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he post-annealing
electromagnetic response of Cu–Co oxide coatings
via optical measurement and computational
modelling†

M. Mahbubur Rahman,ab Hussein A. Miran,ac Zhong-Tao Jiang,*a

Mohmmednoor Altarawneh,d Lee Siang Chuah,e Hooi-Ling Lee,f Amun Amri,g

Nicholas Mondinosa and Bogdan Z. Dlugogorskid

The optical frequency response and changes to the dielectric and optical parameters due to annealing

temperature variation (200–500 �C) of sol–gel derived CuCoOx thin film coatings were investigated. The

optical constants such as absorption coefficient, band-gaps, Urbach energy, complex refractive index,

complex dielectric constants, optical dispersion parameters, and energy loss functions were determined

from reflectance data analysis recorded in the ultraviolet to near-infrared (190–2200 nm) range. The

absorption coefficient and the broadening of absorption edge (steepness parameter), energy band-gaps,

Urbach energy, loss tangent and energy loss functions decreased with the increase in annealing

temperatures. The refractive index displayed normal dispersion behaviors at higher frequency with the

maximum value at a temperature of 500 �C. First-principles simulations, density functional theory

(DFT+U) as implemented in the Cambridge Serial Total Energy Package (CASTEP), based on a cluster

structure of Cu0.5Co2.5O4 system, optimized the crystalline structure and calculated the electronic

structure of the framework. The calculated density of states (DOS) and associated absorption coefficient

and dielectric constant results reasonably support the experimental findings.
1. Introduction

Mixed metal oxide based coatings with general composition
AB2O4, where A is a divalent metal ion occupying the tetrahedral
A-sites, and B is a trivalent ion occupying at octahedral B-sites,
e.g., CuFe2O4, CuCo2O4, and CuMn2O4, have been extensively
studied by different groups.1–4 These materials possess wide-
spread applications as catalysts for volatile organic
compounds,5 gas sensors,6 electrocatalysts for the oxygen elec-
trode,7 photovoltaics and photocatalysis,8 selective solar
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tion (ESI) available. See DOI:

5

absorbers,9,10 batteries and memory devices,11,12 and for
absorption optimizations and industrial applications.13 High-
tech applications of cobalt based metal oxide coatings are
demonstrated in the literature.11,12,14,15 Pure copper oxide,16

cobalt–copper oxide, manganese–cobalt oxide, nickel–cobalt
oxide,13 copper–aluminum oxide17,18 have been reported in
studies of spectrally selective solar absorbers, high absorption
optical coatings and industrial applications. Manganese-cobalt
oxides have been studied with a focus on the inuence of
synthesis conditions on the oxidation states and cationic
distribution in the tetragonal and cubic phases.19 Optical
characterization of industrial roll-coating sputtered nickel–
nickel oxide solar selective surface has been reported by Adsten
et al.20 Structural and optical properties of pulsed sputter
deposited CrxOy/Cr/Cr2O3 solar selective coatings on Cu
substrates were found to demonstrate high selectivity aer
being annealed at 300 �C for 2 hours in air.21 In another study,
Shaklee et al.22 examined the spectral selectivity of composite
enamel coatings consisting of spinel-type transition-metal-
oxide pigments embedded in a borosilicate-glass matrix
deposited on stainless steel substrate.

The cobalt oxide (Co3O4) lms containing 1-D interlinked
nanowires synthesized via spray pyrolysis technique showed
better values of absorptance (0.94), emittance (0.17) compared
This journal is © The Royal Society of Chemistry 2017
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to the data reported studies. The selectivity of coatings was re-
ported to be 5.529. These coatings have the potential of being
good selective absorbers. Their optical properties indicate the
red shi of absorption peaks, thereby showing a quantum-
conned effect and semiconducting nature.23 In Amun's
study,24 the combined CuCoO thin lms showed a selectivity of
just over 14. There have been numerous investigations available
in studies on metal oxide thin lms for the improvement and
optimization of physiochemical, optical, thermal, electro-
chemical, photo-chemical, magnetic, dielectric and electro-
magnetic properties focusing on their practical applications
such as clean energy devices, solar cells, photovoltaics, thermal
collectors, selective solar surfaces and smart windows.

In view of these facts, generally, the optical analyses of
materials are mainly involved with the absorption, reection,
emission and transmission measurements in the ultraviolet
through visible to infrared and far-infrared regions of the solar
spectra to realize their solar absorptance mechanisms and solar
selectivity topographies. It is also seen, there has been very
limited effort toward elucidating the post annealing effects on
the other properties of these coatings. Optical characterizations
of these materials play remarkable roles to comprehend their
fundamental behaviors and make them preferable in several
applications. However, using the optical data, we can conduct
further studies e.g., optical dispersion analyses, dielectric
features and energy loss phenomena that afford them with the
identication of their potentiality in the new promising extents
to be used more competently. Thus, in this study, we have
carried out detailed studies to understand the post-annealing
electromagnetic responses of energy band-gaps, single oscil-
lator model optical dispersion analysis, dielectric characteriza-
tions, and energy loss mechanisms of sol–gel derived copper–
cobalt oxide coatings.

2. Experimental and modeling
2.1 Specimen synthesis

Cobalt(II) chloride (CoCl2$6H2O, APS Chemical, >99%), cop-
per(II) acetate monohydrate ((Cu(OOCCH3))2$H2O, Alfa Aesar,
>98%), propionic acid (C2H5COOH, Chem Supply, >99%), and
absolute ethanol (E. Mark of Germany, >99%.) were used to
synthesize CuCo-oxide coating onto highly-reective commer-
cial aluminium substrates. The aluminium substrates (Anofol,
size 2 cm � 4 cm) were cleaned with a hot mixture of chro-
mium(VI) oxide and phosphoric acid followed by nal rinse
using Milli-Q water. The cleaned substrates were dried with
high purity N2 gas. The sol–gel solutions consisted of 1.502 gm
cobalt(II) chloride (CoCl2$6H2O, 0.25 mol L�1) and 1.273 gm of
copper(II) acetate monohydrate (Cu(OOCCH3))2$H2O mixed
with absolute ethanol. Propionic acid (C2H5COOH) was used to
make a complex solution with themetal ions and to stabilize the
solution from unwanted precipitation. Aer stirring the mixed
solution for 2 h, the sol was coated onto aluminium substrates
using a dip-coating technique. A dipping and withdrawal rate of
180 mm min�1 and 60 mm min�1, respectively was maintained
throughout the synthesis process which was repeated four
times to increase the thickness of lm with better uniformity.
This journal is © The Royal Society of Chemistry 2017
Finally, the coatings were annealed at 200, 300, 400 and 500 �C
in air. A constant heating rate of 10 �C min�1 was maintained
throughout and the samples were le in the furnace for 15 min
aer power was turned off. More details about the sol–gel dip-
coating method are described elsewhere.18,24–26

2.2 Characterization techniques

A UV-Vis (UV-670 UV-Vis spectrophotometer, JASCO, USA)
double beam spectrophotometer with 60 mm integrating
sphere was used to record the UV-Vis reectance spectra in the
range of 190 to 2200 nm. The UV-Vis reectance spectrum was
utilized to investigate the various characteristics of the copper–
cobalt oxide thin lms.

2.3 Density functional theory

First-principles calculation is one of the most promising
approaches to predict the ground state properties of a material.
The XRD results from Miran et al.27 revealed that the adopted
phase for this coating material, as annealing temperature prog-
ress within the same range of temperatures is, Cu0.56Co2.44O4.
The Cu0.5Co2.5O4 system was dealt with the level of density
functional theory (DFT+U) proposed by Dudarev et al.28 as
implemented in the Cambridge Serial Total Energy Package
(CASTEP)29,30 of Material Studio. For the interactions of the
electrons with the ion cores, a plane wave and non-local ultra-so
pseudopotentials presented by Vanderbilt31 have been applied
together with the generalized-gradient approximation (GGA).32

The electronic wave functions are expanded in a plane wave basis
set with an energy cutoff of 351 eV. For the Brillouin-zone k-point
sampling, we adopted the Monkhorst–Pack mesh with 4 � 4 � 4
k-points. Finally, the electron-correlated systems (i.e., d-orbital)
were modeled considering Hubbard U value of 9.5 eV that
leads to a well agreed band gap with experiment measurements.

3. Results and discussion
3.1 Structural and morphological features of Cu–Co oxide
coatings before and aer annealing

Structural and morphological analyses of these coatings carried
out via XRD, XPS, FESEM and AFM spectroscopic methods,
before annealing and aer annealing, were reported in ourmost
recent studies.27 Before annealing the CuCo-oxide coatings,
FESEM showed mould-like structures. However aer thermal
treatment homogeneously distributed particles with compact
and smooth morphologies were observed. The mean and rms
surface roughness of the coatings improved �120% and
�140%, respectively, with an average surface area of �115 mm2.
Annealing results in the occurrence of major grain growth
around the coating surface.27

XRD studies attributed that the Cu–Co oxide coatings
possesses the cubic symmetry consisting of Cu0.95Co2.05O4

(ICSD 78-2177), Cu0.75Co2.25O4 (ICSD 78-2176), Cu0.56Co2.44O4

(ICSD 78-2175), and Cu0.37Co2.63O4 (ICSD 78-2174) phases. In
the Cu0.75Co2.25O4 system (space group Fd�3m (227), Z¼ 8, lattice
parameter 0.809 nm) the unit cell consists of 6 copper atoms, 18
cobalt atoms and 32 oxygen atoms. Copper and cobalt atoms are
RSC Adv., 2017, 7, 16826–16835 | 16827
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shared in tetrahedral and octahedral sites. Fig. 1 shows the
spinel structure of Cu–Co oxide system drawn using GaussView
5.0.8 soware.
3.2 Electronic structure and Urbach energy studies

The dependence of optical absorption coefficient on the photon
energy is useful for studying the band structure and the types of
electron transition involved in absorption process. The linear
absorption coefficient can be determined by using the reec-
tance spectra of the lms via following relation,

a ¼ 2:3026
A

d
(1)

where a is the absorption coefficient, A is the solar absorptance
(in terms of %) as estimated from the UV-Vis reectance data,
and d is the coating's thickness which was obtained from
FESEMmeasurement.27 Fig. 2 shows the incident photon energy
dependence of the absorption coefficient of sol–gel derived Cu–
Co oxide coatings before and aer annealing. The wavelength of
light that a material absorbs is the characteristic of its chemical
Fig. 1 Crystal structure of Cu–Co oxide coatings.

Fig. 2 Absorption coefficient of Cu–Co oxide coatings before and
after annealing at different temperatures.

16828 | RSC Adv., 2017, 7, 16826–16835
assembly. Specic regions of the electromagnetic spectrum are
absorbed by exciting specic types of molecular and atomic
motion to higher energy levels. Absorption of ultraviolet and
visible light is related with the excitation of electrons, both in
atoms and molecules, to higher energy states.

In crystalline and amorphous materials the photon absorp-
tion obeys the Tauc relation,33–36

ahn ¼ B(hn � Eg)
y (2)

where, a is the absorption coefficient, hn is the incident photon
energy, h is Planck's constant, n is the frequency of incident
light, B is an energy independent constant, Eg is the optical
band-gap and y is an index depending on the type of optical
transition involved in photon absorption. The indices of y ¼ 1/2
and 2 are for the direct and indirect inter-band transitions,
respectively. The direct transition energy gap (direct band-gap)
can be obtained by plotting hn vs. (ahn)2 and extrapolating the
linear portion of the curve to (ahn)2 ¼ 0 in the x-axis. Similarly,
the indirect energy band-gap can be estimated by plotting hn vs.
(ahn)1/2 and extrapolating the linear portion of the curve to
(ahn)1/2 ¼ 0 in the photon energy axis.

Tauc plots of (ahn)2 vs. hn for Cu–Co oxide coatings before
and aer annealing are shown in Fig. 3. The energy band-gaps
estimated from the intercepts of the linear portion of the curves
extrapolated to zero in the photon energy axis are presented
Table 1. The values of direct and indirect transition energy gaps
lie between 0.80 and 1.40 eV. It is found that the energy band-
gap values are monotonically reduced with the rise in anneal-
ing temperature of the Cu–Co oxide systems. This drop of
energy band-gap values is very important in enhancing the
photon absorption capability of these coatings.

The spectral absorption in materials strongly depends on the
presence of localized states around the forbidden band gap. The
absorption proles offer valuable information on these local-
ized states and indicate the presence of disorderness in the
lms. Since, Urbach's absorption edges are, normally, formed
in the region of photon energies below the forbidden band gaps
i.e., in regions of the so-called Urbach tails, where the absorp-
tion coefficient follows an exponential decay for decreasing the
incident photon energy, and is expressed as,
Fig. 3 Tauc plots of (ahn)2 vs. photon energy of Cu–Co oxide coatings
before and after annealing.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Energy band-gaps of Cu–Co oxide coatings before annealing
and at different annealing temperatures

Annealing temperature Energy band-gap, Eg (eV)

Prior-annealing 1.40
200 �C 1.35
300 �C 1.20
400 �C 0.90
500 �C 0.80

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
/1

5/
20

26
 3

:3
9:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
aðhnÞ ¼ a0e

�
hn
EU

�
(3)

where a0 is a constant and EU is the Urbach energy referring to
the width of the exponential absorption edge. The value of EU has
been assessed by the exponential tting of the sub-band-gap
absorption coefficient which is the inverse of the slope of ln(a)
vs. photon energy plots (see Fig. 4). The estimated values of EU are
illustrated in Table 2. The Urbach energy values are signicantly
decreased with the increase in annealing temperature of the
lms. This feature is consistent with the results given by Xue
et al.37 The reduction in EU values are, generally, governed by the
diminution of the localized density of states around the tails of
the absorption edges, increase in crystallinity, decrease in the
degree of disorderness and a relaxation of the distorted bonds. A
reduction in Urbach energy also indicates the improvements of
the lms quality. A decline in EU values of thermally evaporated
Fig. 4 Variation of ln a with photon energy of Cu–Co oxide coatings
before and after annealing at different temperatures.

Table 2 Urbach energy values and steepness parameters of Cu–Co
oxide coatings before annealing and at different annealing
temperatures

Annealing temperature
Urbach energy,
EU (meV)

Steepness
parameter, g

Prior-annealing 500 0.0514
200 �C 400 0.0643
300 �C 318 0.0801
400 �C 267 0.0963
500 �C 188 0.1367

This journal is © The Royal Society of Chemistry 2017
lms with increasing annealing temperature is consistent with
our energy band-gap studies where the Eg values are also dropped
with the rise in annealing.

The spectral dependence of the absorption coefficient with
the incident photon energy might arise originate from trapping
levels around the lm boundaries. According to Tauc's theory
the density of these states fall off exponentially with the photon
energy by the following relation,

a ¼ a0 exp

�
ghn

kBT

�
(4)

where g is a constant known as the steepness parameter which
refers to the broadening of absorption edges arising from
electron–phonon or exciton–phonon interactions. From eqn (4),
the steepness parameter, g can be expressed as,

g ¼ kBT

EU

(5)

Estimated values of the steepness parameters are shown in
Table 2. From Table 2, it is seen that the steepness of the Urbach
band tails linearly increase with the increase in annealing
temperatures. An increase in the steepness parameter origi-
nates from the diminution of the localized density of states,
relaxation of the distorted bonds and thereby the degree of
crystallinity of the lms is enhanced. These features also
support the consistency of our energy band-gap and Urbach
energy studies. It is well known that the optical band structure
and optical transitions are sturdily inuenced by the width of
the localized states around the band gaps of the lms. The
absorption coefficient near the fundamental absorption edge is
exponentially dependent on the photon energy and obeys the
Urbach rule. Interactions between lattice vibrations and local-
ized states in tail of the band-gap of the lms have a substantial
consequence on the optical properties of these lms.

3.3 Optical properties – parameters and dispersions

Using the UV-Vis reectance spectra, the optical constants such
as the refractive index (n) and the extinction coefficient (k) of the
lms were computed in the wavelength range of 190–2200 nm.
The complex refractive index, an important optical parameter
that is used to elucidate other materials' properties, is dened as,

n* ¼ n + ik (6)

The imaginary part of the complex refractive index, the
extinction coefficient (k) can be directly calculated from the
absorption coefficient via following relation,

k ¼ al

4p
(7)

The refractive index n is calculated from the UV-Vis reec-
tance data, R and k values using the following equation,

n ¼
�
1þ R

1� R

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R

ð1� RÞ2
s

� k2 (8)
RSC Adv., 2017, 7, 16826–16835 | 16829
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where R is the reectance (%), and k extinction coefficient of
Cu–Co oxide coatings. The wavelength dependence of the
refractive index, n and extinction coefficient, k values of Cu–Co
oxide coatings before and aer annealing at different temper-
atures are shown in Fig. 5.

Analysis of Fig. 5 indicates that both the values of n and k
signicantly increased with the increase in annealing temper-
atures. This conrms the enhancement of lms qualities and
lower porosities. Further investigations also reveal that in the
lower wavelength region up to 390 nm, the refractive index is
linearly increased and reached to a peak value and then sharply
dropped with the increase in wavelength. Similarly, the k values
increase with the increasing of wavelength and reached to the
maximum and then fell gradually. These features indicate that n
shows normal dispersion in the higher wavelength regions and
anomalous dispersions in the lower wavelength sides whereas
the inverse phenomena were detected for the k. The dispersion
of refractive index exhibits a peak at 3.22 eV (386 nm) corre-
sponding to p–p* transitions of the UV oscillator. On the other
hand, the anomalous nature arises due to the resonance effects
between incoming solar radiation and electronic polarizability.
This leads to the coupling of electrons and oscillating electric
elds of the incident electromagnetic radiation. Our observa-
tions are consistent with an earlier report.38 The refractive index
Fig. 5 Real and imaginary parts of the complex refractive index of Cu–
Co oxide coatings before and after annealing at different
temperatures.

16830 | RSC Adv., 2017, 7, 16826–16835
is closely related to the electronic polarizability of ions and local
led of inside the lms. Estimation of refractive indices of these
lms are very important for their applications in integrated
optical devices such as lters, switches, laser diodes, couplers,
lens, detectors and ampliers. Refractive index is a key
parameter for the design of such devices.

Using the single oscillator model suggested by Wemple and
DiDomenico et al.,38,39 we present the functional relation for the
dispersion of refractive index below the optical band-gap of the
lms. The dispersion relation of the refractive can be repre-
sented by the following terms,38,39

�
n2 � 1

��1 ¼ E0

Ed

� 1

E0Ed

ðhnÞ2 (9)

where Ed is the dispersion energy, a measure of the strength of
interband optical transition and E0 is the single oscillator
energy. Fig. 6 shows plots of (n2 � 1)�1 vs. (hn)2. The values of Ed
and E0 can be computed from the intercept determined by
tting a straight line to (m2 � 1)�1 axis, (E0/Ed) and the gradient/
slope (E0Ed)

�1. The values of the dispersion parameters E0 and
Ed extracted from Fig. 6 are displayed in Table 3. The oscillator
parameters E0 and Ed, dependent on the moments of the optical
transitions M�1 and M�3, which are dened by the following
models,40

E0
2 ¼ M�1

M�3
and Ed

2 ¼ M�1
3

M�3
(10)

The calculated values of the transition moments M�1 and
M�3 are listed in the following Table 3.

Fig. 6 shows that plots of (n2 � 1)�1 vs. (hn)2, for the Cu–Co
oxides lms before and aer annealing, shows that the refrac-
tive index values decline towards the longer wavelength regions
due to the lattice absorption. From Table 3, it is seen that
oscillator energy E0, transition moments,M�1 andM�3 decrease
with the increase in annealing temperatures while the disper-
sion energy, Ed, is monotonically enhanced. Dispersion energy
Fig. 6 Plots of (n2 � 1)�1 vs. (hn)2 of Cu–Co oxide coatings before and
after annealing at different temperatures.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Oscillator dispersion parameters, transition moments, oscillator strength and static dielectric constant of Cu–Co oxide coatings before
and after annealing at different temperatures

Annealing
temperature

Oscillator
energy, E0 (eV)

Dispersion
energy, Ed (eV)

Transition
moment, M�1

Transition
moment, M�3 (eV

2)
Oscillator
strength, f ¼ E0Ed (eV2)

Static dielectric
constant, 3N

Before annealing 3.96 7.05 2.084 0.175 24.39 3.08
200 �C 3.35 8.75 2.865 0.345 25.20 3.86
300 �C 3.18 9.44 2.433 0.454 25.96 4.43
400 �C 2.87 10.20 3.923 0.580 26.52 4.92
500 �C 2.49 12.15 5.283 0.998 27.95 6.28
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measures the intensity of the inter-band optical transition but
does not have much effect on the energy band-gap, Eg. The
oscillator energy and dispersion energy values are associated
with the crystalline structure and ionicity of ionic or covalent
materials.41 This essentially indicates that in addition to the
optical characterizations, the single oscillator model can be
successfully applied to determine the structural properties of
these lms.

Furthermore the oscillator strength, f is dened by Wemple
and di Domenico for a single oscillator model such as39

f ¼ E0Ed (11)

The results using the eqn (11) are included in Table 3. The
optical dielectric constant at high frequency, 3N also known as
the static dielectric constant can be found from the intersection
point of the line at (hn)2 ¼ 0 while the refractive index at zero
photon energy, n0 (static refractive index) is also related to 3N as,
3N ¼ n0

2. The static dielectric constant is expressed by the
following relation,40

n0
2 ¼ 3N ¼ 1þ Ed

E0

(12)

The estimated values of the oscillator strength and static
dielectric constants of the Cu–Co oxide coatings before and
aer being annealed at 200–500 �C are shown in Table 3. Table 3
shows that the oscillator strength and static dielectric constant
of the coatings are linearly increased with the gradual increase
in annealing temperature of the lms. The variation in these
optical dispersion parameters and other constants strongly
correlated to the thermally driven defects that yield localized
states around the energy band-gaps and thereby inuence the
other optical properties of the lms.
Fig. 7 Real and imaginary part of the dielectric constant vs. photon
energy of Cu–Co oxide coatings before and after annealing at
different temperatures.
3.4 Dielectric characterizations

The frequency dependence of electron excitation spectra of
a solid material is dened in terms of complex dielectric
function

3(u) ¼ 31(u) + i32(u) ¼ (n(u) + ik(u))2 (13)

where 31 and 32 are the real and imaginary parts of the dielectric
function, respectively are given in terms of the refractive index
and extinction coefficient as,42
This journal is © The Royal Society of Chemistry 2017
31 ¼ n2 � k2 and 32 ¼ 2nk (14)

Plots of the real and imaginary parts of the dielectric func-
tions as a function of the incident photon energies are given in
the following Fig. 7.

In general, the 31 and 32 values increase with the annealing
temperature in the visible and UV-region. A greater ratio
between 31 and 32 demonstrate the thin lm coatings having
very good low-loss dielectric nature in this frequency range of
interest. This is due to the increase in the electron density of the
lms. In general, the improvement in crystallinity of the lm
can decrease the degree of electron scattering and increase the
free-electron density.43,44 The fundamental electron excitation
RSC Adv., 2017, 7, 16826–16835 | 16831
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spectrum of the thin lm was inferred from the frequency
dependence of the complex electronic dielectric constant. The
frequency response of the dielectric constant signposts the
interactions of the photons and electrons in the lm is origi-
nated in this wavelength range.

In thin lm materials, power loss in the form of heat termed
as loss factor generally originated from the inelastic scattering
process during the charge transfer and charge conduction
mechanisms. The 31 and 32 represent the amount of energy
stored in dielectrics as polarization and loss energy, respec-
tively. The power loss factor is associated with electric behaviors
of the lms and device operations of materials as well. The loss
factor is described by,

tan d ¼ 32

31
(15)

The loss tangent measures the loss-rate of power in a oscil-
latory dissipative system. Fig. 8 exhibits the variation of the loss
factor with the incident photon energy of copper–cobalt oxide
thin lms before and aer being annealed at different
temperatures within the range of 200–500 �C. It is clearly seen
that the variation loss tangent executes the same trend as 32.
Since 32 is lower than 31, then the energy loss of the lms is
relatively low. This suggests that the lms possess good optical
qualities due to lower energy losses and lower scattering of the
incident radiation. From Fig. 8, it can be seen that in the small
photo energy (or low frequency) region (up to 2.0 eV) the loss
tangent value of the lms increases gradually with the increase
of annealing temperatures. However, for photo energy greater
than 2.0 eV (or high frequency range), the loss tangent is
strongly affected by the annealing temperature.

This feature is associated with the fact that the dipole
orientations become minimal at lower temperatures. But as the
temperature increases, the orientations of dipoles are facili-
tated by thermal agitations, consequently the loss tangent
increases. It is also assumed that at lower temperatures the
conduction loss is minimum and as the temperature increases
conduction loss increases as well due to the higher rate of
dipole movements.45 Also from Fig. 8, the energy loss shows
Fig. 8 Loss tangent vs. photon energy of Cu–Co oxide coatings
before and after being annealed at different temperatures.

16832 | RSC Adv., 2017, 7, 16826–16835
a subtle change in magnitude over the whole spectral range. At
lower energy sides it shows a maximum value of 0.6 at 0.5 eV,
and decreases gradually with the rise in photon energy.

In the dielectric theory, inelastic scattering of electrons in
solid lms is associated with the energy loss functions. The
energy loss functions are known as volume energy loss function,
Vel and surface energy loss function, Sel.42

Vel ¼ Im

�
� 1

3ðuÞ
�

¼ 32

312 þ 322
(16)

Sel ¼ Im

�
� 1

3ðuÞ þ 1

�
¼ 32

ð1þ 31Þ2 þ 322
(17)

The energy loss functions are related to the optical properties
of a material through the real and imaginary parts of dielectric
constant. The volume and surface energy loss functions of these
coatings before and aer annealing at different temperatures
are shown in Fig. 9. Both Vel and Sel follow the same trend as the
loss tangent data shown in Fig. 8. It is clear that in the lower
frequency regions both functions increase with increasing
annealing temperatures. However, in the higher frequency sides
(above 1.4 eV), the annealed lms exhibit lower loss then the
unannealed one and at energies above 2.5 eV both functions
become almost constant with further increase in frequency on
Fig. 9 Variation of volume energy loss and surface energy loss
functions of Cu–Co oxide coatings before and after annealing.

This journal is © The Royal Society of Chemistry 2017
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the solar spectrum. It is observed that surface energy loss of the
lms is much lower compared to the value of the volume energy
loss functions (Vel > Sel) for any incident photon energies at all
annealing conditions. This may indicates that the loss of energy
of a free charge carrier when passing through the volume of the
lm is larger than that when traveling through to the surface of
the lm. These features are also found to be consistent with
previous reports.46,47 According to Pines and Bohm,48 due to the
excitation of plasma oscillations of conduction electrons, while
passing through a medium, specic energy losses are experi-
enced by the fast moving electrons.

3.5 Theoretical predictions

Structural optimization of Cu–Co-oxide (Cu0.5Co2.5O4) system
was carried out via theoretical modeling. The Cu0.5Co2.5O4

structure exhibits an cubic symmetry in a space group of Fm�3m
(#225) having eight formula units in a unit cell. The lattice
constants, in equilibrium condition, of CuCo-oxide systems are
8.29 Å as estimated via numerical predictions. These parame-
ters are consistent with that obtained from our previous X-ray
diffraction study: a ¼ 8.09 Å.27 In the current cluster model of
Cu0.5Co2.5O4, there are 4 Cu, 20 Co and 32 O atoms. The crystal
structure was optimized and is shown in Fig. 10.
Fig. 10 Conventional unit cell of CuCo-oxide (Cu0.5Co2.5O4)
structure.

Fig. 11 Total density of states of CuCo-oxide (Cu0.5Co2.5O4) clusters.

This journal is © The Royal Society of Chemistry 2017
Fig. 11 shows the density of states (DOS) for this Cu0.5Co2.5O4

cluster. The electronic properties of the structure were deter-
mined via computing the total density of states at the Fermi
level. The analysis shows that the Cu0.5Co2.5O4 system presents
a non-metallic character due to d-orbital of Co and Cu which
results in semiconducting nature. The range of the top most
valance band is from �11 to 0 eV (Fermi level) and the
conduction band above the Fermi level is located at 1.10 eV.

The simulated absorption spectrum of Cu0.5Co2.5O4 system
as a function of photon energies in the range of 0.5 to 3.5 eV is
shown in Fig. 12. The spectra clearly indicate that the absorp-
tion coefficient of this cluster are strongly dependent on the
incident energies. Moreover, the absorption coefficient curve
conrms that this material exhibits non-metallic nature.49 Our
modeled compound exhibits a good absorption coefficient that
can be used to investigate a wider E-M frequency range for
promising optical applications.

The dielectric response of a material indicates the interac-
tion between photons and electrons. The energy dependent
complex dielectric functions of Cu0.5Co2.5O4 system in the
wavelength range of 0 to 2500 nm are displayed in Fig. 13. The
calculated dielectric function includes the intra-band effects
from free electrons (conduction electrons contribution) and
Fig. 12 Theoretical absorption spectrum of Cu0.5Co2.5O4 clusters.

Fig. 13 Real and imaginary parts of dielectric constants of
Cu0.5Co2.5O4 clusters.

RSC Adv., 2017, 7, 16826–16835 | 16833
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Fig. 14 Refractive index (n) and extinction coefficient (k) spectra of
CuCo-oxide coatings.
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inter-band effects (from bound-electron contribution). Fig. 13
shows an increasing trend of the dielectric constants at shorter
wavelengths which become constant in longer wavelength
regions. This can be attributed to the band gap absorption in
these coatings. The main peak of imaginary part 32 of the
dielectric constant is located at 510 nm and reasonably agrees
with the experimental results discussed in (Section 3.3). The 32

magnitudes reduces to zero in the wavelength range greater
than 1600 nm suggesting that this material becomes trans-
parent for longer wavelengths while absorption will occur for
nonzero 32.50

The refractive index (n) and extinction coefficient (k) spectra
of such cluster calculated via DFT+U modelling, in the wave-
length range of 0–2500 nm, are presented in Fig. 14. Similar to
the dielectric functions, the refractive index and extinction
coefficient plots exhibit maxima in the shorter wavelength
regions. The computational and measured refractive index have
similar value in the wavelength range from 0 to 2500 nm.
Furthermore, the extinction coefficient from the experimental
and computational modeling has similar trends but slightly
different values. The differences may be due to (i) an ideal
situation (T¼ 0 K, P¼ 0 atm), (ii) the mixed phase nature of real
lms, and (iii) the effect of highly polished Al substrate in the
real lm materials.

For comparison, we calculate optical properties of a CoCu2O3

system which can be considered as a metal to oxygen ratio of
3 : 3, while the actual system discussed above is a 3 : 4 metal to
oxygen ratio. The CoCu2O3 system modeling shows similar
trends as the Cu0.5Co2.5O4 system. The details for this CoCu2O3

system are included in the ESI† document.

4. Conclusions

The post-annealing electromagnetic response of optical and
dielectric properties of Cu–Co oxide coatings were investigated
within the temperature range of 200–500 �C. The optical
16834 | RSC Adv., 2017, 7, 16826–16835
coefficients such as absorption coefficient, band-gaps, Urbach
energy, complex refractive index, optical dispersion parameters;
and the dielectric coefficient (such as real and imaginary parts
of the complex dielectric constants), loss tangent, and energy
loss functions of these coatings were signicantly modied by
the annealing temperatures up to 500 �C. The refractive index
exhibited normal and anomalous dispersions at higher and
lower frequencies, respectively. The results based on theoretical
modeling of (DFT+U) by the CASTEP Package on Cu0.5Co2.5O4

cluster suggests that the electronic density of states of Cu–Co
oxide systems have a semiconducting nature with a band gap
�1.10 eV. The predicted numerical values of the refractive
index, extinction coefficient, and complex dielectric functions
are in good agreement with the experimental data.
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