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ABSTRACT 
Thin films of CuO having an average thickness 
of 720 nm were deposited on clean glass sub-
strates using the Aqueous Chemical Growth 
(ACG) method with Cu(NO3)2 and C6H12N4 as 
precursors and annealed at different tempera-
tures in order to determine the effect of anneal-
ing temperature on their optical and solid state 
properties. The study was carried out using 
Rutherford Backscattering (RBS) spectroscopy 
for t thickness and chemical composition, X-Ray 
Diffraction (XRD) for crystallographic structure 
and a UV-VIS spectrophotometer for spectral 
analysis. The results indicate that the absorb-
ance and absorption/extinction coefficient of the 
films vary inversely with annealing temperature 
while the transmittance, reflectance, direct band 
gap, real/imaginary dielectric constants and re-
fractive index vary directly with annealing tem-
perature. The results further indicate an im-
provement in crystallinity as annealing tempera-
ture increases. The as-deposited and annealed 
ACG CuO thin films were found to be suitable for 
use as window layer in solar cells among other 
electronic and optoelectronic applications. 
 
Keywords: Component; Formatting; Style;  
Styling; Insert 

1. INTRODUCTION 

Copper oxide exist in two stable forms [cupric oxide 

or copper monoxide (CuO) and cuprous oxide (Cu2O)] 
and an unstable state [paramelaconite (Cu4O3)] [1]. Cop-
per monoxide has a monoclinic structure having the fol-
lowing lattice parameters a = 4.684 Å, b = 3.425 Å, c = 
5.129 Å and β = 99.28˚ [2,3]. CuO exhibit a square-pla- 
nar co-ordination. 

Cupric oxide has been known to be a p-type semicon-
ductor having a narrow band-gap of about 1.2 eV - 1.36 
eV [4-7]. Bulk CuO exhibit a second-order transition 
from paramagnetism to incommensurate antiferromag-
netism at a Neel temperature of about 230 k and also 
exhibit a first-order transition from incommensurate to 
commensurate antiferromagnetism at a temperature of 
about 213 k [8-12]. 

Since the chemical and physical properties of CuO 
solely depend on its size and morphology [13], so many 
researchers have concentrated their effort on the synthe-
sis of nano structures of CuO in order to apply them in 
nanoelectronics, optoelectronics, biosensors etc. [14]. 

Some of the nanostructures of CuO that has been syn-
thesized include nanorods, [Xu C.K., Lin Y.K., Xu G.D., 
Wang G.H. (2002)] mater, res. Bull, 372,365 nanoribbons 
[15,16], nanowires [17], nanobelts, nanosheets [18], nano-
platelets [19] nanoneedles [20]. 

CuO, an inexpensive substance, does not pollute its 
environment and is often used in the manufacture of 
Li/CuO primary cells [21,22]. Other known applications 
of CuO are in catalysts [23,24], field emission devices 
[25], gas sensors [26-29], photovoltaic device [30-35], 
superconductors [36-38]. Several techniques have been 
used to synthesis CuO. These include, rapid precipitation, 
spin coating [40,42], solid state reaction [42], chemical 
vapor deposition, sonochemical reaction, sol-gel tech-
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niques [43], chemical bath deposition, solvothermal route 
[44,45], electrochemical route [46], spray pyrolysis, ther-
mal oxidation, hydrothermal method [47]. 

We have used a relatively novel method, the aqueous 
chemical growth method, introduced by Lionel Vaysirres 
[48] to deposit thin films of cupric oxide on glass sub-
strates from a solution of 0.1 M Cu(NO3)2, 0.1 M C6H12N4 
and 80 ml, H2O. Some of the samples were annealed at 
different temperatures. The solid state and optical prop-
erties of the annealed samples were then determined and 
compared with those of the as-prepared sample. 

This method has the advantages of simplicity, low cost 
of production, ease of reproduction, local availability of 
production materials, environmental friendliness, non re-
quirement of surfactants, templates and complexing agents, 
ability to produce nanostructures and suitability for large 
scale production among others [49-51]. This paper pre-
sents the effect of annealing temperature on the optical 
and solid state properties of cupric oxide thin films de-
posited using the aqueous chemical growth method. 

2. THEORY 

In order to control and optimizethe physical and opti-
cal properties of nanomaterials, the most important pa-
rameter to observe and control is the interfacial free en-
ergy of the system (solution) [52]. 

In order to control the interfacial tension of a system, 
we have to control its nucleation, growth and ageing us-
ing experimental method [53]. 

The occurrence of adsorption (deposition of a layer of 
solid liquid or gas) at an interface reduces the interfacial 
or surface tension at the interface. 

The reduction in surface tension due to adsorption is 
quantitatively given as 

i idy y dμ=  

This is Gibb’s adsorption equation where y is the su-
perficial adsorption density and μ is the chemical poten-
tial of the adsorbed species. 
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where G is Gibb’s free energy and ni is the amount of 
substance of the component or specie i. 

Using Gibb’s adsorption equation as a basis, the varia-
tion of water oxide surface (interfacial) tension with 
ionic strength (I) maximum surface charge density (σmax), 
and pH has been developed from Gibbs adsorption equa-
tion. It is given as 
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surface charge) y0 means interfacial tension at equilib-
rium [52]. 

We assume that at equilibrium, all the chemical poten-
tials of the different species in the solution are the same 
and the interfacial tension is zero (point of zero, interfa-
cial tension (PZIT). 

This assumption is correct if our system is compared 
with microemulsion systems which have very low (ul-
tralow) surface tension at equilibrium [54]. 

The quantitative stable thermodynamic condition for 
the precipitation (growth) of metal ions in an alkaline 
medium is given as 

max2.46 2log logPZIT PZG Iσ= + + −  

pH above PZIT where secondary growth (Ostwald rip-
ening) does not occur and the nanoparticles have definite 
stage is the stable state. 

The size of the nanoparticles is directly related to the 
conditions for nucleation. These include pH, ionic strength 
and concentration of precursors [55]. 

Solid phases (particles, crystals thin films) evolve from 
solutions through nucleation and growth processes. The 
nucleation in this case occurs heterogeneously since the 
nuclei forms on an external object (glass slide). 

The total change in free energy of the system is given 
as 

( )3 24
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24πr y  is the surface component vFΔ  is the free energy 
per unit volume. 

We assume that the new phase is spherical and there- 

fore has a volume of
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where θ is the wetting angle S(θ) differentiates the ex-
pression for change in free energy of the system from 
that of homogeneous nucleation. 

Otherwise, they are basically the same. 
Hence, for homogeneous nucleation,  
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nucleus for nucleation to occur is obtained from the op-
eration, 
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The free energy barrier for nucleation at r* (ΔG*) is 
obtained by substituting the value of r* in the expression 
for ΔG. 
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Hence, the barrier for nucleation at r* varies directly as 
the third power of the interfacial tension. 

However, interfacial tension is dependent on pH, ionic 
strength and concentration of solution. 

Thus ΔG* can be reduced by reducing the interfacial 
tension through the control of the pH, ionic strength or 
concentration of the solution [56-59]. 

This paper examines the effect of annealing tempera-
ture on the optical and solid state properties of the solid 
phase (thin film of cupric oxide) which evolved from a 
solution of 0.1 M Cu(NO3)2, 0.1 M C6H12N4 and 80 ml of 
H2O through heterogeneous nucleation and growth proc-
esses. 

3. EXPERIMENTAL DETAILS 

CuO thin films were deposited on clean glass sub-
strates using Aqueous Chemical Growth Method. 

The precursors used were equimolar (0.1 M) concen-
tration of Cu(NO3)2 and C6H12N4 in 80 ml water. 

We used a laboratory analytical microbalance to meas-
ure the masses of the chemicals while a measuring cyl-
inder was used to determine the volume of water. All the 
component chemicals were put into a 100 ml pyrex bottle 
and were thoroughly mixed using a magnetic stirrer. 

Labeled clean glass substrates were inserted in the py-
rex bottle containing the chemicals after which the pyrex 
bottle was properly corked. 

The pyrex bottle was then placed in an oven and the 
temperature of the oven was adjusted to 80˚C. 

The pyrex bottle was left in the oven for an average of 
six hours for deposition to occur. After deposition, one of 
the samples (XB1) was left as-deposited while three 
(XB2, XB3 and XB4) were annealed at different tem-
perature of 150˚C, 200˚C and 250˚C respectively. 

We propose that the following chemical reactions re-

sulted in the crystallization of CuO on the glass sub-
strates. 

6 12 4 2 3C H N 6H O 6HCHO 4NH+ → +  

3 2 4NH H O NH OH+ −+ → +  

2
22OH Cu CuO H O++ → +  

Cu2+ was obtained from (Cu(NO3)2 in solution [60]. 

4. RESULTS AND DISCUSSION 

We obtained the analysis of the elemental composition 
of sample XB1 using Rutherford Backscattering (RBS) 
spectroscopy. A 1.7 MV pelletron Tandem accelerator 
was used for this purpose. 

This is shown in Figure 1. 
Considering the elemental composition of sample XB1 

shown in Table 1, it is established that the elements con-
tained in sample XB1 are Cu (0.150%) and 0 (0.850%) 
while the glass substrate upon which the film was depos-
ited consist of 0 (0.500%), Si (0.120%), Ca (0.100%), Al 
(0.100%) ad Na (0.180%). This is as contained in Figure 
2. 

The film thickness obtained is 720 nm. 
The CuO thin film samples (XB1 and XB2) were 

scanned continuously between 2θ = 0 and 2θ = 70˚ at 
step size of 0.03 and at time per step of 0.15 s using a 
diffractometer with a CuKα radiation source having a  

 

 

Figure 1. RBS analysis for ACG CuO thin film (sample XB1). 
 

Table 1. Elemental composition of CuO thin film and substrate 
from RBS analysis. 

Element substance Cu O Si Ca Al Na 

CuO thin film 0.150% 0.850% - - - - 

Glass substrate - 0.500% 0.120% 0.100% 0.100% 0.180%
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(a) 

 
(b) 

Figure 2. (a) Diffraction pattern of the as-prepared samples (XB1); (b) Diffraction pattern of the sample XB2 annealed XB2 at 150˚ 
for 2.5 hours. 

 
wavelength of 1.54056 Å. This was done to enable us 
determine the crystalline nature of the thin film samples. 

Openly accessible at  

Figures 2(a) and (b) show the diffraction patterns of 
the as-deposited sample (XB1) and the sample annealed 
at 150˚C (XB2) for 2.5 hours. 

As it is in Figure 2(a), all diffraction peaks can be in-
dexed clearly to the monoclinic CuO phase having lattice 
constants a = 4.684 Å, b = 3.425 Å, c = 5.129 Å and β = 

99.47˚ [61]. 
Figure 2(a) did not indicate the presence of impurities 

such as Cu2O or Cu(OH)2 as no other peaks except those 
of CuO are observed. 

This suggests that the as-prepared sample is made 
purely of CuO molecules as confirmed from the RBS 
result. 

However, this position does not rule out the possibility 
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of the presence of small quantities of impurity molecules 
such as Cu(OH)2 which may have accumulated along 
grain boundaries of the crystallites that make up the film. 

Figure 2(a) further indicate that reflections are strong-
est in the directions 2θ = 32.22˚ and 2θ = 35.13˚. These 
directions approximately correspond to the crystal planes 
having miller indices 110 and 111 respectively. 

The diffraction patterns for CuO presented by F. Bay-
ansal et al. (2011) [13], UnlingZou et al. (2011) [14] and 
A. Sagadevan et al. (2012) indicate that reflection is 
strongest along the 2θ = 35.13˚ and 2θ = 38.5˚ which 
correspond to the 110 and 111 planes respectively. Their 
diffraction patterns also indicate that reflection occurred 
in the 2θ = 32.22˚ direction but with a low intensity 
compared to the 2θ = 35.13˚ direction. 

The difference in the planes along which the strongest 
reflections occur may be due to preparation method. 
Figure 2(b) indicates increase in intensities and decrease 
in widths of peaks resulting from annealing. This is in-
dicative of high crystallinity. Thus, annealing improves 
the crystallinity of CuO thin films deposited using the 
Aqueous Chemical Growth Method. This is in agreement 
with the results of F. Bayansal et al. (2011) [13]. 

Figures 3-11 are the spectral analysis for the absorb-
ance, transmittance, reflectance, absorption coefficient, 
direct band gap, extinction coefficient, real dielectric con-
stant, imaginary dielectric constant and refractive index 
of the CuO ACG thin films investigated. 

A Unico UV-2102 PC spectrophotometer was used for 
the spectral analysis. 

Absorbance decreases with increasing annealing tem-
perature. 

The absorbance of all the samples decrease sharply 
from a common value of about 1.50 a.u at about 329.41 
nm to about 0.81 a.u (XB1), 0.63 a.u (XB2), 0.52 a.u 
(XB3) and 0.45 a.u (XB4) at 400 nm. 

Within the visible range, the absorbance value of some 
of the samples decrease from about 0.81 a.u to 0.75 a.u 
(XB1), 0.63 a.u to 0.62 a.u (XB2), 0.59 a.u to 0.52 a.u 
(XB3). However the absorbance of sample XB4 in-
creases slowly from about 0.45 a.u to about 0.48 a.u 
within the visible range. 

Between 700 nm and 900 nm, the absorbance values 
of the samples are fairly constant. While the value for 
samples XB1 and XB2 are about 0.75 a.u and 0.62 a.u 
within this range, the value for samples XB3 and XB4 
are about 0.52 a.u and 0.45 a.u respectively. 

Beyond 900 nm, absorbance value of all the samples 
decreases slowly with increasing wavelength. 

Transmittance of the samples increases with increasing 
annealing temperature. 

The transmittance of all the samples rises from a 
common value of about 3.16% at about 306 nm to peak 
values of about 35.67% (XB4), 26.32% (XB3), 22.90%  
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Figure 3. Absorbance vs. wavelength for ACG CuO thin 
films at different annealing temperatures. 

 
Transmittance vs. wavelength 
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Figure 4. Transmittance vs. Wavelength for ACG CuO 
thin films at different annealing temperatures. 

Copyright © 2013 SciRes.                                    Openly accessible at http://www.scirp.org/journal/ns/ 
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Reflectance vs. Wavelength 
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Figure 5. Reflectance vs. wavelength for ACG CuO thin 
films at different annealing temperature. 
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Figure 6. Absorption coefficient vs. photon energy for 
ACG CuO thin films at different annealing temperatures. 

Direct band gap 
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Figure 7. Direct band gap plot for ACG CuO thin films at 
different annealing temperature. 

 
Extinction coefficient vs. photon energy 
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Figure 8. Extinction coefficient vs. photon energy for 
ACG CuO thin films at different annealing temperatures. 
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Real dielectric constant vs. photon energy 

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7

hν (eV)

R
ea

l d
ie

le
ct

ric
 C

on
st

an
t ε

r

XB1
XB2

XB3
XB4

 

Figure 9. Real dielectric constant vs. Photon energy for 
ACG CuO thin films at different annealing temperatures. 

 
Imaginary dielectric constant vs. photon energy 
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Figure 10. Imaginary dielectric constant vs. photon en-
ergy for ACG CuO thin film at different annealing tem-
peratures. 

Reflective index vs. photon energy 
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Figure 11. Refractive index vs. photon energy for ACG 
CuO thin films at different annealing temperatures. 

 
(XB2) ad 15.53% (XB1) in the infra-red region. 

A small decrease in transmittance occurs around 400 
nm in all the samples. Between 400 nm and 700 nm, the 
transmittance of samples XB1, XB2 and XB3 rise from 
15.53% to 17.50%, 22.90% to 25.00% and 26.32% to 
29.61% respectively while the transmittance of sample 
XB4 decreases from 35.00% to about 33.29%. 

Above 700 nm the transmittance of samples XB1, 
XB2 and XB3 increases while that of sample XB4 fol-
lows a parabolic path. 

Reflectance of the samples increases with increasing 
annealing temperature. The reflectance of the as-pre- 
pared sample (XB1) rises from about 0.67% at about 
347.06 nm to 4.5% at 400 nm while the reflectance of 
samples XB2, XB3 and XB4 rise sharply from 3.58%, 
5.17% and 7.00% at 329.41 nm, 323.53 nm and 317.65 
nm respectively to about 13.50%, 15.75 and 19.50% re-
spectively at 400 nm. 

Within the visible region, the reflectance of the XB4 
sample decreases slowly to 19.08% while the reflectance 
of samples XB3, XB2 and XB1 increases to 17.33%, 
14.75% and 7.00% respectively in the direction of in-
creasing wavelength. 

In the infra-red region, reflectance increases in the di-
rection of increasing wavelength. 

Absorption coefficient decreases with increasing an-
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nealing temperature. The absorption coefficient of three 
samples increased from 1.58 × 10−6 (XB1), 1.29 × 10−6 
(XB2) and 1.08 × 10−6 (XB3) at about 1.14 eV in the 
infra-red region to about 1.93 × 10−6 (XB2), 1.58 × 10−6 
(XB2) and 1.29 × 10−6 (XB3) at about 3.62 eV in the 
visible region. 

The absorption coefficient of sample XB4 increases in 
the direction of increasing photon energy in the infra-red 
region and thereafter decreased slowly until it attained 
the value of about 1.03 × 10−6 at 3.62 eV. 

Between 3.62 eV and 400 eV, the absorption coeffi-
cient of the samples rises sharply and attained different 
peak values which decreases with increasing annealing 
temperature. 

There is an increasing blue shift with increasing an-
nealing temperature. The direct band gap of the as-pre- 
pared sample (XB1) is about 3.55, while that of the XB2 
and XB3 samples is about 3.80. The XB4 sample has a 
direct band gap of about 3.85. 

Aiping Chen et al. (2009) [61] estimated the direct 
band gap of CuO thin films deposited on Si (100) sub-
strates using pulsed laser deposition technique to be 2.12 
eV. 

By comparison, our values are higher. These relatively 
high values of direct band gap for CuO thin films are 
attributable to preparation method. Several researchers 
have reported that the band gap of CuO can be changed 
to a wide range depending on the preparation conditions 
of CuO [62-67]. 

The high values of direct band gap obtained for ACG 
CuO thin films make them highly suitable for use as 
window layer in solar cells. 

The Extinction coefficient of the samples decreases 
with increasing annealing temperature. 

The extinction coefficient of the samples decreases 
parabolically from 133.89 × 10−3 (XB1), 11.89 × 10−3 
(XB2), 93.89 × 10−3 (XB3) and 89.44 × 10−3 (XB4) at 
about 1.15 eV in the infra-red region to about 81.11 × 
10−3 (XB1), 82.22 × 10−3 (XB2), 83.33 × 10−3 (XB3) and 
84.44 × 10−3 (XB4) at 4.0 eV (XB1), 4.08 eV (XB2), 
4.15 eV (XB3) and 4.23 eV (XB4) respectively. 

The minimum values of the extinction coefficient of 
the samples are 57.78 × 10−3 (XB2) and 29.44 × 10−3 
(XB1) and they all occurred at about 3.54 eV. 

The extinction coefficient values of the samples at 
2.0ev are approximately 94.44 × 10−3 (XB1), 72.78 × 
10−3 (XB2), 64.44 × 10−3 (XB3) and 59.44 × 10−3 (XB4). 

The real dielectric constant of the samples increases 
with increasing annealing temperature. The real dielec-
tric constant of the samples decreases parabolically from 
about 4.92 (XB4), 4.73 (XB3), 3.67 (XB2) and 2.65 
(XB1) at about 1.16 eV in the infra-red region to about 
4.73 (XB4), 4.16 (XB3), 3.35 (XB2) and 1.82 (XB2) 
respectively at 2.0 eV. 

In the visible region, the real dielectric constant of the 
XB4 sample increased slowly from 4.73 at 2.0 eV in the 
direction of increasing photon energy to about 4.92 at 4.0 
eV. However, the dielectric constant of the other samples 
decreases from 4.16 (XB3), 3.35 (XB2) and 1.82 (XB1) 
in the direction of increasing photon energy to about 3.69 
(XB3), 2.84 (XB2) and 1.26 (XB1) at about 3.5 eV in the 
visible region. 

Beyond 3.5 eV and in the direction of increasing pho-
ton energy, the real dielectric constant of all the samples 
decreases sharply to 0. This occurs at about 4.13 eV 
(XB4), 406 eV (XB3 and XB2) and 4.0 eV (XB1). 

The imaginary dielectric constant of the samples in-
creases with increasing annealing temperature. The imagi-
nary dielectric constant of the samples decreases paraboli-
cally from approximately 39.67 × 10−3 (XB4), 410.00 × 
10−3 (XB3), 433.33 × 10−3 (XB2) and 440 × 10−3 (XB1) 
at about 1.04 eV in the infra-red region to 130.00 × 10−3 
at about 4.0 eV (XB4), 3.38 eV (XB3), 3.85 eV (XB2) 
and 3.77 eV (XB1). 

The values of the imaginary dielectric constant of the 
samples at 2.0 eV are about 243.33 × 10−3 (XB1), 250 
(XB4) and 263.33 × 10−3 (XB2 and XB3). 

The imaginary dielectric constant for all the samples 
decreases sharply from about 130.00 × 10−3 to about 15 
× 10−3 at 4.0 eV (XB1), 4.08 eV (XB2, XB3 and 4.15 eV 
(XB4). 

Refractive index of the samples increases as annealed 
temperature increases. All the samples have their peak 
refractive index at 1.15eV in the infra-red region. The 
values are 1.63 (XB1), 1.93 (XB2), 2.17 (XB3) and 2.20 
(XB4). 

The refractive indices for all the samples however fol-
lowed a parabolic path with increasing photon energy 
within the infra-red region. A small peak in the refractive 
index occurred at 2.0 eV for all the samples. The values 
are 1.33 (XB1), 1.83 (XB2), 2.03 (XB3) and 2.17 (XB4). 
Except for sample XB4 in which its refractive index in-
creases slowly with increase in photon energy up to 3.54 
eV, the refractive index of each of the samples decreases 
with increase in photon energy from 2.0 eV up to 3.54 
eV. 

From 3.54 eV, the refractive index of each of the sam-
ples decreases sharply to about 0.08 in the direction of 
increasing photon energy up to 4.0 eV (XB1), 4.08 eV 
(XB2) and (XB3) and 4.15 eV (XB4). 

5. CONCLUSIONS 

We have successfully deposited thin films of CuO 
having average thickness of 720nm on clean glass sub-
strates and have also determined the effect of annealing 
temperature on their optical and solid state properties. 

Our findings indicate that while absorbance and ab-
sorption/extinction coefficients of the deposited films 
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decreases with increasing annealing temperature, the 
transmittance, reflectance, direct band gap, real/imagi-
nary dielectric constants and refractive index of the films 
increases with increasing annealing temperature. Also, 
there is an improvement in the crystallinity of deposited 
films as annealing temperature increases. 

The high direct band gap of the as-deposited ACG 
CuO thin films and those annealed at different tempera-
tures indicate their suitability for use as window layer in 
solar cells among other opto-electronic applications. 
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