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Abstract

Thin films of un-doped and Mn-doped CuO nanostructures have been deposited on glass substrates via the SILAR method. The

morphological, compositional, structural and optical properties of the films have been investigated by scanning electron microscopy,

energy dispersive spectroscopy, X-ray diffraction analysis and UV–vis spectrophotometry. The analyzed results indicate that the

obtained films consist of plate-like nanostructures. From the EDS analysis it is seen that Mn-doping concentration affects the shapes of

the nanostructures. XRD results show that all of the films have monoclinic structure. From the room temperature UV–vis analysis it is

found that the optical band gap of the films increases with increasing Mn-doping concentrations.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transition metal oxides in the nanoscale region are of great
interest in the current research because of their interesting
properties with a variety of applications. Among them, cupric
oxide (CuO) is an important p-type transition metal oxide with
a narrow band gap (Eg¼1.2–1.9 eV) [1–3]. CuO has received
considerable attention in recent years due to its unique
properties and wide application range in gas sensors [4],
biosensors [5], solar cells [6], high Tc superconductors [7],
lithium ion batteries [8], catalysts [9], etc. Many efforts have
been made to fabricate nanostructured CuO materials, includ-
ing nanoparticles [10], nanorods [11], nanowires [12], nano-
plates [13], and nanotubes [14], to enhance its performance. It
is known that shape controlled morphologies highly affect the
properties of the nanomaterials. Besides this, a number of
elements can be used as doping elements to enhance the
physical and chemical properties of materials. Although a
number of researches have been done on doping of
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2013.01.077

ing author. Tel.: þ90 326 2455845; fax: þ90 326 2455867.

esses: fbayy@hotmail.com,

il.com (F. Bayansal).
nanostructured films, it is still remains a challenge to achieve
high quality of crystalline films with excellent physical and
chemical properties of doped CuO nanostructures.
Among transition metal oxides, copper oxide has drawn

a lot of attention because of its excellent performance as a
catalyst. Mn is known as an excellent catalyst too. Many
researches on the mixed oxide catalysts containing man-
ganese oxides or copper oxides were carried out [15]. From
the literature survey it was found that there are a few
reports on Mn-doped bulk and/or nanostructured CuO
[12,16,17]. Gao et al. have synthesized Mn-doped CuO
nanowires by oxidizing Mn–Cu alloys for 20 h and have
investigated the magnetic properties of the nanowires [12].
Yang et al. have synthesized Mn-doped CuO powder and
pellet samples by the coprecipitation method followed by
annealing at 1000 1C for 10 h and have investigated the
magnetic properties of the samples too [16]. Zhang et al.
have deposited Mn-doped CuO thin films by radio fre-
quency magnetron sputtering. The ceramic targets
of MnxCu1�xO used were synthesized by using the
standard solid-state reaction technique [17]. They have
investigated the AC susceptibility, electrical transport and
magnetotransport properties of the films. But to our best
ll rights reserved.
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knowledge there is no report on the morphological,
structural and optical properties of Mn-doped nanostruc-
tured CuO films.

Many deposition techniques like spin-coating [18], ther-
mal evaporation [19], microwave irradiation [20], electro-
deposition [21], solution growth [22], etc. were employed
for coating of CuO films. Furthermore, Mn-doped CuO
has been synthesized by oxidizing Mn–Cu alloys, copreci-
pitation and RF magnetron sputtering techniques
[12,16,17]. The methods used in these reports take much
time and need high annealing temperatures which make
them expensive. On the other hand successive ionic layer
adsorption and reaction (SILAR), a solution-based tech-
nique, is a promising technique because it is a simple, safe,
environmental friendly and low cost technique. The
method is also capable of producing metal oxide films at
relatively low temperatures.

In the present paper, we present a simple approach to
synthesize CuO nanostructures onto amorphous substrates
(microscope glass slides) with different doping concentra-
tions of Mn by the SILAR method for the first time. The
morphological, compositional, structural and optical prop-
erties of the films have been investigated and correlated
with each other by scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD) analysis and UV–vis spectrophotometry.

2. Experimental details

Un-doped and Mn-doped CuO nanostructures were
deposited on glass substrates by the SILAR method. The
experiments were carried out in a solution containing
Un-doped
Mn:        0%

1 %Doped 
Mn:  0.02%

Fig. 1. SEM images and EDS results of
Cu2þ (for un-doped samples) or Cu2þ :Mn2þ (for doped
samples) ions. The raw materials used in the experiments
were analytical grade reagents, purchased from Sigma-
Aldrich Company and Merck KGaA and used without
further purification. Un-doped samples were synthesized as
follows: first, 0.1 M copper chloride solution was prepared
with copper(II) chloride dehydrate (CuCl2 � 2H2O) and
100 ml double distilled water (18.2 MO cm). Then the
solution was stirred in a magnetic stirrer at room tempera-
ture for a few minutes in order to get a transparent and
well-dissolved solution. After stirring, pH value of the
solution was adjusted to �10.0 by adding aqueous
ammonia and then the solution was heated up to 90 1C.
During the experiments the temperature was kept con-
stant. In order to get 1–2 mm thick films, 10 cycles of
SILAR were applied. An SILAR cycle can be described as
follows: the substrates were dipped into the solution and
kept there for 30 s. Then they were taken out from the bath
and immediately dipped into hot water (90 1C) for another
30 s. Finally the films were dried at room temperature for a
day. After drying, the samples were cleaned in an ultra-
sonic bath for 5 min in order to loose bigger and tightly
bonded particles. For the doped samples the same proce-
dure was applied but this time, different concentrations
(1, 3 and 5 at%) Mn(NO3)2 was added to 0.1 M copper
chloride solutions. The rest of the experiments were
maintained as the same.
A Phlips XL30S FEG scanning electron microscope (SEM)

was operated at an acceleration voltage of 15 kV for morpho-
logical images. The compositions of Mn ions have been
investigated through energy dispersive spectroscopy (EDS).
The crystal structures of the samples were examined by a
3 %Doped 
Mn:  0.06%

5 %Doped 
Mn:0.10%  

un-doped and Mn-doped CuO films.
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Rigaku SmartLab X-ray diffractometer (XRD: Cu Ka radia-
tion, l¼1.540056 Å). A scan rate of 0.011/s was applied to
record the patterns in the 2y range of 30–801. Optical studies
were conducted at room temperature by using a Thermo
Scientific Genesys 10 S UV–vis spectrophotometer. The opti-
cal spectral range was 190–1100 nm.
3. Results and discussion

3.1. Morphological studies

The surface morphology of un-doped and Mn-doped
CuO films was characterized by scanning electron micro-
scopy. Mn concentrations in the films were investigated by
energy dispersive spectroscopy. Fig. 1 shows the surface
morphology and elemental distribution (insets) of the un-
doped and Mn-doped films. From these graphs it was seen
that the Mn concentrations of 1%, 3% and 5% in the
growth solutions provided doping values of 0.02, 0.06 and
0.10 at% Mn in the films respectively. Because of this
linear behavior between the doping concentration of the
growth solutions and the doping percentages of the films
one can conclude that higher concentrations of Mn ions in
the growth solution will result in higher doping levels of
Mn in the CuO films. As seen from the SEM figures the
obtained films are crack free with nano-sized particles. The
surface morphology of the films almost remained
unchanged while the Mn concentration increased. All of
the films consist of plate-like nanostructures as previously
reported [13,22]. The increase in the Mn concentration in
the films increases the thickness but decreases the length of
the plates. Thicknesses of the nanostructures, listed in
Table 1, are found to be 24, 32, 34 and 47 nm and lengths
of the nanostructures are found to be 700, 270, 250 and
200 nm for un-doped, 1%, 3% and 5% Mn doped films
respectively. As we will see in the following sections this
change will affect deeply the band gap of the films. From
the XRD analysis it was seen that the intensities of the
preferential planes were decreased by a big amount with
Mn doping. Also there are no extra peaks due to Mn
metal, other oxides or any copper manganese phase,
indicating that the samples are in single phase. Thus the
Mn ion was understood to have substituted the Cu sites.
It is also known that the crystal growth rate is bigger in the
Table 1

Thickness and length of the plates, band gap and grain size of the films as a

Mn concentration of the growth

solutions (at%)

Mn concentration of the

films (at%)

Thickness of the p

– – 24

1 0.02 32

3 0.06 34

5 0.10 47
preferential directions than the other directions. Substitu-
tions of Mn ions to the Cu sites may cause a decrease in
the growth of the preferential planes.
3.2. Structural studies

The crystal structure and the orientation of the films
have been investigated by using a Rigaku SmartLab X-ray
diffractometer (XRD: Cu Ka radiation, l¼1.540056 Å)
and the results are depicted in Fig. 2. The XRD patterns of
un-doped and Mn-doped (1%, 3% and 5%) films were
obtained at an operating voltage and current of 40 keV
and 30 mA, respectively. The 2y range of 30–801 was
recorded at the scan rate of 0.011/s. From the figure it
was understood that all of the films are polycrystalline in
nature, exhibiting monoclinic structures. The peak posi-
tions were indexed to ð110Þ, ð111Þ, ð111Þ, ð202Þ, ð020Þ,
ð113Þ, ð311Þ and ð220Þ planes and the peak positions were
found to be in accordance with the JCPDS [card: 01-080-
0076] of CuO. But from the XRD data it is evident that
there are no additional peaks due to Mn or oxides of Mn
which means that the substitution of Cu atoms by Mn
atoms has not changed the monoclinic structure of CuO or
the peaks belonging to Mn atoms were very weak that they
disappeared in the noise signal. It is found that the
intensities of ð111Þ and ð111Þ peaks are much stronger
than those of other peaks which indicate that they are
preferential crystal planes of the nanostructures. Mn
doping (even in small percentages) caused a large decrease
in the ð111Þ and ð111Þ peak intensities at first. But then, as
the doping concentration was increased the ð111Þ and ð111Þ
peak intensities also increased slowly. These diffraction
patterns show that the intensities of diffraction peaks
declined as Mn was doped, i.e. Mn doping within CuO
films caused the crystallinity to degenerate. On the other
hand increasing Mn doping has a generative effect on the
crystallinity. It is evident from the XRD data that there are
no extra peaks due to manganese metal, other oxides or
any copper manganese phase, indicating that the as-
synthesized samples are in single phase. The Mn ion was
understood to have substituted the Cu site without chan-
ging the monoclinic structure.
The average grain size (D) of Mn doped CuO films was

calculated from the peak full width at the half maximum
function of Mn concentration.

lates (nm) Length of the plates (nm) Eg (eV) Average grain size (nm)

7007110 1.42 9.94

270720 1.98 7.83

250728 2.08 8.21

200722 2.20 9.76
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Fig. 2. X-ray diffraction patterns of un-doped and Mn-doped CuO films.
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Fig. 3. Optical transmittance spectra of un-doped and Mn-doped

CuO films.
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Fig. 4. Comparison of ðahuÞ2 versus hu plots of un-doped and Mn-doped

CuO films.
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(FWHM) of a peak (b), using the Scherrer formula [23]

D¼
kl

bcos y
ð1Þ

where k is the shape factor (�0.9), l is the wavelength of
X-ray radiation, y is Bragg’s angle of the peaks and b is the
angular width of peaks at FWHM. Calculated average
grain sizes (D) of the CuO films are given in Table 1.
An introduction of 0.02 at% in Mn concentration resulted
in a decrease in grain size from 9.94 nm to 7.83 nm.
Further increase in Mn concentration resulted in increases
of grain sizes (8.21 nm for 0.06 at% of Mn and 9.76 nm for
0.10 at% of Mn).

3.3. Optical studies

The optical properties of pure and Mn-doped CuO films
were studied to investigate the effect of doping on the
optical transmittance and band gap energies. The room
temperature transmission spectra of un-doped and Mn-
doped films in the wavelength range of 400–1100 nm are
shown in Fig. 3. Un-doped CuO does not transmit the
wavelengths under 700 nm and it transmits the higher
wavelengths at small percentages (maximum of 10%). But
as seen from the figure, Mn incorporation to the films
increases the transmittance and it reaches the value of
�80% at 0.10 at% Mn doping. The samples do not have
sharp absorption edges which yield in between 500 and
800 nm. In order to calculate the band gap energies the
absorption characteristics of the films were recorded in the
wavelength range of 190–1100 nm. CuO is known to be a
direct-allowed semiconductor. For the direct allowed
transitions it is well known that the theory of optical
absorption gives the relation between absorption coeffi-
cient (a) and photon energy (hn) as [24]

ðahuÞ2 ¼Bðhu�EgÞ ð2Þ

where B is an energy independent constant and Eg is the
optical band gap. Fig. 4 shows the graph of ðahuÞ2 versus
photon energy (hu) as a function of Mn-doping percentages.
By using this graph the direct gap values can be determined
by extrapolating the straight line portion. The Eg value of
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Fig. 5. Band gap values of the CuO films as a function of Mn concentration.
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un-doped CuO film was found to be 1.42 which is in a good
agreement with [22]. The intercept values on the energy axis
were found to be 1.98, 2.08 and 2.20 for 0.02, 0.06 and
0.10 at% Mn-doped CuO films respectively. It was found
that the optical band gap was gradually increased with Mn-
doping. Since the band gap of MnO (for bulk crystals
Eg¼4.2 eV) is higher than that of CuO (1.42 for the present
work), the band gap of Mn-doped CuO should be greater
than the band gap of pure CuO. The band gap values versus
Mn-doping concentrations in the growth solution are
plotted in Fig. 5.

4. Conclusions

Un-doped and Mn-doped CuO thin films were synthe-
sized by the SILAR method. All of the films are crack free
with nano-sized (plate-like) particles. From the SEM
images it was also understood that the thickness and
lengths of the plate-like nanostructures were affected by
the Mn concentration. The EDS analysis showed that the
Mn-doping percentages of the films had a linear depen-
dence with the Mnþ2 ion concentration in the growth
solution. The XRD results showed that all of the films
have polycrystalline nature with monoclinic structure. The
UV–vis analysis suggested that the Mn-doping concentra-
tion in the films affected the transmission and optical band
gap. As Mn concentration increases the optical transmis-
sion and optical band gap energy values also increase.
Copper oxide and Mn are known to be perfect catalysts
which implies that Mn doping to CuO can improve the
catalytic properties of CuO.
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H.S. Güder, Nano-structured CuO films prepared by simple solution

methods: plate-like, needle-like and network-like architectures, Cera-

mics International 38 (2012) 1859–1866.

[23] Durgajanani Sivalingam, Jeyaprakash Beri Gopalakrishnan, John Bosco,

Balaguru Rayappan, Structural, morphological, electrical and vapour
sensing properties of Mn doped nanostructured ZnO thin films, Sensors

and Actuators B 166–167 (2012) 624–631.

[24] Xiaolu Yan, Dan Hu, Hangshi Li, Linxiao Li, Xiaoyu Chong,

Yude Wang, Nanostructure and optical properties of M doped ZnO

(M¼Ni, Mn) thin films prepared by sol–gel process, Physica B 406

(2011) 3956–3962.


	Fabrication and characterization of Mn-doped CuO thin films by the SILAR method
	Introduction
	Experimental details
	Results and discussion
	Morphological studies
	Structural studies
	Optical studies

	Conclusions
	References




