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A B S T R A C T

A simple and inexpensive technique to synthesize and deposit Cu(II) oxide (CuO) nanostructured layers is re-
ported herein together with electrical and optical properties characterization. The 2-step deposition procedure
consists of spin-coating a Cu(II) formate solution on fluorine-doped tin oxide (FTO) conducting glass substrate
followed by a heat treatment. Fluorescence spectroscopy and Fourier transform infrared spectroscopy confirmed
that the organic ligand precursor is absent in the obtained film. X-ray diffraction (XRD) experiments show that
only CuO films are deposited on the FTO substrate ruling out the presence of other CuxO oxides. Scanning-
electron microscopy reveals their nanostructured morphology; which agrees with crystallite size domain
(L= 21 nm) estimated from XRD width peak analysis. Absorption coefficient spectra, as well as direct-gap values
(Eg= 1.52–1.55 eV), were obtained using optical transmittance and reflection spectroscopy. Finally, the as
prepared CuO films are used as photoelectrodes in a photoelectrochemical cell with an aqueous electrolyte and
short-circuit photocurrent under illumination and dark conditions is measured.

1. Introduction

Nanostructured Cu(II) oxide or cupric oxide (CuO) films have
prompted studies for applications in different fields including photo-
voltaic devices, nanofluids, photodetectors, supercapacitors, field effect
transistors and sensors ([1, 2] and references there in). CuO nanos-
tructured films can be obtained using different growth or deposition
techniques, for example, spin coating from sol-gel [3], molecular beam
epitaxy [4], sputtering [5], electrodeposition [6], successive ionic layer
adsorption and reaction method [7], dip coating [8], chemical vapor
deposition [9], and chemical bath deposition [10]. However, simple
and inexpensive technologies are always preferred using readily avail-
able commercial precursors. Particularly, developments on CuO na-
nostructured photoelectrodes could be beneficial for water splitting
applications in spite of recent encouraging results [10]. CuO is con-
sidered a p type semiconductor because of Cu atoms vacancies [2].
Reported band gap values are between 1.2 and 2.1 eV [1, 2] – suitable
for solar energy converting devices. However, optical and electronic
properties in nanostructured CuO films are strongly dependent on size

and morphology of crystalline grain, specially, optical band gap de-
termination is not free of certain kind of controversy. Disagreement
exists in the literature regarding its band gap nature. Although mostly
reported as a direct band gap semiconductor, some authors have re-
ported an indirect band gap [6, 11, 12]. Contradictory reports also exist
regarding conduction and valence band positions. This is essential since
water redox levels (H+/H2 and OH−/O2) must have specific energy
values within the semiconductor band gap for non-assisted water
splitting. Therefore, the gap value must be higher than 1.23 eV, the
energy to break the water molecule. Chiang et al. [13] report for pH 14,
valence band position at −5.22 eV and conduction band position at
−3.54 eV while Koffyberg and Benko [12] report for pH 9.4, valence
band position at −5.42 eV and conduction band position at −4.07 eV.
Finally, Nakaoka et al. [14] report for pH 6.8, valence band position at
−5.22 eV and conduction band position at −3.66 eV. These values
have been translated for pH 14 by Chiang et al [13]. Then, Koffyberg
and Benko's values for pH 14 would have been−5.15 eV and− 3.80 eV
for the valence band and conduction band, respectively. Nakaoka's
values would have been −4.80 eV and− 3.24 eV, respectively. Finally,
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Chauhan et al [8, 13] reported values favorable for water splitting as
−5.34 eV for valence band position and− 3.57 eV for conduction band
position.

Herein, a simple and inexpensive technique to synthesize CuO na-
nostructured layers is presented and the obtained films are over-
whelmingly characterized. Cu (II) formate solution is spin-coated onto a
fluorine-doped tin oxide (FTO) glass substrate and the films are heat-
treated afterwards. No report has been found regarding CuO films ob-
tained using this simple technique. Structural, morphological and op-
tical characteristics of these films have been studied including their
behavior as photoelectrodes of photoelectrochemical cells (PEC).
Optical absorption coefficient spectra and band gap values of the ana-
lyzed CuO thin films are also reported.

2. Experimental details

2.1. CuO films fabrication

Spin-coating was used to deposit the aqueous solution of Cu (II)
formate salt. Precursor solutions were prepared by dissolving 135mg
Cu(II) formate hydrate, 97% (Sigma Aldrich) in 1 m: of deionized water
with a resistivity> 10MΩ cm (Milli-Q(r), Millipore Corp.). 100 μL of
this solution were spin-coated onto FTO conducting glass (Tec 15 -
Pilkington, area 25× 25mm2) at 2000 rpm during 60 s. After deposi-
tion, the precursor solution films on FTO substrates were heat treated at
500 °C during 3 h. The hot plate used was placed inside a laboratory
fumehood to avoid excesive ambient temperature and moisture
changes. The heater temperature control was permanently checked
with a surface thermocouple attached to the heating plate (glass sub-
strates were placed in direct contact with the heating plate). In these
conditions, Cu(II) organic salt precursor decomposes obtaining CuO
thin films on FTO substrates.

2.2. CuO films structural and optical characteristics

Film morphology was analyzed by scanning electron microscopy
(SEM). A Hitachi SU8020 instrument was used for surface imaging. The
Cu content was evaluated by means of fluorescence measurements
performed with an Oxford Instruments X-Supreme. A Shimadzu
IRPrestige21 instrument for Fourier Transform Infrared Spectroscopy
(FTIR), equipped with a film measuring unit, was employed to de-
termine CuO vibrational mode peaks. The FTO conducting glass was
used as blank for CuO films analysis. The crystal structure was char-
acterized through X-ray diffraction (XRD) experiments conducted with
an Empyrean Panalytical diffractometer. Cu Kα radiation,
λ=1.5406 Å, was used for all XRD experiments. From the XRD data,
the crystallite size, L, was found using Scherrer expression:

= ∗
∗

L K λ
FWHM cosθ (1)

where K is a constant, frequently approximated to 0.90; λ is the wa-
velength of X-ray radiation; θ is the Bragg angle; and FWHM (full width
at half maximum) is the width in radians at half the maximum intensity
of the X-ray diffraction peak at 2θ angle.

Light transmission and reflectance experiments were conducted
using a UV–vis–NIR double beam spectrophotometer Cary 5G. Spectra
were measured in the 350–950 nm range. The FTO conducting glass
was used as blank in light transmission experiments. Film thickness and
roughness were monitored using a mechanical surface profiler (Dektak
150).

CuO films were evaluated as photoelectrodes inside a two-electrode
photoelectrochemical cell (PEC) system (dimensions
2.5×3.3×4.0 cm3) as described elsewhere [15]. The CuO/FTO film
acted as working photoelectrode and a platinum wire as counter-elec-
trode. A 0.1M NaOH water-methanol solution (1/1, v/v) was used as
electrolyte. Short-circuit photocurrent was measured in a lab-developed

set-up with an Agilent 34410A multimeter. A 100mW/cm2 light in-
tensity on the photoelectrode was established using a calibrated pho-
todiode. The PEC and its electrical contacts were placed inside a
Faraday box which allowed light penetration. Measurements were
taken automatically using a Labview program which allows: to control
the amperemeter, to plot photocurrent values in real time and to save
all the data. Short-circuit photocurrent behavior (0 V applied bias) for
light-on and off cycles was registered.

3. Results and discussion

As deposited/synthesized films adhere firmly to the FTO substrate.
They are brownish in color, uniform and homogeneous to the naked
eye. Profilometry thickness measurements averaged 220 nm with an
average roughness of 65 nm (see Table 1). The X-ray fluorescence
spectrum corresponding to the bare FTO substrate (Fig. 1a) and CuO
film on FTO substrate (Fig. 1b) are compared. The latter spectrum in-
dicates clearly the presence of Cu element by Kα1 and Kβ1 peak sig-
nature. It also shows that film deposited is rather thin according to the
registered intensity counts.

Fig. 2 shows a typical top-view SEM image of sample surface. One
can observe the nanostructured morphology and nanocrystal size of
φ=20–60 nm.

Fig. 3 shows an FTIR spectrum obtained in the 400–1200 cm¬1

wavenumber range. No significant vibration peaks belonging to the
organic formate ligand can be observed. This confirms the presence of
inorganic copper oxide. Indeed, the peak at 536 cm−1 corresponds to
the elastic CueO vibrational mode [7, 16, 17]. Other modes corre-
sponding to Cu2O phase [17, 18] are not observed. Therefore, FTIR
analysis indicates a complete transformation of Cu(II) formate to CuO
during the 3-h-500 °C heating process.

Fig. 4a shows the XRD pattern of CuO films on FTO substrate in the
20° ˂ 2θ ˂ 60° range (θ is the Bragg reflection angle). For the purpose of
peak identification, Fig. 4b and c show the reference patterns corre-
sponding to CuO [19] and SnO2 [20], respectively. In Fig. 4a one can
observe peaks at 2θ=35.45° and 2θ=38.66° due to Bragg reflections
from tenorite CuO planes (111) and (111), respectively. Peaks that could
correspond to Cu2O are not observed. Other lines that appear corre-
spond to SnO2 phase in the FTO glass used as substrate. Scherrer
Expression (1) was applied to peak at 2θ=35.45° which corresponds to
tenorite plane (111) to find crystallite size. XRD pattern deconvolution
was made using OriginPro 2015 software to determine CuO peak
FWHM. The obtained values are FWHM=0.0075 rad and L= 21 nm.
The calculated crystallite size domain matchessmallest nanocrystal
areas which abound in top-view SEM figure (Fig. 2). This indicates
abundance of monocrystalline nanocrystals.

Transmittance, T(λ), and total reflectivity, RT(λ), spectra are shown
in Figs. 5 and 6, respectively. The absorption coefficient spectrum,
α(hν), was obtained substituting in Eq. (2) and using the average
sample thickness, d (see Table 1). According to Guillen [21], for each λ
value:

= ⎡
⎣⎢ − + − −

⎤
⎦⎥

α
d

ln
R

T R R T R
1 2

[(1/ ) (1 ) 4 ] (1/ )(1 )
T

T T T

2

2 4 2 1/2 2 (2)

Table 1
CuO films thickness and roughness.

Samples Thickness (nm) Roughness (nm)a

CuO 400F-1 225 60
CuO 400F-2 229 64
CuO 400F-3 197 70
CuO 400F-4 233 67
CuO 400F-5 210 66

a Roughness measured by profilometry is equal to the arithmetic average of
absolute values of thickness deviations with respect to average thickness.
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Absorption coefficient spectra are shown in Fig. 7. The logarithmic
dependence of α(hν) increases abruptly above 1.3 eV indicating the
presence of an energy gap (see Fig. 8). Band gap nature and value were
determined from Tauc's plots [22] (see Fig. 9). Best-fit to experimental

data was obtained for = −α E hν( )A
hν g

n with n=1/2 for direct gap, in
agreement with references [1–3, 5, 7] but not with [6, 10–12, 23].
Additionally, experimental absorption coefficient values in the range of
104 cm−1 and higher correspond to a direct gap semiconductor. Fig. 9
shows direct gap values Eg= 1.53 ± 0.01 eV and
Eg= 1.54 ± 0.01 eV for samples CuO 400F-1 and CuO 400F-2, re-
spectively. These values are higher than the gap value for bulk CuO
because of nanocrystalline size morphology confirmed via SEM and
XRD measurements on the grown films.

Short-circuit photocurrent behavior is shown in Fig. 10 (CuO films
on FTO substrates act as photoelectrodes). The observed photocurrent
sense corresponds to a p-type semiconductor: light-created holes go to

Fig. 1. X-ray fluorescence spectra. (a) FTO conducting glass substrate (b) CuO
film on FTO substrate.

Fig. 2. SEM image of sample surface.

Fig. 3. FTIR spectrum corresponding to the CuO film.

Fig. 4. XRD patterns (a) CuO on FTO experimentally obtained pattern (b) CuO
reference pattern [19] (c) FTO reference pattern [20].
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the FTO and electrons to the electrolyte. Light response time is< 1 s.
Photocurrent spikes are observed whenever light is switched on and
photocurrent reaches a stable value in ca. 10 s. This photocurrent
transient can be attributed to electrons been trapped in surface states
instead of recombining with H+ ions in the electrolyte [24]. It must be
noticed that the spike maximum value is appreciably higher than the
stabilization photocurrent (see Fig. 10 and Table 2). Therefore, if sur-
face and/or interfacial traps could be passivated, photocurrent would
be considerably larger. On the other hand, photocurrent is not equal to
zero for periods of darkness (Fig. 10 and Table 2). This is true for all
samples and it is also observed in CuO photocurrent measurements by
Dubale A. et al. [25]. This small effect could be due to charge trapped in
surface or interfacial states, as well.

4. Conclusions

Well-adhered and homogeneous CuO thin films are grown on con-
ducting FTO substrates using a low-cost and simple spin-coating and
thermal heating technique. FTIR and XRD experiments show that Cu(II)
oxide is synthesized, i.e., no other Cu oxides nor metallic Cu appear for
the applied heat treatment. According to, profilometry, SEM and XRD

Fig. 5. Typical transmittance spectra of samples CuO 400F-1 and 400F-2.

Fig. 6. Typical total reflectance spectra of samples CuO 400F-1 and 400F-2.

Fig. 7. Absorption coefficient spectra of samples CuO 400F-1 and 400F-2.

Fig. 8. Absorption coefficient dependence on photon energy for samples CuO
400F-1 and 400F-2 (shown in logarithmic scale).

Fig. 9. Tauc's plot for direct energy gap gives Eg= 1.53 ± 0.01 eV and
Eg=1.54 ± 0.01 eV for samples CuO 400F-1 and CuO 400F-2.
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analysis, the ~200 nm thick films are nanocrystalline in 20–60 nm
domain size. Transmittance and total reflection spectra are analyzed,
and absorption coefficient spectra calculated. This last spectral depen-
dence and Tauc's method show a direct band gap with
Eg= 1.52–1.55 eV. These values are higher than bulk CuO gap value
due to CuO nanocrystalline morphology. Short-circuit photocurrent
measurements in a two-electrode photoelectrochemical cell confirm
CuO p-type conductivity. Photocurrent behavior during light-on and
light-off cycles is influenced by the presence of carrier traps, most
probably, surface and interfacial defects. Their presence explains the
observed photocurrent spikes when light is switched on.
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