1s was also provided by the XPS re-
sults. Hence, we conclude that the magnetic proper-
ties of the CuAlO5 system were affected by oxygen
vacancies, which are mainly the result of the condi-
tions and methods of preparation.

4. Conclusions

A direct reaction of chemicals was subjected to
a redox reaction (CupO+Al,03 — 2CuAlOs2) to
obtain the final composition of CuAlOy. The de-
sired crystalline phase was achieved and all peaks
in the XRD phase investigation were found to be-
long to the CuAlO; pattern. The particle size was
calculated to be about 40 nm. XPS measurements
proved that the core level of the 4 electron species
Cu 2p1/2, Cu 2p3/2, Al 2p, and O 1s exists. The
direct and indirect band gaps of the CuAlOs com-
position were determined as 3.35 eV and 2.78 €V,
respectively. The results of fitting of XPS in Fig. 3a
revealed that especially the Cu 2pl/2 deconvolu-
tion peak centered at ~ 954.1 eV belongs to Cu?*,
and this fact was the indication of the paramag-
netic behavior of the material. In addition, the role
of impurity and residual ferromagnetic contribu-
tions may be possible in CuAlOy due to exhibiting
a trace of ferromagnetic behavior. The related pa-
rameters were presented in Table I. The magnetic
field-dependent magnetization curve at 10 K was
fitted by a M-Brillouin model and showed the dom-
inant paramagnetic contribution. No diamagnetic
contribution was detected in our sample. Using the
nonlinear behavior of the temperature-dependent
FC magnetization, the Curie temperature was cal-
culated as 1.4 K. It was done by fitting the
data to Curie-Weiss expression, as shown Fig. 10.
The paramagnetic nature of the sample was pro-
vided in both detailed XPS and magnetic measure-
ments. The ZFC curve manifested that the con-
cavity at ~ 60 K was due to an antiferromag-
netic short-range order and this effect is the reason
for oxygen vacancies revealed in the XPS and PL
results.
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