
 

 

  
Abstract—Cuprous oxide (Cu2O) and cupric oxide (CuO) films 

of nanometric thicknesses on monocrystalline (100) silicon were 
grown by thermal cupper oxidation technique. The copper nanofilms 
were deposited on crystalline (100) silicon by autocatalysis using 
watery solutions based on copper sulphate (CuSO4) and hydrofluoric 
acid (HF). The Cu2O was obtained at an annealing temperature of 
200ºC, whereas for the CuO was necessary to use a higher oxidation 
temperature, 600ºC for 3 h. The thicknesses of the copper oxide 
layers were ranged from 30 to 150 nm obtained by ellipsometry. For 
the characterization of the oxidized copper layers, cuprous and cupric 
of oxides, were used different techniques. In order to examine the 
surface morphology of the films atomic force microscopy (AFM) was 
used and for the identification of the different oxides crystalline 
phases was used X-ray diffraction. By means of the Debye-Scherrer 
equation the nanocrystal size that forms the copper-based nanofilms 
was estimated. For the Cu nanofilm in the diffraction peak (111), a 
crystal size of 16.82 nm is obtained. Similarly, for Cu2O, the 
nanocrystal size is 8.11 nm and for the CuO, the size is 6.66 nm, 
which indicates that crystal size depends of the annealing 
temperature. The refractive indexes measured for the nanofilms 
oxidized at 200ºC was from 2.2-2.3 and for the obtained ones at 
600ºC was from 2.7-2.9. 
 

Keywords—AFM, CuxO, thermal oxidation technique, XRD. 

I. INTRODUCTION 
HE interest by the study and preparation of copper oxide 
thin layers is by their use in the manufacture of toxic gas 
sensor elements [1.2]. The Cu–O system has two stable 

oxides: cupric oxide (CuO) and cuprous oxide (Cu2O). These 
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two oxides are semiconductors with band gaps in the visible or 
near infrared regions. These materials have several 
advantages: (i) availability and abundance of the starting 
materials, (ii) non-toxic nature, (iii) low production cost, (iv) 
band gaps lie in an acceptable range for solar energy 
conversion, and (v) n- and p-type conductivity [3,4]. As a 
result, copper oxides have found numerous applications in 
diverse fields such as solar cells and photovoltaic materials 
[4], electrochromic coatings [5], catalytic applications [6], and 
high-Tc superconductors [7]. Doped copper oxide thin films 
have found applications such as in the fabrication of p-type 
transparent conductors [8]. The Cu-O layers are also used in 
photoconductive devices as the photovoltaic cells and are 
important part of one of the families of superconducting at 
high temperatures [9]. The crystalline phases of copper oxide 
are the cupric oxide or tenorite (CuO) and the cuprous oxide 
or cuprite (Cu2O). Both materials behave like p-type 
semiconductors, and the band gap energy CuO is of 1.51 eV 
and 2.0 eV for the Cu2O at room temperature [10,11]. The 
refractive index of the CuO is of 2.21 and 2.741 for the Cu2O, 
to the wavelength of 623.8 nm [11,12]. 

With object to obtain control over some of the copper oxide 
phases, various studies on the formation of layers of Cu-O 
have been reported in literature using different growth 
techniques. Some of them used to prepare copper oxide thin 
layers of a single phase are: chemical deposit in phase vapour 
[13,14], electrodeposition [15] and molecular beam epitaxy 
(MBE) [16]. Although, it is difficult to obtain thick layers of 
Cu-O of a single phase by the technique of thermal oxidation 
[17,18] is possible to obtain a single phase if the copper layer 
is sufficiently thin and with a predominant crystalline 
orientation as infers of the experiments of oxidation of copper 
monocrystals [19]. In contrast, the process of monocrystal 
oxidation of copper, where the process is controlled by 
diffusion, in the oxidation of nanometric layers the process is 
restricted to the surface and will be controlled by the type of 
adsorption sites [20]. For the case of deposited copper 
nanolayers, in their initial crystalline orientation influences the 
crystalline orientation of the substrate where they were 
deposited [21]. The type of adsorption sites changes according 
to the adjustments that atoms acquire from the surface with the 
temperature. For temperatures close to 400ºC has identified 
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that the O-Cu-O structure has an energy of activation very 
small and it is related to the structure of the Cu2O [22,23]. 

In this work, the obtaining of Cu-O nanolayers by the 
technique of thermal oxidation of nanometric copper layers is 
reported. The main objective was to obtain copper oxide layers 
of a single crystalline phase on monocrystalline silicon 
substrates. As it will be described more below CuO and Cu2O 
layers with thicknesses of some tens of nanometres were 
obtained. The crystallographic characteristics of the copper 
layer, the oxidation atmosphere and the oxidation temperatures 
were determining for the obtaining of the wished crystalline 
phases. 

II. EXPERIMENTAL DETAILS 
The copper nanolayers were deposited on monocrystalline 

(100) silicon substrates using an autocatalytic process [24]. 
The electrochemical bath is a watery copper sulphate solution 
(CuSO4*5H2O) 0.01 molar and hydrofluoric acid (HF) (49%), 
in a proportion of 100:1 in volume. As substrates were used 
(100) silicon wafers p-type with resistivity of 1-5 Ω-cm and 
15×15 mm2 of area. The preparation of the substrates surface 
consisted of two stages. The first one was a cleaning RCA type 
using the procedures described in the reference [25], and in 
second one, the silicon wafers were submerged in a watery 
solution of HF (49%) at 10% for passivating the silicon 
surface [26]. For the samples studied in this work, the copper 
layers were deposited by immersion of the substrates in the 
chemical bath by 30 and 90 s. The deposit times were selected 
of such a way that the thicknesses were not greater than 100 
nm. In order to assess the influence of the HF concentration on 
the physical characteristics of the copper and Cu-O layers, it 
was prepared another group of samples with different HF 
concentrations in the solution as is indicated in Table 1. For 
the oxidation of these layers was not used special mixture of 
gases as atmosphere, the oxidation was performed in the 
laboratory air-atmosphere using 200 and 600ºC as oxidation 
temperatures for 3 h. The degree of oxide conversion of the 
copper layers was determined measuring their refractive 
indexes as function of the oxidation time. Another group of 
samples with similar characteristics was used as a control 
group for a better comparison of the results obtained in the 
processes. This group of copper layers was subjected to 
similar processes in high purity nitrogen atmosphere. In this 
case, the Cu nanolayers did not show appreciable changes in 
their physical characteristics. 

The thicknesses, refractive indexes of the copper layers and 
the crystalline phases of copper oxide were determined by 
ellipsometry measurements with an Ellipsometer Gaërtner 
L117 model. The layers surface morphology was examined 
with an atomic force microscope (AFM) model CP0175 
Autoprobe of Park Scientific Instruments. The structural 
characterization of the layers was carried out by X-ray 
diffraction in a system SIEMENS D5000. 

Table 1. Experimental conditions for the deposit of copper layers on 
(100) silicon with different HF concentrations by thermal oxidation 

technique. 

Sample Time (s) CuSO4 (ml) HF (ml) 
Cu8 30 39.6 0.4 

Cu10 30 39.2 0.8 
Cu12 30 38.8 1.2 
Cu14 39 38.4 1.6 
Cu41 90 39.6 0.4 
Cu42 90 39.2 0.8 
Cu43 90 38.8 1.2 
Cu44 90 38.4 1.06 

III. EXPERIMENTAL RESULTS AND DISCUSSION 
Fig. 1 shows two typical topographical images acquired 

with the AFM of the surface morphology of the copper layers 
on (100) silicon. The samples showed in figure were deposited 
using times of a) 30 and b) 90 s, samples Cu8 and Cu41. As 
can be noticed, the copper layers are constituted of almost 
spherical appearance particles. In the obtained layers using 
solutions with the same molarity, the particle dimensions 
increase with the increase of the immersion time. 
 

 
Fig. 1. Surface morphology of the typical copper layers on (100) 

silicon obtained by AFM with two immersion times: a) 30 
and b) 90 s, samples Cu8 and Cu41. 

 
For the deposition times used in this work, the copper 

particles did not completely cover the substrate surface. An 
estimation based on the AFM microphotographies indicates 
that the spherical nanoparticles have diameters ranging from 
80 to 100 nm. The measured average roughness is of ~26.2 Å 
for nanolayers with 30 s of immersion, see Fig. 1a, and 20 Å 
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for those ones with 90 s of immersion, as can be appreciated in 
Fig. 1b; additionally the diminution in surface roughness can 
be related to the increase in the nanofilms density. 

Fig. 2 shows the behaviour of the thickness as function of 
the HF concentration used for depositing the copper 
nanolayers, which was measured by ellipsometry. In this figure 
can be observed that the increase in the HF concentration is 
accompanied by a slight increase in the layers thickness. The 
dash lines in figure are included only to indicate the tendency 
observed in the total set of data that have been analysed. From 
this figure can be clearly noted that the copper layers thickness 
does not vary linearly with the immersion time. Unlike of the 
results obtained for the case of layers of several micrometres 
of thickness, where a parabolic dependency is observed with 
the immersion time as was observed by Lee et al. [24]. 
However, the small range of variation in the thicknesses of our 
layers did not allow a clear identification of the dependence of 
the layer thickness with the immersion time. 
 

 
Fig. 2. Thickness of the deposited copper layers as function of the HF 

concentrations for two deposit times: a) 90 and b) 30 s. 
 

It is perceptible of the XRD patterns obtained from the 
nanofilms in 2θ ranging 30–60° that these are polycrystalline, 
see Fig. 3. The X-rays diffraction patterns for each type of 
nanolayer were included in figure. Although, the peaks present 
in the diffractograms are weak as a consequence of the 
nanometric thickness of the layers. The diffraction peaks at 
43.43 and 50.57° obtained from the as-deposited films 
associated to diffraction planes (111) and (200) were matched 
with the standard Cubic Cu phase (ICDD File: 04-0836; space 
group #225). The reflection from (111) plane was found to be 
the strongest orientation, which indicate that the particles have 
a preferential crystallographic orientation in the direction 
(111), with a small percentage in the direction (200). The peak 
at 36.64° possibly associated at (111) plane of cuprous oxide 
(Cu2O), which lead to the mixed Cu–Cu2O phase. The layers 
obtained with different HF concentrations in the solutions did 
not change appreciably in their X-ray diffractograms presented 
above. After the process of oxidation of the Cu samples by a 
minimum time of 60 min at 200°C, the surfaces presented 
noticeable changes that were visible at naked eye. A 

diffraction peak from the (111) plane of cubic Cu2O (ICDD 
File: 05-0667; space group #224) was obtained at 36.53°. A 
single Cu2O phase was obtained for the films annealed at 
200°C, with a strongest orientation along (111) plane. When 
the annealing temperature is increased to 600°C, the Cu2O 
phase transforms into copper (II) oxide (cupric oxide; CuO) 
phase [5,7,14]. The diffraction peaks of (-111) and (200) from 
the monoclinic CuO phase were identified from the standard 
data (ICDD File: 45-0937 and 48-1548; space group #15). By 
means of the Debye-Scherrer equation, the nanocrystal size 
that forms the copper-based nanofilms can be estimated. For 
the as-deposited film, in the diffraction peak (111) a crystal 
size of 16.82 nm and a lattice constant (a) of 3.61 Å are 
obtained. Similarly for Cu2O, the nanocrystal size is 8.11 nm 
and a = 4.26 Å. Finally, for the tenorite (CuO), the crystal size 
is 6.66 nm and a = 4.58Å. The conversion of Cu2O to CuO 
during heating in the presence of oxygen is well known [27]. 
These results indicate that as the thermal treatment temperature 
increases, the crystal size decreases. It is earlier reported by 
Nair et al. [28] that the Cu2O phase convert into CuO phase 
when annealed at 350°C, which corroborate in the present 
work. The composition of CuO is maintained even for the 
annealing at 450°C. It is also reported that at still higher 
temperature, CuO could revert to Cu2O [29], but this 
possibility of crystalline phase transformation was not found in 
the present work. For annealing temperatures smaller at 200ºC 
the layers reached a tonality blue-intense and for higher 
annealing temperatures the layers were of grayish-blue colour. 
The refractive indexes measured for the layers oxidized at 
200ºC was from 2.2 to 2.3 and for the obtained ones at 600ºC 
was from 2.7 to 2.9, which corroborate the change of 
crystalline phase due to the increase in annealing temperature. 
 

 
Fig. 3. X-rays diffraction spectra for the Cu and Cu-O layers. 

 
The refractive index data and the X-ray diffraction 

information demonstrate that with the used experimental 
conditions used in the present work is possible to obtain 
copper oxide layers with a single phase in each case only by 
increasing the annealing temperature. The variation range 
indicated for the measured refractive index can be associated 
to  the  roughness  degree  of  the  nanolayers  [7].  In  Fig. 4 is  

INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING Volume 12, 2018 

ISSN: 1998-4464 744



 

 

 
Fig. 4. Superficial morphology for the copper oxide layers by AFM. 

 

 
Fig. 5. Behaviour of the refractive index for copper oxide layers 

deposited by thermal oxidation: a) as function of the 
oxidation time for a HF concentration of 0.1 ml and b) as 
function of HF concentrations with an oxidation time of 60 
min. 

 
shown a typical AFM topography surface image of the copper 
oxide layers. The roughness of this layer is of 18.5 Å and is 
smaller than the initial roughness of the copper layers. 

In order to study the behaviour of the refractive index of the 
copper layers, the samples refractive indexes were measured 
and plotted as function of the annealing temperature, HF 
concentration and used deposition time. As is shown in Fig. 5, 
from these measurements, it was observed that the copper 

oxide layers, regardless the different oxidation times and for 
the two used temperatures present a defined crystalline phase 
after a minimum time of 40 min. The transformation to the 
cuprite crystalline phase takes place in a shorter time than the 
required for the transformation to tenorite crystalline phase. 
Similar results for copper layers were observed with 
thicknesses of up to 100 nm,   which indicates that at least for 
the indicated thicknesses range the formation of the phases do 
not depend on the layers initial thickness. 

According to the results of X-ray diffraction, after the 
oxidation processes the Cu-O layers have a well-defined 
orientation, so that, in the formation of the copper oxide 
crystalline phases influences the initial structural order of 
copper particles on the silicon substrate. The selected 
oxidation atmosphere and temperatures have also a crucial role 
for the formation of the crystalline phase. Since the copper 
layers are constituted by small crystal with preferential 
orientation in the direction (111), the oxidation of themselves 
takes place at different ratios according to the different faces 
from the small copper crystals. 
 

 
Fig. 6. Possible adjustment of the small copper crystals on the silicon 

surface with direction (100). The atoms are not to scale and 
the sizes only are illustrative. 

 
Different studies [23,30] have shown than for oxidation 

temperatures close to 200ºC, the copper oxidation rate 
diminishes according to the sequence in the crystalline planes 
(100), (111), (110) and (311), and that the oxidation rate in the 
surfaces with orientation (100) and (111) is at least twice 
greater than in the other directions. In addition, the oxidation 
rate in the planes (100) is at least three times greater than for 
the planes (111), this difference increases for oxidation 
temperatures higher than 200ºC. 

The difference increases until in a factor of 10 for the 
orientations (110) and (311), in such a way that the oxidation 
rate of the copper layers between the small crystals (in the 
parallel line of the substrate surface) is greater than the 
oxidation rate in the perpendicular direction (direction (111)). 
The difference in the oxidation rates for the different 
crystalline directions allows to explain the conservation in the 
degree of order of the layers, according to the X-ray 
diffraction results as the decreasing in the oxidized layers 
roughness with respect to the initial copper layers. Considering 
that the preferential orientation of the copper layers is in the 
direction (111), a possible form in that the small crystals are 
put in order on the silicon surface following the crystalline 
direction of this one as is shown in Fig. 6.  

On the other hand, for the formation of the tenorite or the 
cuprite crystalline phase the oxidation temperature is crucial. 
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The temperature exerts a strong influence on the arrangement 
of the atoms of the different surfaces of the small crystals. The 
changes in the ordering of surface atoms determine the type of 
adsorption centre, in special for oxygen atoms [23]. 

IV. CONCLUSION 
Copper oxide layers were obtained successfully with a 

single crystalline phase cupric o tenorite (CuO, Cu2O) on 
(100) silicon substrates by thermal oxidation using an ambient 
atmosphere and copper layers. The Cu2O crystalline phase is 
obtained with an oxidation temperature of 200ºC, these layers 
have a refractive index of 2.3. In order to obtain CuO, the 
minimum oxidation temperature was of 600ºC, and its 
measured refractive index was of 2.75, in both cases, the 
indices were determined by ellipsometry. Measurements of X-
ray diffraction confirmed the presence of the indicated 
crystalline phases. The grain size calculated by the Debye-
Scherrer equation for the predominant direction decreases as 
the oxidation temperature increases, giving for the Cu 
nanofilm in the diffraction peak (111), to crystal size of 16.82 
nm is obtained. Similarly, for Cu2O, the nanocrystal size is 
8.11 nm and for the CuO, the size is 6.66 nm, which indicates 
that crystal size depends on the annealing. 
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