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A B S T R A C T

Presented herein is a report on cupric oxide (CuO) thin films prepared on glass substrates by using a solution
process with varying nominal concentrations of Cu2+ ions at 0.15M, 0.20M, and 0.25M. X-ray diffraction
patterns and scanning electron microscopy (SEM) micrographs were analyzed to evaluate the crystalline
structure and surface morphology of the CuO thin films. The fabricated CuO thin films exhibited a single-phased
monoclinic structure with (200) and (111) orientations. The grain size of the CuO thin films was observed to
increase with higher concentration, by SEM observation. The electrical and optical properties of the CuO thin
films were investigated using a four-probe measurement system and UV/VIS spectrometer, respectively. The thin
films showed a minimum resistivity of 0.085Ω cm corresponding to the 0.25M concentration, and a bandgap
energy ranging from 2.10 eV to 2.15 eV. In addition, the light-harvesting ability of CuO thin films was considered
by the absorption figure of merit (a-FOM), in correlation with the global solar spectrum. A maximum a-FOM
value of 12.79Ω−1 cm−1 was attained for the sample with a Cu2+ ion concentration of 0.25M.

1. Introduction

Hitherto, the cupric oxide (CuO) thin film has been extensively
known as a typical p-type semiconductor with a bandgap energy near
2.1 eV. It has a monoclinic structure and is grouped with abundant non-
toxic materials [1–5]. In general, CuO thin films are considered pro-
mising for applications in semiconductor and energy storage devices,
and as a catalyst [6,7]. Owing to its bandgap value of around 2.0 eV, the
CuO thin film is being employed to expand the spectrum of harvested
light from ultraviolet to visible regions while exhibiting a superior
photocatalytic efficiency [5,8]. The CuO thin film also enabled the
design of a hole-transport (p-type) visible-light absorber layer in solar
cells [1,5]. From this perspective, the light absorption ability of CuO
thin films plays a key role in photocatalytic experiments and solar cell
production. In addition, the absorption length [1] or absorption figure
of merit (denoted as a-FOM) of CuO thin films should be considered
when evaluating the film. However, there are only a few related articles
[9,10].

Due to the aforementioned conceivable essentials, various techni-
ques to fabricate CuO thin films, such as electro-deposition [11,12],
thermal oxidation [13,14], solution processing [15–20], chemical vapor
deposition [21], pulsed laser deposition [8,22], and reactive ion

sputtering [23–25] have been developed. Among these methods, the
solution-processed approach is simplest. It offers a rich advantage for
fabrication because of its low-power and low-material consumption.
Additionally, it allows deposition on flexible substrates under atmo-
spheric pressure. However, for solution processing, the stabilizer for the
formation of CuO precursors is limited to 2-methoxyethanol stirred
vigorously at room temperature [15]. In our solution process, we uti-
lized monoethanolamine (MEA) to stabilize and chelate with copper
acetate via O-Cu-O bonds at 75 °C. This provides a unique alternative to
the traditional process of depositing high-quality CuO thin films. It
should be noted that the surface morphology of the CuO thin film, in-
fluences its optical and electrical properties, and depends strongly on
the fabrication conditions [16–19]. In previous reports, the resistivity of
CuO thin films prepared by a solution-processed method was relatively
high. It varied from 101 to 102Ω cm [16,17], and up to and 103Ω cm
[15,19]. Hence, a reduction in the resistivity is expected. The decrease
in resistivity normally results from the increasing grain size and the
decreasing of porosity of the thin films. Therefore, the reduction of
carrier-scattering at the grain boundaries lessens the resistivity [16].
Hence, the deposition conditions must be investigated to minimize the
resistivity of CuO thin films via increase in the grain size and/or de-
crease in porosity. This can be done by changing the film layers
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[16,17], or raising the annealing temperature [20].
In this study, the precursor was diluted to the desired concentrations

after the formation of a gel state. It was then spin-coated on glass
substrates. Meanwhile, the annealing temperature was fixed at 550 °C
due to the limitation of the glass substrate. The concentration of the
chemical precursors, i.e., the ratio of the precursors to the solvent, was
systematically changed to determine the optimum film quality for the
absorption layer of photonic devices. The structural, morphological,
optical, and electrical properties, as well as the absorption length and
absorption figure of merit of the CuO thin films were examined for
optimization.

2. Experimental Procedures

2.1. Precursor solution

To prepare the precursor solutions, copper (II) acetate salt and MEA
were used as a raw material and stabilizer of the CuO films, respec-
tively. Firstly, copper acetate salt and MEA were dissolved in pure
ethanol (99%) followed by magnetic stirring at room temperature. The
molecule ratio between the copper acetate salt and MEA was kept at 1:2
for optimum conditions. Furthermore, the nominal concentration of
Cu+2 ions for varying precursor solutions was controlled at 0.15M,
0.2 M, and 0.25M. Thereafter, the precursor solution was heated at a
temperature of 75 °C in a dry oven to form the molecular network. A
dark-blue transparent solution was observed after an hour. Finally, the
precursor solution was added to pure ethanol to regain its initial vo-
lume before being stored in a bottle. A bottle was consumed for every
sample prepared to avoid undesirable contaminations. Based on initial
findings, a solution with a Cu+2 ion concentration of 1.0M produced a
CuO thin film with a discontinuous surface. On the other hand, a con-
centration of 0.30M or greater produced precipitates in the precursor
solutions.

2.2. Preparation of CuO thin films

Commercial 20×20mm2 glass substrates were cleaned with
acetone and 0.5% HF solution to remove organic and metal dusts.
Thereafter, the substrates were coated with the precursor solution
prepared beforehand. The precursor solution was flattened on the sur-
face of glass substrates, then spin-coated at a speed of 1500 rpm for
60 s. The samples were then dried in ambient atmosphere at 90 °C for
3min for each layer. At the condensed gel state, the process was re-
peated optionally to deposit thin films with the expected thickness.
After transforming from the gel state to the crystallization state, the
samples were annealed at a temperature of 550 °C in atmospheric
pressure for 30min. The samples were labelled as 0.15M Cu2+, 0.20M
Cu2+, and 0.25M Cu2+, corresponding to the nominal concentration of
the Cu2+ ions in the precursor solutions. For the solution with 0.25M
concentration, the annealing temperature was varied as 350 °C, 450 °C,
and 550 °C to determine the optimum condition for preparing high-
quality CuO thin films.

2.3. Thin films characterization

The crystalline quality of the CuO thin films was analyzed using an
X-ray diffractometer (Bruker D5005, Siemens) at room temperature,
with Cu-Kα (λ=1.54056 Å) radiation, parallel beam, and a scanning
speed of 0.03°/s from 10 to 70°. The morphology of the CuO thin films
was observed via scanning electron microscopy (Nova NANOSEM-450,
FEI), with an operating voltage of 5 kV. The optical transmittance of the
CuO thin films was determined using a UV/VIS spectrophotometer (UV
2450-PC, Shimadzu).

3. Results and discussion

X-ray diffraction (XRD) patterns of the CuO thin film samples pre-
pared with varying Cu2+ concentrations of precursors are shown in
Fig. 1. Typical peaks appear at 2θ=35.6° and 38.7°, and are well-
matched with the standard (002) and (111) orientations corresponding
to the monoclinic crystal structure of CuO (JCPDS41-0254). No other
significant phases were found in the XRD patterns, confirming that all
samples mainly exhibit the CuO phase. Furthermore, the ratio of the
peak intensities at 35.6° and 38.7° concurs with that of the peak in-
tensities at (002) and (111) orientations based on standard patterns.
This implies that the samples are polycrystalline, similar to another
report on CuO thin films prepared using the sol-gel method [9]. Ne-
glecting the peak broadening from equipment and/or from the residual
stress of the thin films, the CuO crystallite size was derived using the
Debye–Scherrer formula:

=D λ
β θ
0.9
cos (1)

Here, λ and β are the X-ray wavelength and full width at half
maximum of the peak at θ (Bragg angle), respectively. Consequently,
the calculated crystallite sizes of the CuO thin films were 34 nm, 42 nm,
and 46 nm, corresponding to the nominal concentrations of Cu2+ ions
in the precursor solutions of 0.15M, 0.20M, and 0.25M, respectively.
The morphology of the CuO thin films was shown in Fig. 2. To de-
termine the average particle size of CuO, we utilized a free software,
ImageJ, to obtain the dependence of the percentage distribution on the
particle size. Thereafter, using Gaussian fitting functions, the average
particle size (Dmean) and standard deviation (ΔD) of the particle sizes
were extracted (Figs. 2(d), (e) and (f)). Dmean was 28.4 ± 6.9 nm,
40.4 ± 5.4 nm, and 48.6 ± 5.9 nm for the 0.15M, 0.20M, and 0.25M
samples, respectively. Observably, the particle sizes derived by the
ImageJ software and the Gaussian fitting functions, Dmean, agree well
with those calculated by using the Debye–Scherrer formula. From these
results, it can be inferred that the grain size of the particles on the thin
film surface increases with the nominal Cu2+ ion concentration. Inset
(i) in Fig. 2a shows the cross-sectional SEM image acquired to de-
termine the thickness of the thin films. Empirically, the thickness of
CuO thin films increases from 74 nm to 95 nm as the Cu2+ ion con-
centration increases from 0.15M to 0.25M, as summarized in Table 1.
In addition, the CuO thin films become less porous as the film thickness
increases, i.e., the surface of the thin films become denser. Therefore, if
the Cu2+ ion concentration is chosen as 0.25M, a CuO thin film with a
non-porous surface can be achieved. This will be discussed subse-
quently. During the first step of gel formation, the Cu2+ ions react with
MEA and form a 4-species complex [26] linking copper ions together.

Fig. 1. XRD patterns of CuO thin films on glass substrates, with different Cu2+ ion
concentrations.
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For the same volume, a lower concentration of the Cu2+ ion produces a
lower concentration of the complex. After post-heating at 90 °C and
annealing at 550 °C, CuO particles with smaller sizes are formed. Con-
sequently, these cannot fill the spaces in the thin films. On the other
hand, at a higher nominal concentration of Cu2+ ions, the CuO particles
are larger and denser. At 0.25M, the concentration of the complexes
completely fills up the voids within the thin films. Hence, dense thin
films with low porosity are well formed.

Because the transmittance of thin films is sensitive to the film
thickness, only the highest average transmittance in the visible wave-
length region was considered for the sample with 0.25M. The absorp-
tion coefficient of the thin films was calculated using the Beer–Lambert
Formula (1), i.e.,

= −α T
d

ln
(2)

where, T and d are the transmittance and thickness of the thin film,
respectively. This computation is plotted in Fig. 3a. At the region of
interest, it can be visualized that the absorption coefficient of the thin
films prepared from 0.25M Cu2+ ion concentration is higher than those
of the thin films from a concentration of either 0.15M or 0.20M. The
results can be qualitatively explained using the relation,

= −α T
ε

ln
(3)

where ε is the characteristic extinction coefficient of the thin-film ma-
terial, and C is the concentration of the precursor solution indicative of
how dense the thin film would be. The higher absorption coefficient of
the 0.25M sample signifies that it has higher opacity than the samples
prepared from lower Cu2+ ion concentration. This is further supported
by the SEM micrographs in Fig. 2.

The optical bandgap energy can be determined by using an extra-
polation function, for which the Tauc relationship was used as follows
[16]:

= −αhv A hv E( )g
2 (4)

Here, α is the absorption coefficient, h is Planck's constant, v is the
photon frequency, and Eg is the optical-direct bandgap energy. An ex-
trapolation of the linear region to the x axis, plotted in the graph of
(αhv)2 versus photon energy, hv, gives the value of Eg, as shown in
Fig. 3b. From this figure, Eg can be extracted to be 2.15 eV for the
0.15M sample. However, this is reduced to 2.10 eV for the 0.25M
sample (details shown in Table 1). Although CuO is well-known as an
electrical p-type semiconductor with indirect bandgap [27–29], a pre-
vious study reveals that the optical direct bandgap can be calculated.
This suggests a directly allowed inter-band transition of the material
[1]. The Eg of CuO has been reported to be approximately 2.1 eV [2,4],
which shows that our findings are comparable with others. In addition,
in our case, the decrease of the bandgap indicates the improvement of
the thin films in electrical properties. Furthermore, the shifts of Eg
might be due to the decrease of the defects in the thin films.

A four-probe measurement system at room temperature was used to
investigate the variation of the electrical resistivity for the CuO thin
films, with the results shown in Table 1. The sheet resistance was
230 kΩ/sq. This value was normalized to a resistivity of 1.707Ω cm for
the 0.15M sample. However, the sheet resistance decreased to 17 kΩ/
sq (or a resistivity of 0.137Ω cm) for the 0.20M sample. It further di-
minished to a resistance of 9 kΩ/sq (or a resistivity of 0.085Ω cm) for
the 0.25M sample. Hence, the resistivity decreased with the increase of
Cu2+ ion concentration; this is attributed to the improvement of the
optical bandgap. Furthermore, when the grain size increases, the grain
boundary decreases. Subsequently, the scattering of the carriers at the
grain boundaries is limited. Ultimately, this improves the conductivity
of the thin films, i.e., decreases the value of the resistivity. A resistivity
of 0.085Ω cm is one or two orders lower than values reported in other
studies that employed solution processes [15,16]. In order to interpret
this result, we consider the Cu2+ defects and/or the addition of O2–

interstitial sites. Based on the Drude model, σ=(ne2τ)/m=(ne2l)/
(mv), where n, e, τ, m, v and l are the number of carriers, element
charge, mean-free time, effective mass, group velocity, and mean-free

Fig. 2. SEM micrographs of CuO thin films for various Cu2+ ion concentrations: (a) 0.15M, (b) 0.20M and (c) 0.25M. Dependence of percentage distribution on particle size calculated
by using ImageJ software and fitted by Gaussian functions: (d) 0.15M, (e) 0.20M and (f) 0.25M. Inset of (a) shows a cross section for the case of 0.15M sample.

Table 1
Essential parameters of CuO thin films obtained for various Cu2+ ion concentrations.

Samples 0.15M 0.20M 0.25M

Thickness (nm) 74 82 95
Resistivity (Ω cm) 1.707 0.137 0.085
Band gap (eV) 2.15 2.12 2.10
Absorption figure of merit (Ω−1 cm−1) 1.02 11.39 12.79
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path, respectively. It is assumed that m and v would not be significantly
affected by the variation of the solution concentration. Therefore, it is
plausible that the existence of charges between grains is much higher
than that within the grains. Thus, an increase in the mean free path
considerably enhances the conductivity of the thin films. Although the
number of carriers also contributes to the conductivity, the sharp drop
in the resistance of the films should not be attributed to a minute
change in the number of carriers. The number of carriers, as well as the
origin of the Cu2+ defects and/or excess O2– at the interstitial sites, will
be investigated in the next step using high quality films that were
hardly affected by the grain boundary effect.

Fig. 4 shows the absorption rate (in percentage) of the thin films
under ultraviolet (UV)-visible light. The average absorption rate of CuO
thin films is relatively high at 55–80% at high photon energy, but is
only 10–20% in the near-infrared (NIR) region. In this work, we con-
sidered the global spectrum of sunlight at 37 °C. The data were obtained
from the American Society for Testing and Materials for photovoltaic
performance evaluation. The sun illuminates less flux in the UV region
and maximum flux at the visible region, but decreases as the photon
energy decreases. Ideally, the optimal absorption for harvesting of

natural light should have the same spectra with the solar flux. Fig. 4
shows how the CuO thin films displayed a fine absorption ability in the
visible and NIR region, but a highly unwanted absorption in the UV
region. Therefore, in order to evaluate the light harvesting ability of the
conductive oxide thin films, the absorption length La is considered using
the following Formula (1):

∫

∫
=

∝

∝L

α E u E dE

u E dE

1
( ) ( )

( )α

Eg
ph

Eg
ph

(5)

La is a characteristic factor indicative of which material can harvest
solar light effectively. α(E) is the absorption coefficient as a function of
the photon energy, and uph(E) is the photon flux. Apart from La, the
figure of merit was also determined by [9,10]:

= − =− −F ρ T ραd( ln ) ( )1 1 (6)

where, ρ is the electrical resistivity. However, in Eq. (6), the figure of
merit computation excludes the solar flux spectrum, implying that it is
not related to the nature of light harvesting ability. Therefore, we in-
troduce an absorption figure of merit (so-called a-FOM) for non-solar
cells, which includes the solar flux spectrum. By combining Eqs. (5) and
(6), the following equation can be obtained:
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(7)

The a-FOM must be favorable for the absorption layer in dark sur-
faces, like CuO thin films in photonic devices. Fig. 5 shows the de-
pendence of both La (calculated from Eq. (5) and a-FOM (based on Eq.
(7)) on the Cu2+ ion concentration. The black circles represent the La
values, while the blue squares are for a-FOM. The La value was 122 nm
for the 0.15M sample, 121 nm for the 0.20M sample, and 99 nm for the
0.25M sample. On the other hand, a-FOM showed a positive correlation
with a value of 1.02Ω−1 cm−1 for the 0.15M sample, 11.39Ω−1 cm−1

for the 0.20M sample, and 12.79Ω−1 cm−1 for the 0.25M sample (see
Table 1). Additionally, using an optimum concentration of 0.25M, the
values of a-FOM and La were evaluated at various annealing tempera-
tures of 350 °C, 450 °C, and 550 °C, as shown in the inset of Fig. 5.
However, detailed data regarding the crystallization, surface mor-
phology, and optical and electrical properties will be presented else-
where. The a-FOM of the sample (i.e., the 0.25M sample) at 550 °C is
higher than that obtained at 350 °C and 450 °C. According to these

Fig. 3. Variation of absorbance spectra (a) and Tauc graphs (b) plotted as a function of Cu2+ ion concentrations.

Fig. 4. Absorption spectra of CuO thin films corresponded to different Cu2+ ion con-
centrations measured from 300 nm to 800 nm (point-line experimental data) and global
solar spectrum (brown curve), referred from the G137 standard spectrum of American
Society for Testing and Materials for the evaluation of photovoltaic performance. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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results, a temperature of 550 °C and concentration of 0.25M is pre-
ferred for the deposition of high-quality CuO thin films. Accounting for
the small difference in bandgap energy and a clear improvement in
conductivity, the increment of a-FOM with Cu2+ ion concentration and
annealing temperature is mainly attributed to the lower resistivity of
denser thin films. Thus, the experimental results reveal that a Cu2+ ion
concentration of 0.25M and an annealing temperature of 550 °C are
optimum for the fabrication of high-quality CuO thin films. The large
value of a-FOM reflects a p-type semiconductor layer best used for
harvesting natural light.

4. Conclusion

Solution-processed CuO thin films were prepared and investigated
with various Cu2+ ion nominal concentrations. XRD results confirmed
that the CuO thin films were single-phased with monoclinic structure
and oriented along the (200) and (111) directions. The SEM micro-
graphs showed that the average grain size in the CuO thin films ranges
from 28.4–48.6 nm. Moreover, the thickness of the CuO thin films in-
creased with Cu2+ ion concentration. Based on the absorbance spectra,
the bandgap energies of the CuO thin films were 2.10 eV for 0.25M,
2.12 eV for 0.20M, and 2.15 eV for 0.15M. The minimum electrical
resistivity of the CuO thin films was 0.085Ω cm for the 0.25M sample.
The absorption length (La) and absorption figure of merit (a-FOM) were
99 nm and 12.79Ω−1 cm−1, respectively. The results suggest a pro-
mising technique to produce p-type absorption layers for solar cell
applications.
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