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The effect of coumarin doping during the growth of CuO nanostructures by SILAR method has been
studied. It was found that coumarin considerably influences the growth process, manipulates the band-
gap and modifies the crystallite size of the films. XRD experiments evidenced that with higher coumarin
concentrations in the growth solution, the microstrain and dislocation density increased, while the crys-

tallite size of the films decreased. SEM images revealed that the thicknesses of the plate-like nanostruc-
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tures decreased with increasing coumarin concentration. By UV/vis spectrophotometer analysis it is
found that the coumarin concentration affects both the optical band gap and the transmission rate: both
the band gap and spectral transmittance values of the films decreased for higher coumarin content.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cupric oxide (CuO) is an important p-type transition-metal
semiconductor with a relatively narrow band gap (~1.2 eV at room
temperature) and has received considerable attention for various
applications including gas sensors [1], biosensors [2], solar energy
transformation [3], catalysis [4], batteries [5], and magnetic
storage media [6]. Moreover, CuO is non-toxic, cost-effectively syn-
thesized, and abundant in nature. Because of these properties,
nanostructured CuO films have attracted significant research inter-
est. A variety of growth techniques such as sputtering [7], electro-
deposition [8], thermal oxidation/physical vapor deposition (PVD)
[9], chemical vapor deposition (CVD) [10], sol-gel [11], chemical
bath deposition (CBD) [12], and successive ionic layer adsorption
and reaction (SILAR) [13] have been employed to synthesize and
analyze CuO films. Among these techniques, SILAR is a promising
technique because this technique is a relatively simple, safe, envi-
ronmental friendly, suitable for mass production, low temperature
compatible, and cost effective solution-based growth technique.

Various methods exist to manipulate the structural, optical,
electrical and mechanical properties of solution-based grown thin
films. One of these methods is using organic additives in the
growth bath for solution-based synthesis. Additives in aqueous
solutions are also known to control the surface morphology, pre-
ferred orientation, chemical composition, and the grain size [14].
A variety of additives such as coumarin, saccharin, citric acid,
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EDTA, malonic acid, and tartaric acid are the most widely used
ones in electrodeposition processes for industrial coatings like
nickel plating industry [15]. Among them, coumarin is known as
an additive that not only refines the grains, but makes the grain
size distribution more uniform as well [16]. It is well known that
the properties of nano-crystalline/particular thin films depend on
both the size and morphology of the crystals/particles. Many inves-
tigations are still carried out to improve the characteristics of CuO
materials. However, to the best of our knowledge, the behavior of
coumarin doping during the SILAR-based CuO film growth pro-
cesses has not been studied yet. In this study, we investigate the
influence of coumarin content on the morphology, crystalline
structure, and optical properties of CuO nanostructured films
obtained by SILAR method.

2. Experimental

The chemical reagents used in the experiments were analytical grade,
purchased from Sigma-Aldrich Company and Merck KGaA and used without further
purification. Before the film growth, the glass substrates were cleaned with dilute
sulfuric acid solution (H,SO4:H,0, 1:5, v/v), acetone, and double distilled water
for 10 min. each in an ultrasonic bath. The growth bath was prepared as the
following: 0.1 M copper chloride solution was prepared with copper(ll) chloride
dehydrate (CuCl,-2H,0) and 100 ml double distilled water (18.2 MQ cm2). The
solution was stirred in a magnetic stirrer at room temperature for a few min. in or-
der 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 the solution was
heated up to 90 °C at which the solution was kept during the entire growth phase.
Pre-cleaned substrates were dipped into the growth bath vertically for 30s. and
then into hot water (90 °C) for another 30 s. This unit SILAR cycle was repeated
for 10 times in order to get reasonably thick layers of nanostructured CuO film.
When the growth process was finished the substrates were cooled down to room
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temperature naturally and washed with water in an ultrasonic bath for 10 min. in
order to remove the larger and loosely bonded CuO particles from the film surface.
To investigate the effect of coumarin concentration, coumarin was added to the
growth baths in certain concentrations as 1, 2, 4, 8, and 16 at.% respectively. The en-
tire growth processes are the same as in the previously explained reference process
where no coumarin was used. The only difference during the coumarin doping
experiments is that after preparing the copper chloride solution, coumarin was
added to the solution at the above-mentioned concentrations.

An FEI NOVA NANOSEM 430 scanning electron microscope (SEM) was used for
morphological surface imaging. The crystal structure of the samples was examined
by PANALYTICAL X'pert Pro MPD X-ray diffractometer (Cu Ko radiation,
/.=1.540056 A). In order to measure the optical band gap values and investigate
the spectral transmittance properties of the films, a THERMO 10S UV/vis spectro-
photometer was used in the wavelength range of 190-1100 nm.

3. Results and discussion
3.1. Crystal structure and morphology
A FEI NOVA NANOSEM 430 scanning electron microscope (SEM)

was used for morphological investigation of the synthesized CuO
films. Fig. 1 shows typical SEM images of the CuO films obtained

from the solutions containing 0, 1, 2, 4, 8, and 16 at.% coumarin,
respectively. At the initial stage (without coumarin, Fig. 1a) there
are plate-like CuO nanostructures which cover the whole surface
homogenously. But with increased coumarin concentration, the
nanostructures start to change their shapes, form some clusters
on the surface and loose their homogeneity. The average thickness
of the nanostructures in Fig. 1a is calculated as ~45 nm by using a
pixels program. It was observed that the thickness of the plate-like
nanostructures slowly decreased to ~34 nm (Fig. 1d and Table 1)
and then they changed their shapes into flower-like nanostruc-
tures (Fig. 1e and f). These findings are in good agreement with
our previous results on coumarin-doped ZnO nanostructures
[16], in which small coumarin content (1 and 5 at.%) did not affect
the microstructure but the higher concentrations affected the mor-
phology excessively as seen in Fig. 1. Another significant observa-
tion is that the plate-like nanostructures are similar to the
previously grown CuO nanostructures by our group utilizing the
CBD method [17]. When compared to the CBD-grown nanostruc-
tures, SILAR-grown nanostructures did not form homogeneous

Fig. 1. SEM images of CuO films prepared in the solution having the coumarin concentrations of (a) 0%, (b) 1%, (c) 2%, (d) 4%, (e) 8% and (f) 16%.
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Table 1

Plate thickness, average crystallite size, microstrain, dislocation density and band gap energy values of the CuO films as a function of coumarin

concentration.

Coumarin Plate Average crystallite Microstrain Dislocation density Band
concentration (%) thickness (nm) size (D) (nm) (e)x 1073 (p) x 10" (cm™2) gap (eV)
0 45 18.6 1.95 335 1.50
1 39 16.9 2.15 41.0 1.44
2 38 14.7 247 54.1 143
4 34 15.9 2.28 46.1 1.39
8 - 15.5 2.33 48.1 1.34
16 - 15.0 241 51.6 1.32
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Fig. 2. XRD patterns of the CuO films.

clusters, instead the CuO nanostructures spread over the entire
substrate surface homogeneously.

To investigate the impact of coumarin concentration in the
growth solution on the structural properties of the CuO nanostruc-
tures, X-ray diffraction (XRD) patterns of the samples were ob-
tained at an operating voltage and current of 45 keV and 40 maA,
respectively. The 20 range of 30-70° was recorded at the rate of
0.02°. Fig. 2 shows typical XRD patterns of the synthesized CuO
films. All diffraction peaks can be clearly indexed to the monoclinic
CuO phase with lattice constants of a=4.6797 A, b=3.4314A,
c=5.1362A and $=99.2620° (Reference code: 01-080-0076).
From the figure it is clear that the Miller-indexed (111) and
(111) reflections are the strongest, which indicate that they are
preferential crystal planes of the nanoplates. The other planes seen
from the figure are (110), (202), (020), (113), (311) and (220).
From the patterns, one can deduce the following result: the couma-
rin concentration in the growth solution has a diminishing effect
on the peak intensities. The preferential plane intensities de-
creased with increasing coumarin content but did not disappear
completely. On the other hand, most of the week peaks disap-
peared with increasing coumarin content which means that the
crystal structure deteriorates at high coumarin concentrations.

The average crystallite sizes (D) of the CuO nanostructures was
calculated from the peak full width at the half maximum (FWHM)
of a peak (), using the Debye-Scherrer’s equation [16]:

0.94,
D:ﬁmw (1)

Transmittance (%)

Wavelength (nm)

Fig. 3. Comparison of transmittance spectra of the CuO films as a function of
coumarin concentration.

where / is the wavelength of X-ray radiation, 0 is the Bragg’s angle
of the peaks and p is the angular width of peaks at FWHM. Each X-
ray diffraction peak obtained in a diffractometer is broadened due
to instrumental and physical factors. The microstrain (&) and dislo-
cation density (p) for the CuO films were calculated using the fol-
lowing equations [18]:

cos 0
g = peost 2 2)
and
15¢
P=4D 3)

where a is the lattice constant. The calculated average crystallite
sizes (D) of the CuO nanostructures are given in Table 1. As seen
from the table, crystallite sizes of the films decrease with increasing
coumarin content. This result can also be supported by SEM mea-
surements. As expected, both the microstrain and dislocation den-
sity values of the films increased (due to the decrease in the grain
size) with increasing coumarin concentration. From a detailed
investigation of XRD patterns, a shift in peak positions was deter-
mined towards higher 20 values with increasing coumarin concen-
tration. This shift indicates the presence of an increasing lattice
strain in the film structure [19]. In Bragg's formula (2d sin 0 = n2),
a decrease of the interplanar spacing, as a consequence of lattice
strain induced in the structure during preparation procedure by
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Fig. 4. Comparison of (ohv)? versus hv plots of the CuO films as a function of
coumarin concentration.
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Fig. 5. Band gap values of the CuO films as a function of coumarin concentration.

various factors such as impurities, lattice defects, vacancies or
deformation faults, implies a shift to a higher Bragg angle [20].

3.2. Optical investigations

In order to measure the band gap energies and investigate the
transmittance properties of the films, a THERMO 10S UV-vis. spec-
trophotometer was used in the wavelength range of 190-1100 nm.
The transmittance spectra as a function of coumarin concentration
recorded in the wavelength range of 700-1050 nm are shown in
Fig. 3. The CuO film without coumarin content has the highest
transmittance (~23%) at longer wavelengths. The transmittance
decreased rapidly with increasing coumarin concentration. The
films having the plate-like nanostructures have higher transmit-
tance than the films having the flower-like nanostructures. As
the coumarin concentration reaches 4 at.% and beyond, the trans-
mittance decreases under 2%. The optical absorption in the UV-

vis. region is dominated by the optical band gap (Eg) of a semicon-
ductor that is related to the optical absorption coefficient (o) and
the incident photon energy (hv) by the following relation:

(othv) = C(hv — Eg)™ (4)

where Cis an energy independent constant and m is an index which
depends on the kind of optical transition that prevails [21,22]. Spe-
cifically, nis 1/2, 3/2, 2 and 3 when the transition is direct-allowed,
direct-forbidden, indirect-allowed, and indirect-forbidden respec-
tively. CuO film is known to be a direct-allowed semiconductor,
and hence a graph was plotted (Fig. 4) with (ohv)? (where m =1/
2) versus photon energy (hv) as a function of coumarin concentra-
tion. Using this graph, the band gap values can be determined by
extrapolating the straight line portion. The E; values were found
to be 1.50, 1.44, 1.43, 1.39, 1.34 and 1.32 eV for the films which
were grown in the baths having 0, 1, 2, 4, 8 and 16 at.% of coumarin
concentrations respectively. The band gap values versus coumarin
concentration in the growth solution are plotted in Fig. 5. It was
seen that the Eg values of the films decreased with increasing cou-
marin content which means that the coumarin as an additive can be
used as a regulator of the band gap of a semiconductor.

4. Conclusion

The effect of coumarin as an additive in the growth solution in a
SILAR process of CuO films was investigated. We conclude that the
morphology, crystal structure, band gap and transmittance of the
films were affected considerably by coumarin concentration. With
increasing coumarin concentration in the growth solution, the
microstrain and dislocation density values increased, while
the band gap energy values, transmittance and crystallite sizes of
the nanostructures decreased. Moreover, the nanostructured films
changed their morphology from plate-like nanostructures to flow-
er-like nanostructures. The most important conclusion of this
study is that we have shown the effect of coumarin as a regulator
on the band gap energy values. This influence can potentially be
used in electronics, opto-electronics, and optical applications
where band gap engineering becomes an important degree of free-
dom to design optimal device structures for various technologies.
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