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Abstract

The production of hydrogen fuel using photoelectrochemical water splitting method requires semiconductor materials with
suitable energy gap, electrical and optical properties. Cuprous oxide is feasible candidate fulfilling many of these requirements
to be the photocathode of such devices. In this study, we investigated optical and microstructural properties of cuprous oxide
prepared under different temperatures. Microstructure properties were evaluated by statistical, fractal and Fourier methods.
Roughness characteristics, Fourier transforms and multifractal characteristics provide consistent information connected
with the distribution of surface objects created during sample fabrication. Our methodology is feasible to provide practical
insights for the fabrication and monitoring of surface and optical properties of Cu,O and other semiconductor materials.
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1 Introduction

To balance the increasing energy consumption, it is impor-
tant to exploit renewable energy sources. In the recent past, a
lot of research effort was made to produce renewable hydro-
gen fuel. One of the large variety of approaches for renew-
able hydrogen production is based on the photoelectrochemi-
cal water splitting (PEC). Photocatalytic decomposition of
water into hydrogen and oxygen using semiconductors and
solar energy has a great economic and environmental poten-
tial. The scientific and engineering challenges that must be
addressed to make this technology economical were recently
discussed [1].

One of the promising semiconductor materials for genera-
tion of hydrogen from water splitting under visible light irra-
diation is cuprous oxide (Cu,0). Among the various metal
oxide materials, Cu,O has a suitable band gap, high absorp-
tion coefficient in the visible-light region, good optical and
electrical properties. It is made of earth abundant elements,
non-toxic and low-priced [2]. Cu,O is used in applications
such as gas sensing [3], solar cells [4, 5], photocatalysis [6],
and photoelectrodes for solar water splitting [7-9]. Various
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synthesis methods are used to prepare Cu,O thin films such
as pulsed laser deposition [10], chemical vapor deposition
[11] and electrodeposition [12—16]. The electrodeposition
method provides several advantages because of its simplic-
ity, low cost, and the possibility of forming large area sam-
ples. It allows the control over the stoichiometry, grain size,
crystallinity, morphology, and thickness of formed layers.
Cu,0 films are usually electrodeposited from a copper pre-
cursor solution, such as copper nitrate, copper acetate or
copper sulfate.

In the current study, we have prepared Cu,O thin films
on conductive glass substrates by the electrodeposition
technique in a solution containing copper sulfate with lactic
acid at different temperatures. The effect of deposition tem-
perature on formed layers was studied by optical methods
(Raman scattering and UV—Vis spectroscopy) and properties
of the resulting surface microstructure was investigated by
the atomic-force microscopy (AFM) and analyzed by the
latest statistical, fractal and Fourier methods.

2 Experiment

The Cu,O layers were prepared from an aqueous solution
of copper sulfate and lactic acid [17] on fluorine-doped tin
oxide (FTO) glass slides. The FTO glass slides were cleaned
by sonication in deionized water followed by ethanol and
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acetone for thirty minutes each to remove the impurities.
The pH of the forming solution was set to 12 by adding 3 M
NaOH. Thin films were prepared on FTO coated glass sub-
strates by a potentiostatic electrodeposition method for 1 h.
A fixed potential of -0.5 V vs. Ag/AgCl reference electrode
was applied to the substrates using of a potentiostat—gal-
vanostat Biologic SP-150. Samples were prepared at dif-
ferent temperatures: sample A at 25 °C and sample B at
50 °C. After the electrodeposition, the films were rinsed with
deionized water and dried in air.

Raman spectra of the thin films were collected by Thermo
Scientific DXR Raman spectrometer with 532 nm laser
wavelength and analyzed by Avasoft8 software package.
UV-Vis spectral reflectance was determined by Avantes
2048 spectrophotometer.

The surface morphology of formed samples was experi-
mentally examined by atomic force microscopy (AFM)
using the AIST-NT Smart SPM system. AIST-NT cantile-
vers produced by AIST Nano Technologies BV, Apeldoom,
the Netherlands, were used. Tip height was 10 um, tip cone
angle 22°, and tip curvature radius 10 nm. Four rectangular
areas were selected on the samples in order to assess the
uniformity of the spatial distribution of the observed geo-
metric objects at the surface of the sample. A set of four
samples was analyzed and in all cases the distribution of
surface objects was without significant changes. The AFM
figures present the results obtained from AFM scans from
the middle part of the formed samples. We employed the
semi-contact AFM mode, in which the interaction of the
cantilever with the investigated surface objects is evaluated
based on the change in the oscillations of the cantilever in
a defined position above the surface area. In this way, the
entire selected surface area is examined. Before the actual
measurement, we carefully set all the parameters for the
implementation of the semi-contact method in order to
achieve a contrast image without damaging the cantilever
or the sample. The disadvantage of such a procedure is the
construction of a convolution model of the oscillating tip
with the investigated surface due to the dynamics of the can-
tilever vibrations above the surface. Hence we remark this
can introduce artifacts in AFM images as a consequence of
an imperfect mathematical model of convolution of the tip.

3 Results and discussion

The crystalline phases in the formed cuprous oxide lay-
ers were determined by Raman spectroscopy. In our work,
Raman spectrum was recorded in the range of 50-1300 cm™".
The phases of Cu and Cu,O possess highly symmetric cubic
structure and CuO is a low symmetry monoclinic structure.
The copper oxide particles provide response in the Raman
spectrum. The group theory shows that Raman activity is
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a function of the space group symmetry. The monoclinic
CuO structure provides three Raman active optical-phonon
modes at 303, 350 and 636 cm™'. Experimentally observed
frequencies around 220, 410 and 630 cm™! of the samples
A and B correspond to Cu,O active Raman modes, [18] see
Fig. 1, because the modes 303, 350 cm™! typical for CuO
are absent.

The properties of the surface microstructures were
experimentally studied by the AFM microscopy, Fig. 2. We
represented the AFM values by a random height function
h(x,y) describing the height of the point above the reference
plane at the (x,y) position [19]. We transformed values in the
h(x,y) matrix by the 2D Fourier transformation and analysed
the structure of the Fourier domain. Values in the Fourier
domain coded into the colour scale are shown in Fig. 2. With
the increased deposition temperature, the large central part
of the 2D Fast Fourier Transform (FFT) image indicates
size of the surface features. It is caused by the changes of
space frequencies in the formed structures caused by the
different temperature conditions during the deposition. The
analysis of Fourier domain structure of the A(x,y) function
can be, therefore, used for the optimization of the deposition
technique.

The properties of the random height function A(x,y) val-
ues were examined by statistical methods. Ry is the root
mean square of the A(x,y) values measured from the mean
value and Ra is the arithmetic average of the absolute values
of the h(x,y) deviations. We also determined other important
surface roughness characteristics, higher moments of the
h(x,y) function—skewness Rsk and kurtosis Rku [20]. The
resulting statistical characteristics of the surface roughness
are shown in Table 1.

Both Ry, and Ra values increase with the forming
temperature and the deviations are emphasized. The com-
putation of the skewness value Rsk is based on the third
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Fig. 1 Raman spectra of structures A and B



Optical and microstructural properties of electrodeposited cuprous oxide

Page3of7 179

-

i i Yt
77 ’;’"

s

»
>
¥ 7
>

500

500

500

900

500

500

Fig.2 AFM images and 2D FFT of a) sample A and b) sample B. Scanned area is 10x 10 mm?

Table 1 Results of the surface A B
roughness analysis
Rgys (mm) 0.082 0.122
Ra (mm) 0.068  0.097
Rsk 0.001  0.409
Rku —-0.601 0.382

moment of the A(x,y) distribution. The distribution of the
h(x,y) values is not symmetrical, the right tail of the distri-
bution is slightly longer, and this effect is pronounced with
the increasing forming temperature. The kurtosis value Rku
is based on the fourth moment of the A(x,y) distribution. It
is significantly influenced by the outlier values. Compared
to a normal distribution, sample distribution with a nega-
tive Rku has shorter and thinner tails and its central peak
is lower and broader. The sample distribution with a posi-
tive Rku value has wider tails and a narrower shape of the
distribution. These properties are well documented also by
the shape of the histograms of the A(x,y) function shown in

Fig. 3. The h(x,y) values are coded into 256 discrete values
in the RGB color model. In the histograms of /(x,y) values,
the counts of individual values observed at the AFM image
(counts axis) corresponding to 8 bit RGB model (value axis)
are shown. The increasing forming temperature results in
the production of structures with narrower distribution of
surface shapes with higher peak value as documented in
Fig. 2 and illustrated by narrower distribution of the height
function in Fig. 3.

The properties of the formed microstructures were also
analyzed by the fractal methods. The fractal geometry
describes systems that are irregular at all scales of obser-
vation. The fractal analysis in our approach is based on
the analysis of self-similarity and scaling properties of the
h(x,y) function values.[21, 22] We analyzed the multifrac-
tal singularity spectra f(a), generalized fractal dimension
Dgq and fractal succolarity ¢ . These functions are based on
the statistical analysis of similarity and scaling properties
of observed h(x,y) values [23]. The plots of fla) and Dg are
shown in Fig. 4.
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Fig.3 Histograms of the A(x,y) values determined from the AFM
images of structures A and B

Multifractal functions f(a) and Dg show emphasized
fractal features of the structure B and provide information
about the microstructure properties with a high sensitivity
to a applied technological operations. The humped shape
of fla) and the decreasing trend of Dg function are typical
formultifractal structures and indicate that both structures
A and B are non-Euclidean multifractals with complicated
self-similar objects and different non-integer dimensions.
A set of higher statistical moments g used in the analysis of
the fractal scaling property was selected in interval — 8 to
8. With the increased deposition temperature, the surface
features show higher self-similarity and increased scaling
property demonstrated by the higher variability of f{a) and
Dgq values shown in Fig. 4.

Fractal succolarity analysis is a new complementary
approach in the multifractal analysis. Succolarity meas-
ures the percolation in the observed structure and enables
to distinguish different types of surface textures that have
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similar fractal dimensions. The fractal dimension indicates
how much the surface features occupy their underlying
metric space. A succolarity of the fractal surface is defined
as evaluation of the degree of filaments that allow percola-
tion. The calculation of ¢ is based on box counting method
implemented to the fractal succolarity algorithm [24, 25].
Binarized AFM images are examined in this approach using
a series of boxes of defined sizes connected with the divid-
ing factor. Succolarity is computed in four dimensions from
left-to-right to top-to-bottom and finally average value o4y
is computed. The results of the fractal succolarity analysis
are shown in Fig. 5a. The average fractal succolarity 64y,
in a logarithmic dividing factor scale for given structure
weakly depends on the dividing factor. On the other hand,
64y values for sample B prepared at 50 °C is substantially
lower. Increasing the deposition temperature decreases the
number of bifurcations, which is important for the quality of
the surface structure for the PEC applications.

The size distribution of particles observed at the AFM
images was analysed in our approach using segmentation
of the AFM images into a binary form. The resulting image
was covered by boxes of different sizes followed by counting
of the corresponding values in the given box area (inten-
sity). The result of this analysis in log—log scale is shown in
Fig. 5b. The variability of particle sizes rapidly decreases
with the increasing deposition temperature to 50 °C as indi-
cated by these results.

UV-Vis spectroscopy is suitable to analyze the properties
of electronic structure of semiconducting and semi-insulat-
ing materials. We studied the properties of absorption coef-
ficient a in (ahv)* function dependence on photon energy Av,
(ahv)*=f(hv). The value of z=2 is obviously used in study
of allowed direct transitions in semiconductor structures.
We computed energy band gap E, of formed Cu,O/FTO/
glass structure revealing the existence of such direct optical
transitions. We constructed linear trend as tangent near point
of maximal slope of the (ahv)” function and estimated Eg
by the determination of intersection of this linear trend with

Dq

0.85

Fig.4 a) Multifractal singularity spectrum f{(a); b) generalized fractal dimension Dg
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Fig. 5 Results of a) fractal succolarity and b) particle size analysis for structures A and B

the photon energy axis. Experimental values of the (ahv)?
function in the UV-Vis region and a regression of its linear
part are shown in Fig. 6. Resulting values of energy gap are
E,=2.62+0.09 eV for structure A and E,=2.71+0.09 eV
for structure B, which are about 0.4 eV higher than the val-
ues reported in the literature [26].

4 Conclusion

In this work, we deposited cuprous oxide layers on the
FTO/glass substrate and investigated the properties of
structures formed under various temperature conditions.
Microstructure properties were experimentally deter-
mined by the AFM and evaluated by statistical, fractal
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and Fourier methods. The results of optical absorption
spectroscopy were used for the energy gap determination.
Both structures, formed at 25 °C as well as 50 °C, were
produced at relatively low temperatures without produc-
tion of CuO phase. The forming temperature substantially
modifies surface shape distributions. The roughness char-
acteristics, 2D FFT, histograms and multifractal charac-
teristics provide consistent information connected with
the distribution of surface objects created during structure
forming. Structures prepared at higher temperatures show
higher variability of created surface objects, lower number
of bifurcations and lower variability of particle sizes. By
implementation of proposed methods, we obtained reliable
information about the development of formed microstruc-
ture properties with the deposition temperature.
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Fig.6 Tauc method for the energy gap determination: a) structure A; b) structure B;experimental (av)? function, line-linear regression of the

Tauc plot
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