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by spin coating.
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a b s t r a c t

Copper oxide films with composition Cu1�x�yFexCoyO (where x 6 0.06 and y 6 0.03 in a molar ratio) and
thickness of about 2 lm were spin coated onto ultrasonically cleaned glass substrates. These films were
annealed at 500 �C in the air. XRD results show that films are CuO of polycrystalline and monoclinic struc-
tures without the detection of any Fe or Co traces. The average crystallite size of pure CuO is 20.44 nm
reduced to 18.72 nm after Fe doping, then increased to 26.82 nm due to the co-doping with Co atoms.
The optical band gap blue-shifted from 2.15 eV to 2.3 eV followed by red-shift to 2.15 eV after the Co
incorporation. The influence of Fe doping and Co co-doping on the optical constants of CuO films as well
as the photocatalytic removal of methylene blue (MB) dye is reported. The correlations between the
structural modifications and the resultant optical properties are discussed. The obtained results of the
fabricated system are compared with those of similar materials.

� 2015 Elsevier B.V. All rights reserved.
Introduction candidate for solar cell applications, i.e. a suitable material for pho-
Among the transition metal oxides, the nanostructured copper
oxides have attracted much interest due to the promising applica-
tions of these materials in the applied science and technology.
Cuprous oxide, Cu2O, is a p-type semiconductor with a direct band
gap around 2.2 eV [1,2] and exhibits high hole mobility theoreti-
cally exceeding 100 cm2/(V s) [3]. Thus, Cu2O is a very promising
tovoltaic energy conversion [4,5]. Cupric oxide, CuO, has a band
gap of 1.2–2.1 eV and exhibits p-type conductivity due to the
excess of oxygen or copper vacancies in its structure [1,5–12].
However, the existence of oxygen vacancies and/or Cu phase may
lead to n-type behavior for CuO [7,13,14]. The transition metal cop-
per (Cu; [Ar] 3d104s1) is one of the most abundant elements in the
Earth’s crust. In addition, CuO shows good electronic and thermal
properties, chemical stability and electrochemical activity with a
longer shelf life compared to organic antimicrobial agents [15].
Beside the low production cost and non-toxicity, CuO has a high
dielectric constant and a refractive index of 1.4. Therefore, CuO
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thin films have been widely used for various applications such as
humidity and gas sensors [16–22], supercapacitors [23], solar
energy applications [24–26], photocatalytic, antimicrobial and
anticancer activities [5,27–31], lithium ion batteries [2,32], spin-
tronics and high TC superconductors [33–38], nanofluids and heat
transfer applications [39,40].

The chemical and physical properties of most of the nanoscale
materials are strictly depend on their sizes and morphologies.
Therefore, considerable efforts have been made to synthesize
various CuO nanostructures with well-defined morphologies
via applying different synthesizing techniques. Preparation of
CuO microspheres [19], nanoneedles [25], nanoparticles (NPs)
[31,41–46], nanowires [18,47], cauliflower-like, nanobelt-shaped,
feather-like, network-like structure [21,44], and flower-like
[10,29,48] CuO have been reported. Sohrabnezhad et al. [15] pre-
pared spherical CuO NPs of size 3–5 nm via a thermal decomposition
method. Sankar et al. [28] synthesized rod-shaped CuO with an aver-
age size of 140 nm from Carica papaya leaves. Sivaraj et al. prepared
CuO NPs from Acalypha indica [30] and Tabernaemontana divaricate
leaves [31] via green chemistry approaches. Sabbaghan et al. [12]
were able to control the morphology of CuO NPs by adjusting the
amounts of NaOH and the ionic liquids additives. Chand et al. [49]
converted the hydrothermally prepared CuO nanorods into rectan-
gular nanoflakes only by adjusting the pH value of the solution.
Simultaneously, the CuO thin films have been fabricated using vari-
ous chemical and physical methods including thermal oxidation of
Cu films [13], reactive DC sputtering [16], pulsed laser deposition
(PLD) [20], colloidal solution [23] and solution combustion [29]
methods, sol–gel spin coating [17,24], RF magnetron sputtering
[34], sol–gel dip coating [9,11,50], spray pyrolysis [14,51], flame
spray pyrolysis followed by spin coating [44], and successive ionic
layer adsorption and reaction (SILAR) method [52]. Among these
techniques, the sol–gel chemistry together with the spin coating
method is preferred due to its simplicity, massive production, safety,
environmentally friendly, controllability over the composition and
film thickness. Also, this technique has been used to obtain high
quality thin films of tens of cm2 areas on both crystalline and amor-
phous surfaces [46,53].

Doping with metallic atoms can be used to improve the physical
and chemical properties of CuO thin films in order to satisfy the
particular needs and uses. The effects of In (up to 10%) on the opti-
cal band gap and the conduction mechanism of the dip coated CuO
films have been reported [9,11]. CuO: 15% Ru films exhibited a
higher specific capacitance with larger potential window com-
pared to the un-doped CuO film [23]. The effects of Mn doping
on the electrical and magnetic properties of CuO films have been
reported by Zhang et al. [34,35]. Ehrman et al. [44] found that dop-
ing with 5% Li increases the conductivity of CuO films by two
orders of magnitude due to the long lifetime of the photogenerated
charge carriers. Gulen et al. [52] reported the increase in the band
gap (Eg) value of CuO films from 1.42 to 2.2 eV with increasing the
Mn ratio up to 5%. The Eg values of the spray deposited CuO films
increased from 1.66 to 1.96 eV when doped with 10% Fe and the
magnetization at 300 K showed a hysteresis behavior with large
coercivity [54]. Based on the above survey, there are few reports
on the sol–gel spin coated CuO thin films. Also, to the best of our
knowledge, this is the first report discusses the influence of Fe dop-
ing and Co co-doping on the structural, optical properties, optical
constants, and photocatalytic activity of CuO films.

Experimental details

Films preparation

Pure, Fe-doped and Co-co-doped CuO films were prepared by
sol–gel method and spin coating technique. The starting material
was Cu(II) acetate hydrate [Cu(COOCH3)2�H2O, MW = 199.65, 98%,
PRS Panreac, Spain] as a metal cation precursors. The solutions
were prepared by dissolving 0.35 M of Cu(II) acetate hydrate in
2-methoxyethanol (CH3OCH2CH2OH, 99.8%, Aldrich). Then, 0.7 M
of monoethanolamine (C2H7NO, 98%, Aldrich) was added to the
solutions as a stabilizer. The Fe and Co sources were FeCl3�6H2O
[MW = 270.30, Nova Oleochem Limited] and Co(NO3)2�6H2O
[MW = 291.03, purity > 99%, Aldrich]. The additives were controlled
to obtain the following compositions; CuO, Cu0.97Fe0.03O,
Cu0.94Fe0.06O, Cu0.925Fe0.06Co0.015O, and Cu0.91Fe0.06Co0.03. For sim-
plicity, these compositions are named: CuO (pure), CuO: 3% Fe,
CuO: 6% Fe, 6% Fe + 1.5% Co, 6% Fe + 3.0% Co, respectively. The solu-
tions were stirred at 60 �C for 1 h and aged for more than 20 hat
room temperature (RT). Before the spin coating process, the sub-
strates were cleaned with dilute chromic acid and by sonication
in acetone, ethanol, and deionized water for 10 min each. Then,
the substrates were dried using air gun and baked at 100 �C for
20 min to remove any residual moisture. The precursor solutions
spin-coated on the substrates at 3000 rpm for 30 s, followed by
drying at 250 �C for 10 min on a hot plate. Spin coating and drying
were repeated nine times to obtain the desired thickness. Finally,
the films were annealed at 500 �C in air furnace.

Measurements

For identification of phases and crystallographic properties of
the as-prepared oxide films, X-ray diffraction (XRD, Philips
X’PertPro MRD) using Cu Ka radiation (k = 1.5418 Å) with a step
0.021, was used. Morphological and chemical composition studies
of the fabricated nanostructure films were carried out using
FE-SEM (model: ZEISS SUPRA 55 VP and ZEISS LEO, Gemini
Column) equipped with an energy-dispersive X-ray spectroscopy
(EDX). Optical spectra (reflectance and transmittance) in the spec-
tral range from 300 to 1000 nm were measured using UV/VIS/NIR
3700 double beam Shimadzu spectrophotometer at RT. The films
were dipped in an aqueous solution of 10 ppm methylene blue
(MB) at RT to study the photocatalytic decomposition of MB. The
experiment was carried out in the daytime between 11:00 am
and 17:00 pm, during June, 2014, under the illumination of natural
sunlight. The absorbance values were measured using UV-2100
Shimadzu spectrophotometer.
Results and discussions

Structural properties

Fig. 1 shows the XRD patterns of the copper oxide films synthe-
sized by a spin coating method and annealed at 500 �C in air. All
the diffraction peaks at 2h = 32.463, 35.509, 38.567, 48.804,
53.2507, 58.1986, 61.579, 66.384, 67.987 and 75.109 are purely
assigned to the (110), (002), (200), (�202), (020), (202), (�113),
(�311), (220), and (22 �2) crystal planes, respectively. It can be seen
that the films are polycrystalline and all the diffraction peaks
belong to the CuO monoclinic (tenorite) phase that belong to the
C2/c space group (JCPDS 48-1548). The intense and sharp diffrac-
tion peaks indicate that well crystallized CuO nanostructured films
can be obtained under the synthetic conditions. There are no defi-
nite changes in the peaks position. There are no extra peaks corre-
sponding to metallic Cu, Fe, and Co or the related phases of these
metals (oxides or any ternary copper iron cobalt phases) in the
doped CuO films. This suggested that Fe and Co atoms were effec-
tively substituted Cu sites within CuO lattice without affecting the
crystal structure of the parent material (CuO). Similar results were
reported for Ni-doped CuO nanopowders [8], thin films of In-doped
CuO prepared by sol–gel using the ethanol as a solvent [11], CuO



Fig. 1. XRD patterns of the sol–gel spin coated Fe- and Co-doped CuO films.
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NPs prepared by a reflux method using pyridinium based ionic liq-
uids [12], and for Mn-doped CuO nanoflakes [38]. However,
another research group found weak signals correspond to
CuFe2O4 and NiO in the XRD of Cu0.9Fe0.1O and Cu0.8Ni0.1Fe0.1O
NPs, respectively [36].

The average crystallite sizes of the films were calculated from
the peak widths, considering the first three peaks, using Scherer
equation; Cs = 0.94k/Bcosh. Where, Cs is the average crystallite size,
k is the used wavelength (1.546 Å for Cu Ka), B is the full-width at
half-maximum (FWHM) intensity of the peaks after subtraction of
the equipment broadening, and h is the diffraction angle. The B val-
ues for the planes (110), (002), and (200), as well as the Cs values,
are listed in Table 1. The average crystallite size of the pure CuO is
found to be 20.44 nm and decreases to 18.72 nm with increasing Fe
doping ratio to 6.0%, indicating a small deterioration in the films’
crystallinity. The decrease of Cs with increasing the doping ratio
was also reported for the dip coated In-doped CuO films [9], the
sol–gel prepared Zn-doped CuO NPs [46] and the spray pyrolyzed
Zn-doped TiO2 films [55]. In addition, our results indicate that
the co-doping of CuO films with Co increases the crystallite size
to 26.82 nm. This means that the co-doping with Co enhances
the grain growth of CuO. Similar results were reported for
Mn-doped CuO nanoflakes prepared by a wet chemical method
[38] and for the sol–gel prepared Cu-doped TiO2 NPs [56].

The lattice parameters a, b, c and the volume of the unit cell, V,
of the CuO monoclinic structure were calculated using the follow-
ing relations [11,51]:
Table 1
XRD data; full width at half maximum intensity (FWHM), crystallite size (CS), d-spacing,

Film FWHM Cs (nm) d-Spa

(110) (002) (200) (110)

CuO (pure) 0.945 0.472 0.236 20.44 2.758
CuO: 3% Fe 0.551 0.433 0.590 15.98 2.752
CuO: 6% Fe 0.551 0.315 0.551 18.72 2.766
6% Fe + 1.5% Co 0.6300 0.236 0.512 21.38 2.765
6% Fe + 3.0% Co 0.472 0.295 0.236 26.82 2.759
1

d2 ¼
1

sin2 b

h2

a2 þ
k2

b2 sin2 bþ l2

c2 �
2hl cos b

ac

 !
ð1Þ

V ¼ abc sin b ð2Þ

The d-spacing (d) values and the calculated a, b, c, and V values
are listed in Table 1. These values are in a good agreement with the
reported values in the literature [32,38]. It is observed from Table 1
that the variation of the doped CuO lattice parameters is not
remarkable when compared with the un-doped CuO and do not
follow a systematic trend with increasing the Fe and Co content.
This indicates that the incorporation of Fe and Co in CuO host is
not ordered. These results could be attributed to two main reasons.
First, the ionic radii of Cu2+, Fe2+ and Co2+ are 0.072, 0.083, and
0.074 Å, respectively [37,57–59]. These values are close to each
other and thereby Cu ions in the lattice structure can be well
replaced by Fe and Co ions. The second reason is the complexity
of the CuO monoclinic crystal structure and the anisotropic varia-
tion in the crystal lattice.

The random orientation of the atomic planes occurs in the
growth of CuO thin films [7]. However, Fig. 1 clearly shows that
the intensities of (002) and (200) peaks are much stronger than
that of the other peaks. This may indicate some preferential orien-
tations of the formed nanocrystals along these directions. The
quantitative information concerning the preferential crystallite
orientation is expressed by the well-known relation [51,60]:

TCðhklÞ ¼
I
Io

1
n

X IðhklÞ

IoðhklÞ

� ��1

ð3Þ

where TC is the texture coefficient, I(hkl) is the measured intensity of
a plane (hkl), Io(hkl) is the standard intensity of the plane (hkl) taken
from the JCPDS data, and n is the number of diffraction peaks. A
sample with randomly oriented crystallites presents TC(hkl) = 1, the
larger this value, the larger abundance of crystallites oriented in
the (hkl) direction. The TCs values are calculated considering the
first three peaks; (110), (002) and (200) and presented in Fig. 2.
As seen, TC(002) and TC(200) are greater than unity and varied with
the doping in a reverse behavior to each other.

Chemical composition and film morphology

Fig. 3 shows the energy dispersive X-ray spectroscopy
(EDX/SEM) analyzes of pure CuO and 6% Fe-doped CuO thin film
on the glass substrates. Qualitative and quantitative analyzes of
the chemical composition of the fabricated CuO thin film is shown
in Fig. 3(a). This EDX spectrum clearly confirms the presence of Cu
and O peaks. There are two peaks relevant to Cu at around 1 keV
and 8 keV. The quantitative analysis of the CuO is 79% Cu and
21% O, which indicates the high purity of the fabricated CuO thin
film. However, the chart in Fig. 3(a) shows that the O signal not
only comes from the CuO thin film but also from the glass sub-
strate. In addition, Si, Ca, Mg and Na signals are detected from
the glass substrate in the EDX pattern. The observed Cu and O
ratios are affected by the preparation conditions. Alami et al. [61]
prepared CuO films by submerging copper substrates in a
and the lattice parameters of the un-doped and Fe and Co doped CuO films.

cing Lattice parameters

(002) (200) a (Å) b (Å) c (Å) V (Å3)

2.528 2.334 4.734 3.418 5.127 81.82
2.534 2.328 4.721 3.412 5.138 81.62
2.530 2.327 4.718 3.441 5.131 82.17
2.527 2.321 4.707 3.422 5.123 81.85
2.526 2.332 4.728 3.442 5.123 81.75



Fig. 2. The texture coefficients; TC(110), TC(002) and TC(200) according to the film composition.

Fig. 3. EDX spectra of the (a) pure CuO and (b) 6% Fe-doped CuO film on glass substrate.
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Fig. 4. SEM images of 6% Fe-doped CuO film on glass substrate (a) cross-sectional view and (b) top-view.
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75 mmol/L ammonia solution at pH = 11 and at RT. The specimen
that taken out after 36 h had showed 46.2% O versus 53.8% for
Cu then became 49.3% O versus 50.7% Cu after 9 days.

The EDX spectrum of Fe-doped CuO film, Fig. 3(b), exhibited the
same signals in Fig. 3(a) in addition to Fe signals. The quantitative
analysis indicated that the ratio of Fe is 6%. For the co-doped film
with Co, no signals are detected for Co and the observed signals
are typical of EDX spectrum in Fig. 3(b). Fig. 4 illustrates SEM
images of 6% Fe-doped CuO thin film on the glass substrate.
From the cross-sectional SEM image in Fig. 4(a), the average thick-
ness of the film is estimated to be �2 lm. The surface morphology
of the film is shown in the top-view field emission – SEM image in
Fig. 4(b). This image demonstrates smooth film from agglomerated
spherical NPs with tiny diameters (<15 nm). These particles show a
narrow size distribution and the number of particles per unit area
is very high. So this film is suitable for nanotechnological applica-
tions such as sensors and photocatalysts.

Optical characterizations

The data of the normal transmittance Tt and reflectance Rt spec-
tra taken from the equipment were corrected due to the substrate
effects according to the formulas [62]
Fig. 5. (a) The transmittance spectra of the doped CuO films and (b)
Tf ¼
TtTsð1� RtRsÞ

T2
s � T2

t R2
s

ð4Þ

Rf ¼
RtT

2
s � T2

t Rs

T2
s � T2

t R2
s

ð5Þ

where Tf and Rf are the transmittance and reflectance of the film
only, and Ts and Rs are the transmittance and reflectance of the used
glass substrates. Fig. 5(a) shows the dependence of the corrected
transmittance (Tf) on the wavelength. As seen, the transmittance
of the films increases almost linearly with the wavelength (k) of
the incident radiation in the range 500–800 nm, then the spectra
reach the maximum values around k = 850 nm. The values of Tf in
the range k = 600–800 nm is between 21.5% and 70%. This is similar
to the values obtained for CuO films deposited on glass substrates
by thermal oxidation of metallic Cu films at 350–450 �C [13]. Also,
it is observed that the film with the largest crystallite size, 6.0%
Fe + 3.0% Co, showed the highest transparency. This result is similar
to the results published by Oral et al. [24]. In a recent study, the CuO
film fabricated by SILAR method exhibited transparency up to 80%
at k > 700 nm only when doped with Mn [52]. Also, Joseph et al.
[54] reported an enhancement in the transmittance for the spray
deposited CuO films when doped with 10% Fe.
the dependence of the absorption index (k) on the wavelength.



Fig. 6. The plots of (ahm)2 vs. photon energy, hm, of the Fe- and Co co-doped CuO
films.

Fig. 7. The Urbach plot of the doped CuO films.
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Because of the crystallinity and relatively higher transparency,
the copper oxide films are suitable for optical analysis from which
the absorption coefficient and energy band gap can be determined.
For the film of thickness t, both the absorption coefficient (a) and
the absorption index (k) were calculated using the relations [44]:

a ¼ 1
t

ln
1
Tf

� �
and k ¼ ak

4p
ð6Þ

The absorption index (k) reflects the absorption of electromag-
netic waves in the semiconductor due to inelastic scattering events
[63]. Fig. 5(b) shows the dependence of k of the films on the wave-
length. The k values are between 0.0024 and 0.037 and relatively
constant in the long wavelength region, confirming the high trans-
parency of the prepared films [64].

The theory of optical absorption gives the relationship between
the absorption coefficient a and the photon energy hm [7]:

a ¼ Aðhm� EgÞn=2

hm
ð7Þ

where A is a constant, Eg is the optical band gap, h is the Planck’s
constant (6.625 � 10�34 J/s), and n = 1 for the direct allowed transi-
tion. The optical band gap, Eg values were obtained by extrapolating
the linear part of the plots of (ahm)2 vs. hm to a = 0, as shown in
Fig. 6. The linear portion that observed in this figure indicates that
the transition is performed directly. The corresponding Eg values are
given in Table 2. As seen from Fig. 6 and Table 2, the Eg values
increased from 2.15 to 2.30 eV with the increasing of Fe doping
ratio from 0% to 6.0%. Similar results were reported for CuO nanofi-
bers [5] and also for the dip coated In-doped CuO films [9].
Table 2
The optical absorbance at 665 and 670 nm wavelength, the optical band gap (Eg), the Urbach
the electron effective mass, (e2/pc2)(N/m⁄), the single oscillator energy (Eo), and the energ

Film Abs.
(k = 665 nm)

Abs.
(k = 670 nm)

Eg

(eV)
EU

(m eV

CuO (pure) 0.3616 0.3503 2.15 482
CuO: 3% Fe 0.3627 0.3502 2.20 407
CuO: 6% Fe 0.3264 0.3148 2.30 376
6% Fe + 1.5% Co 0.3381 0.3241 2.17 689
6% Fe + 3.0% Co 0.4197 0.4043 2.10 781
Sabbaghan et al. [12] prepared CuO NPs having Eg in the range
1.67–1.85 eV. Umadevi and Christy [29] reported Eg of about
3.0 eV for CuO nanoflowers. Basith et al. reported the increase of
the Eg of CuO NPs from 2.8 eV to 3.4 eV with increasing Fe content
from 0% to 2.0% wt. [10]. In addition, Eg of the doped CuO films pre-
pared by SILAR method, continuously increased with increasing Mn
content to 5% [52]. The observed blue shift may be originated from
active transitions involving 3d levels in Fe2+ ions as well as the
strong sp–d exchange interactions between the band electrons
and the localized ‘d’ electrons of the Fe. On the other hand, the
co-doping of CuO films with Co ions cause the decrease of Eg values.
This shows an improvement of the quality of the films and supports
the XRD results as the incorporation of Co ions enhances the grain
growth process. This reverse relation between Cs and Eg was also
reported for the In-doped CuO films that prepared by flame spray
pyrolysis followed by spin coating [43] and for spray deposited
CuO films [54]. In addition, Chaparro et al. and Hong et al., individ-
ually, illustrated that the red shift in the Eg of ZnSe [65] and ZnO
[66] films was attributed to the increase in grain size of the pre-
pared films.

The absorption coefficient, a near the fundamental absorption
edge (Urbach tail) usually shows simple exponential energy depen-
dence according to the relation:

a ¼ ao exp
ht
EU

� �
ð8Þ

where a0 is a constant and EU is the Urbach energy that determines
the width of the tail. EU is attributed to the disorder in the material
that leads to the tail in the valence and conduction bands. Fig. 7
shows the plots of ln (a) vs. the photon energy (hm) and the values
energy (EU), the minimum refractive index (nmin.), the ratio of carrier concentration to
y parameter (Ed) of the sol–gel spin coated CuO films.

)
nmin (e2/pc2)(N/m⁄)

(nm)�2
Eo

(eV)
Ed

(eV)

1.7658 (at 620 nm) 5.91 � 10�6 3.017 4.79
1.8074 (at 670 nm) 3.47 � 10�6 3.145 4.56
1.3702 (at 675 nm) 3.14 � 10�6 3.168 4.53
1.0129 (at 700 nm) 9.81 � 10�6 2.990 3.48
1.2821 (at 795 nm) 1.35 � 10�5 2.806 5.72
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of EU were obtained from the slopes of the linear fitting of this figure
according to the relation:

EU ¼
dðlnðaÞÞ

dðhmÞ

� ��1

ð9Þ

The obtained EU values are listed in Table 2. It is observed that,
the EU values are inversely changed with Eg of the films. Thus, EU

decreases with the increasing of Fe content and then increases
with the co-doping with Co. Similar results were reported for
Cu-doped ZnO thin films [57].

Evaluation of the refractive indices of the films is considerably
important for the applications in integrated optics devices in which
the refractive index is a key parameter for the device design. The
complex refractive index is defined as ñ = n + ik, where the refrac-
tive index, n, given by [57,60]:

n ¼ 1þ Rf

1� Rf
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Rf

ð1� Rf Þ2
� k2

s
ð10Þ

Fig. 8 shows the dependence of n values on the wavelength k, of
the applied radiation. In the short wavelength region, n is constant
and ranged from 1.5 to 2.2 depending on the doping ratio. With
increasing k, the n value decreases to a minimum value and then
increases. It can be seen that at k P 760 nm, the value of n of the
CuO films decreases with increasing the doping ratio (Fe and Co
contents). Similar behaviors have been reported for CuO thin films
prepared by the activated reactive evaporation method [67,68]. In
addition, the wavelength corresponding to the minimum value of n
shift to longer values with increasing the doping ratio, as given in
Table 2.

From the normal dispersion behavior of n with k, various dis-
persion parameters can be calculated. The ratio of carrier concen-
tration to the electron effective mass (e2/pc2)/(N/m⁄) can be
calculated by considering the dependence of n2 on k2 (as shown
in the inset of Fig. 8) according to the following dispersion relation
[60]:

n2 ¼ el �
e2

pc2

� �
ðN=m�Þk2 ð11Þ

where el is the lattice dielectric constant. The obtained values of
(e2/pc2)/(N/m*) are given in Table 2. With the Fe incorporation
Fig. 8. The dependence of the refractive index n on k. The inset shows the
dependence on n2 on k2 according to Eq. (11).
within CuO films, the ratio of carrier concentration to the electron
effective mass is decreased and then increased with the co-doping
with Co. This is consistent with the variation in the Eg values by
increasing Fe and Co content, where, Eg values increase (decrease)
with decreasing (increasing) the carrier concentrations [69].

In the low absorption region, the relation between the refractive
index and the oscillator strength below the band gap is given by:

n2 ¼ 1þ EdEo

E2
o � ðhtÞ

2 ð12Þ

where Eo is the oscillator energy and Ed is the dispersion energy
which is a measure of the strength of interband optical transitions.
The values of Ed and Eo can be obtained from the intercept and slope
of the linear fitted lines by plotting (n2 � 1)�1 vs. (hm)2, as depicted
in Fig. 9. The obtained values of Ed and Eo are listed in Table 2. The
oscillation energy can be correlated with the optical gap by the
empirical formula Eo = 1.38 Eg. Based on these results, it can suggest
that the optical constants of the CuO films could be controlled by Fe
and co-doping with Co. The quantitative measurements of these
parameters may help in tailoring and modeling the properties of
such films for their use in optoelectronic components and devices.

Photocatalytic properties

The photodegradation efficiency (g) was calculated from the
decrease of the absorbance of the MB dye solution at its maximum
absorption wavelength (668 nm) as follows:

g ¼ Co � Ct

Co
� 100 ð13Þ

where Co represents the initial concentration of the dye solution
and Ct represents the concentration of the dye at solar light irradi-
ation time (t). Fig. 10 shows the degradation efficiency (% removal)
as a function of the light exposure time for the films: CuO (pure),
CuO: 6% Fe, and 6.0% Fe + 3.0% Co. As seen, the co-doping with Co
cause 100% removal compared to 95.6% removal for CuO (pure)
and 94.9% removal for CuO: 6% Fe after 12 h exposure to the
Fig. 9. The variation of (n2 � 1)�1 w.r.t. (hm)2 for pure CuO, Fe-doped and Fe-and Co
co-doped CuO films.



Fig. 10. The degradation efficiency (% removal) for CuO, CuO: 6% Fe, and 6.0%
Fe + 3.0% Co films.
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sunlight. The proposed reaction mechanism can be illustrated as
follows:

CuOþ ht! e�CB þ hþVB ð14Þ
hþVB þ OH� ! OH ð15Þ
hþVB þH2O! OHþHþ ð16Þ
Dyeþ OH! ðintermediatesÞ ! CO2 þH2O ð17Þ

The absorbance values of the CuO films at k = 665 and 670 nm
are given in Table 2 in the previous section. It can be seen that
6% Fe + 3.0% Co film have an absorbance value higher than that
of CuO: 6% Fe. As the Fe concentration increases, Eg of CuO
increases and therefore not more photons can penetrate Eg to cre-
ate the (e�, h+) pairs. Hence, fewer amounts of the hydroxyl radi-
cals (OH) are generated and the photodegradation efficiency is
reduced [45]. However, co-doping of CuO films with Co leads to
the reduction of Eg. This enables more photons to penetrate the
Eg resulting in the increase in (e�, h+) pairs creation and the pro-

duction of _OH. This leads to the increase of MB degradation [70].
Similar results were reported; Sohrabnezhad et al. [15] demon-
strated that CuO-montmorillonite (MMT) nanocomposite has a
higher bactericidal effect than that of MMT alone. The electro-
chemically synthesized CuO thin films of nanowhiskers-like struc-
ture showed good efficiency in removal of Rose Bengal (RB) dye
from the waste water [27]. Also, the rod-like CuO effectively
degraded the Coomassie brilliant blue R-250 dye beneath the sun-
light [28]. Umadevi and Christy reported the good photocatalytic
activity of CuO nanoflowers for the removal of methyl orange
(MO) under UV irradiation [29]. Also, CuO–ZnO mixed oxide
showed a good efficiency in degrading C.I. Reactive Orange 16
(V3R) in water due to increasing the number of surface active sites
for the interaction [71]. All of these results confirm the effective
use of CuO nanocomposite materials in the photocatalytic degrada-
tion of various dyes.
Conclusions

High purity and nanostructured CuO films doped with Fe and
co-doped with Co have been synthesized successfully by applying
the sol–gel spin coating technique. XRD results revealed that the
prepared films were of polycrystalline nature with C2/c space
group. The incorporation of Fe and Co did not change the mono-
clinic structure of CuO. The films showed transparency between
21.5 and 70% in the most of the visible region of the spectra. The
band gap of CuO films can be tuned between 2.1 and 2.3 eV by dop-
ing with Fe and Co. The optical constant such as the absorption
index, refractive index, the ratio of carrier concentration to the
electron effective mass, single oscillator energy could be controlled
by the Fe doping and co-doping with Co. The photocatalytic degra-
dation of methylene blue (MB) by CuO films showed lower
enhancement than when Co was incorporated into CuO: 6% Fe. In
conclusion, the proposed method has some merits like the low cost
of processing, facile technology, high controllability, and relatively
simple equipment. All of these factors facilitate the use of the pre-
pared films in optoelectronic components and devices.
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