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Abstract
Herein, we report on the post-annealing temperature effect on the transport behavior of p-CuO/Al Schottky barrier diodes. 
In addition, the transformation of phase from  Cu4O3 to CuO phase was studied. Copper oxide thin films were grown on 
soda lime glass substrates, and post-annealing temperature's influence on the films’ structural, chemical, morphological, and 
electrical characteristics was comprehensively examined. X-ray diffraction study revealed the development of polycrystal-
line tenorite phase (CuO) on annealing. Raman analysis also confirmed the formation of the tenorite phase (CuO) at higher 
annealing temperatures (400 °C and 500 °C). XPS study revealed the occurrence of the  Cu4O3 phase for room temperature 
deposited sample and CuO phase at the higher annealing temperature. Using current–voltage analysis, the Chueng model, 
and the thermoelectric emission model, the Schottky behavior between the metal and semiconductor were investigated. The 
fabricated diode showed a rectification ratio of  103 at ± 2 V, with the barrier height ranging from 0.84 to 1.12 eV due to 
different annealing treatments. The attributes of the power law were employed to elucidate space charge-limited conduction 
and the process of tunneling across the density of interface traps in p-CuO/Al Schottky diodes. This study provides valuable 
insights into the behavior of the p-CuO/Al Schottky junction, enhancing our understanding of its characteristics.
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1 Introduction

The progress of semiconductor devices in recent years has 
been greatly aided by multifunctional thin films based on 
oxide materials. It is interesting to note that oxide semi-
conductors have adjustable bandgap/electrical conductivity 
and are optically transparent in the visible region. Moreo-
ver, they exhibit chemical stability and robust mechanical 
properties, which make them suitable for fabricating various 
devices. Gaining an understanding of the electrical, optical, 
and chemical composition of oxide semiconductors is cru-
cial to their suitability for use in devices. The fundamental 
features of semiconductor materials, such as their ability 
to combine optical and electronic qualities, enable these 

devices to have different functionalities. These attributes 
enable the interaction and control of photons, electrons, and 
holes utilizing various electronic environments and gadgets. 
The metal–semiconductor (MS) junction is a key compo-
nent of contemporary electronic components, according to 
the majority of research [1]. Oxide semiconductors surpass 
traditional semiconductors like Si or Ge due to their dis-
tinctive physical properties, which can be easily tunable by 
manipulating growth parameters. Based on these process-
ing conditions, certain oxide semiconductors, such as ZnO, 
CuO, NiO, FTO, exhibit favorable qualities for the devices 
[2–4]. They have a wide range of applications, including 
integrated circuits, solar cells, sensors, TFTs, photodetec-
tors, field-effect transistors, and so on [3, 5–7]. Copper 
oxide shows good thermal stability, non-toxic behavior, 
good chemical stability, and less fabrication cost, and the 
relatively easy synthesis of copper oxide also makes it a 
desirable material for electronic and optoelectronic applica-
tions. As a well-known p-type semiconducting material, it 
has received a significant amount of attention. Cupric oxide 
(CuO) and cuprous oxide  (Cu2O) have monoclinic and cubic 
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crystal structures, respectively, with optical energy band gap 
values of 1.3 eV to 2.1 eV and 2.0 eV to 2.6 eV [8]. Copper 
is found in both the oxidation states Cu(I) and Cu(II), as 
well as the fascinating intermediate phase paramelaconite 
 Cu4O3, which may be written as  Cu2

+Cu2
2+O3,  Cu4O3, a 

tetragonal crystal structure with limited investigations, is 
known as paramelaconite and has a band gap of roughly 
1.34 eV [9]. The oxide growth kinetics of all three oxides 
are heavily influenced by temperature, deposition rate, and 
oxygen pressure. Hence, a very narrow window of depo-
sition parameters exists for creating a certain oxide phase 
and the differentiating variables are the growth parameters. 
Copper oxide thin films may be synthesized employing sev-
eral deposition techniques, involving sol–gel dip coating 
[10], spray pyrolysis technique [11], hydrothermal method 
[12], rf sputtering [13], dc magnetron sputtering [14]. In 
this research work, dc magnetron sputtering is used since it 
is known to yield a better deposition rate, a lower substrate 
temperature during deposition and simple control of the 
film’s stoichiometry, excellent adhesion to the substrate, and 
tunable morphology. Despite its importance, much about 
paramelaconite  (Cu4O3) is unknown. The transformation 
from  Cu4O3 to CuO and its characteristics are the focus of 
this paper. Since  Cu4O3 is a metastable phase, heat treatment 
affects its structural attributes. As a result, vacuum or air 
annealing can convert  Cu4O3 to CuO or  Cu2O [15]. Anneal-
ing is a post-processing approach for improving physical, 
optical, and electrical characteristics. D.S. Murali et al. [16] 
used high-temperature Raman spectroscopy to examine the 
impact of thermal treatment on  Cu4O3 films. They found that 
after annealing the films at 410 °C and 450 °C, the  Cu4O3 
phase converted to the CuO phase. The metal–semiconduc-
tor junction serves as one of the frequently utilized rectifying 
contacts within the electronics sector [17]. Schottky diodes, 
which represent the most fundamental devices among MS 
contacts, hold substantial technological importance. CuO 
offers a high Schottky barrier height at metal–semiconduc-
tor junctions, which may hinder carrier injection and result 
in poor device performance, such as large leakage currents, 
low rectification ratio etc. Overcoming this high Schottky 
barrier height while keeping good electrical properties pre-
sents a substantial problem. CuO has limited carrier mobil-
ity and extended carrier recombination lifetimes, which can 
reduce the speed and efficiency of charge transfer in devices. 
Improving carrier mobility and decreasing recombination 
losses are crucial for improving device performance. Over-
coming these constraints is critical in maximizing the poten-
tial of CuO Schottky diodes in a variety of electrical and 
optoelectronic applications. Therefore, an investigation into 
their electrical characteristics is highly intriguing. Further-
more, p-CuO/Al Schottky diodes are not well investigated. 
In this study, we fabricated and analyzed ITO/p-CuO/Al 
Schottky diodes, exploring their characteristics concerning 

the post-annealing process applied to the sputtered p-CuO 
thin film.

2  Experimental details

2.1  Film deposition

Copper oxide thin films were deposited using reactive 
DC magnetron sputtering on soda lime glass substrates 
using a 2-inch. circular metallic copper target of 99.99% 
purity. The substrates were cleaned in an ultrasonicator 
individually with de-ionized water, acetone, and isopropyl 
alcohol. Following this, they were dried using Nitrogen 
gas and subjected to a UV-ozone treatment for ~ 10 min 
before being placed into a sputter chamber. Argon gas was 
introduced after the sputtering chamber was evacuated to 
1.6 ×  10–5 mbar. The metallic copper target was argon ion 
sputtered for 2 min before film deposition to eliminate sur-
face adsorbates. During sputtering, the flow rates of argon 
gas (99.999% purity) and oxygen (99.999% purity) were kept 
at 5 sccm and 1 sccm, respectively. Oxygen acted as a reac-
tive gas to get the desired oxide films. Mass flow controllers 
(Bronkhorst High-Tech, MFC) independently regulate both 
gas flow rates. At a partial pressure of 0.009 mbar, the depo-
sition procedure was carried out, with a sputtering power of 
30 W for 10 min. The substrate-to-target distance was kept 
constant at 7 cm. The films were air annealed in the tem-
perature range 100–500 °C for 1 h. To fabricate the Schottky 
diode, we have utilized ITO coated glass substrate which 
served as the back electrode. Aluminum metal electrodes 
were applied to the samples through a thermal evaporation 
technique, using a shadow mask. Al electrode thickness was 
kept constant at 100 nm, with an evaporation rate of 5 Å  s−1. 
Figure 1 displays a schematic representation of the device 
structure, while Fig. 2 illustrates the energy band diagram 
of the CuO/Al junction.

Fig. 1  Structural illustration of ITO/p-CuO/Al Schottky diode
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2.2   Film characterizations

The thickness of the films was measured using a BRUKER 
Dektak XT stylus Profilometer and was determined to be 
310 nm. XRD (3rd gen Empyrean, Malvern Panalytical mul-
tipurpose diffractometer) (Cu Kα, λ = 1.54 Å) was employed 
to study the film crystal structure with patterns taken in the 
2θ range 20°–80°. The structural composition of the films 
was examined by a Raman spectrometer (Compact Raman 
spectrometer, Renishaw) using a wavelength for excitation 
at 532 nm. AFM (Flex-axiom AFM) was utilized to evaluate 
the surface morphology and roughness of the films. X-ray 
photoelectron spectroscopy PES-BL14 (1.5 T bending mag-
net) was used to determine the chemical composition and 
electronic state of the elements present in the films. Elec-
trical measurements of sputtered copper oxide films were 
carried out at ambient temperature using a Hall effect instru-
ment (3706 A-Switch) in a magnetic field of 0.60 T. Ulti-
mately, a Keithley (2636-B source meter) semiconductor 
characterization unit was used to characterize the transport 
properties of the fabricated Schottky diodes.

3  Results and discussion

3.1  Structural analysis

X-ray diffraction (XRD) studies were performed to investigate 
alterations in the structural characteristics of Copper Oxide 
films due to the thermal annealing and the corresponding spec-
tra were recorded in the 2θ range 20°–80°. The polycrystalline 
nature of the grown films is evident from the Fig. 3. Tenorite 
(CuO), cuprite  (Cu2O), and paramelaconite  (Cu4O3) are the 
common phases in which copper oxide may be found. The 
as-deposited sample’s XRD traces showed peaks with diffrac-
tion angles (2θ) of 30.62°, 35.7°, and 63.9°. The paramela-
conite  (Cu4O3) phase of copper oxide was demonstrated by 
these peaks, which were attributed to the Bragg reflections 

(200), (202), and (400) (JCPDS card: 01-071-6397). With 
a rise in annealing temperature, the diffraction peak intensi-
ties fall, which lowers the crystallinity of the films. The peak 
intensity corresponding to (200), (202), and (400) of the 
annealed  Cu4O3 films significantly reduced with an increase in 
annealing temperature, reaching a minimum at 500 °C. Peaks 
ascribed to the first plane decreased and a modest peak shift 
was noticed, which may have been caused by compositional 
changes and the conversion of one phase to another. Except 
for the 400 °C and 500 °C annealed films, all films with I41/
amd (141) space group had the paramelaconite  Cu4O3 phase, 
with a tetragonal crystal structure. At 400°C, the CuO-related 
peaks appeared at 2θ = 32.21°, 35.60°, and 38.31°, which are 
related to the (110), (− 111) and (111) planes, respectively. 
Copper oxide was found to be in the  Cu4O3 form in samples 
that were annealed at 100 °C, 200 °C, and 300 °C. At 400 °C, 
the CuO form with vanished  Cu4O3 peaks was seen.  Cu4O3 
had completely changed to the CuO phase when the annealing 
temperature was raised to 400 °C, as shown by the XRD. At 
500 °C, the CuO (110) diffraction peak vanished, leaving only 
the CuO (− 111) and (111) diffraction peaks. The possibility 
of oxygen diffusion into the films leads to the transformation 
of  Cu4O3 into CuO.  Cu4O3 reacts with  O2 to generate the CuO 
phase through the following reaction: 2  Cu4O3 +  O2 → 8CuO. 
The XRD results demonstrate that temperature-controlled syn-
thesis of pure  Cu4O3 and pure CuO films is possible. The film 
structure does indeed change during annealing, according to 
XRD studies (Fig. 3). No diffraction peaks of the  Cu4O3 phase 
can be identified for films that have been annealed at 400 °C 
and 500 °C; only tenorite peaks can be seen. The  Cu4O3 is 
subsequently fully oxidized to CuO at annealing temperatures 
exceeding 400 °C. This shows that paramelaconite films react 

Fig. 2  Schematic energy band alignment of ITO/p-CuO/Al Schottky 
diodes

Fig. 3  XRD pattern of as-deposited and annealed Copper Oxide thin 
films at different temperatures
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in an oxidizing environment similar to  Cu2O [18]. Further-
more, the paramelaconite phase possesses a greater crystal 
size (~ 18.0 nm) than the tenorite phase (estimated at 7.6 nm). 
As a result, the crystallite size falls during film oxidation. This 
result contradicts the findings of Li et al. [19] where no grain 
size change was observed during the oxidation of  Cu4O3 to 
CuO. Furthermore, from the Debye-Scherer relation [16], 
the crystallite sizes corresponding to the primary peaks were 
computed as 18.0 nm, 15.0 nm, 14.5 nm, 14.6 nm, 10.7 nm, 
and 7.4 nm, respectively, for the as-deposited, 100 °C, 200 °C, 
300 °C, 400 °C and 500 °C annealed films. The poor growth 
rate of copper oxide films resulted in a comparatively tiny crys-
tallite size at elevated annealing temperatures.

Here D represents the crystallite size, β is FWHM and λ is 
the incident X-ray wavelength [15].

The diffraction peaks of all  Cu4O3 and CuO films coor-
dinated the Tetragonal  Cu4O3 and monoclinic CuO standard 
data card (Standard data card: 01-083-1665 and 00-041-0254).

The density of defects in the films, denoted by the dislo-
cation density, was determined by applying the Williamson-
Smallman relation. The presence of strain and dislocation 
density might impact the device performance, thus the lattice 
strain and dislocation density were evaluated in the current 
work utilizing the relation [14].

D is crystallite size and is dislocation density. Lattice strain 
can be calculated using the following equation:

β in radians is the FWHM corresponding to the plane. Fol-
lowing post-annealing, there was an increase in dislocation 

(1)D =
0.9 × λ

βCosθ
.

(2)δ =
1

D2
.

(3)ε =
βcosθ

4
,

density and lattice strain, indicating a decrease in crystallin-
ity due to heat treatment.

The number of crystallites per unit area (N) was obtained 
using: [14].

where t is the thickness of the film. The number of crystal-
lites per unit area increased upon post-annealing due to the 
reduction in crystallite size with annealing temperature. A 
higher number of smaller crystallites per unit area typically 
suggests a finer grain size distribution. The calculated values 
are shown in Table 1.

3.2  Raman spectroscopy

To comprehend the structural details better and to establish a 
distinction between the various  Cu4O3 and CuO phases that 
are present in copper oxide films, Raman spectroscopy was 
conducted in the 100–2000  cm−1 spectral region. The cop-
per (II) oxide (CuO), which has 2 molecules per primitive 
cell, belongs to the  C6

2h space group. There are 6 IR active 
modes  (3Au +  3Bu), 3 acoustic modes  (Au +  2Bu) and only 3 
are Raman active modes  (Ag +  2Bg) out of the 9 zone-center 
optical phonon modes with symmetry  4Au +  5Bu +  Ag +  2Bg 
[5]. According to the paramelaconite  (Cu4O3) structural 
group theory, there are 42 symmetrical vibrational modes 
“3Eg +  A1g +  2B1g +  9Eu +  6A2u +  5B2u +  2B1u +  2A1u”, out 
of which 9  (3Eg +  A1g +  2B1g) modes are Raman active, 21 
are IR active  (A2u and  Eu), and 9 are silent  (A1u,  B1u, and 
 B2u) [9, 20, 21]. Figure 4 presents the Raman spectra of 
the films. The Raman spectrum of thin film deposited at 
room temperature shows the characteristic peaks of CuO 
at 282  cm−1, 619  cm−1, 1077  cm−1, and  Cu4O3 peaks at 
532  cm−1 [13, 21]. The strong peak at 532  cm−1 was caused 
by the  Cu4O3 crystals’  A1g Raman-allowed mode; the faint 
peak at 282  cm−1 is attributed to  Ag; 619  cm−1 belongs to 
the  Bg mode; and 1077  cm−1 refers to the  2Bg mode, which 
is a Cu–O stretching mode. Additionally, Irwin et al. [22] 

(4)N =
t

D3
,

Table 1  Structural and electrical characteristics of copper oxide thin films annealed at different temperatures

Sample Phase Average 
crystallite 
size

Disloca-
tion density 
(δ) ×  1015

Lattice strain (ε) Crystallites per 
unit area (N) 
 (m−2)

Resistivity Hall mobility Carrier concentration

(nm) (m−2)  ×  10–3  ×  1017 (Ω-cm) ×  102 (cm2  V−1  s−1) (cm−3) ×  1016

C RT Cu4O3 18 4.02 6.1 0.53 23.02 0.91 0.3
C 100 Cu4O3 15 6.11 7.51 0.92 25.52 1.32 0.19
C 200 Cu4O3  14.5 5.46 7.34 1.02 12.83 2.48 0.2
C 300 Cu4O3 14.6 5.35 7.33 1 16.64 1.69 0.22
C 400 CuO 10.7 21.51 14.88 2.56 4.15 1.71 0.88
C 500 CuO 7.4 18.53 14.84 7.76 0.44 2.12 6.84
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also noticed a noticeable peak at around 1077  cm−1, which 
they linked to the scattering of two phonons in CuO. The 
Raman spectrum of copper oxide films annealed till 300 °C 
shows the mixed phase of CuO and  Cu4O3, the film annealed 
at 400 °C shows an additional shift at 339  cm−1 which cor-
responds to the  Bg mode of CuO, and the shift at 532  cm−1 
disappeared and the film shows all the shifts corresponds to 
CuO phase. In addition to the typical CuO peaks, the copper 
oxide film’s spectra show a strong peak at 532  cm−1, which 
is associated with the  Cu4O3 phase’s  A1

g mode [16]. This 
suggests that the CuO phase may develop preferentially in 

films that have been annealed over 400 °C. The oxidation of 
the unstable  Cu4O3 phase may be the cause of the CuO peak. 
These results support our XRD results and show that raising 
the annealing temperature from 100 °C to 500 °C causes the 
copper oxide films  Cu4O3 phase to transform into CuO. The 
synthesized thin films are absent from any  Cu2O modes.

3.3  Morphological study

Atomic force microscopy (AFM) was utilized to assess both 
the surface morphology and the roughness of the films. Fig-
ure 5a–f illustrates 3-D AFM images (of 2 × 2 μm2) for the 
as-grown, and annealed films (100–500 °C). After anneal-
ing, there is a clear indication of the changes in the surface 
topography of the films. The thin film in its initial state con-
sists of extremely small grains and exhibited a smooth sur-
face with a root-mean-square (RMS) roughness of 3.93 nm. 
As the post-deposition annealing temperature increased, the 
average crystallite size decreased according to XRD analy-
sis, and the roughness increased with maximum roughness 
(7.99 nm) observed for 500 °C annealed film. Smaller crys-
tallites may also experience higher internal strain or stress 
due to the boundaries between them. This strain can contrib-
ute to the distortion of the lattice structure, resulting in sur-
face roughness. Consequently, an increase in film roughness 
is observed with an increase in lattice strain. This finding 
is consistent with the XRD results. Figure 3c–f shows the 
creation of particle clusters, which were found to be con-
figurations of collapsing grains with a pattern resembling 
a polycrystalline film. As a result of the increased anneal-
ing temperature, the roughness increased. This behavior is 

Fig. 4  Raman spectrum of copper oxide thin films annealed at differ-
ent temperatures

Fig. 5  3D AFM images of (a) as-deposited and annealed thin film at different temperatures of (b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C and 
(f) 500 °C
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consistent with prior research by Park et al. [23]. The vari-
ation in surface morphologies is related to the changes in 
copper oxide phase [15].

3.4  Chemical analysis

XPS analysis was utilized to explore the structure and sur-
face chemical composition of the copper oxide thin films 
for varied annealing temperatures. The wide spectra, Cu 
2p, and O 1s spectra were plotted after charging effect cor-
rection (carbon correction) for the binding energy of C 1s 
at 284.80 eV. After adjusting for carbon, elemental map-
ping through the survey spectrum was conducted for copper 
oxide thin films in their as-deposited state as well as the 
samples annealed at 400 °C and 500 °C. The outcomes are 
depicted in Fig. 6. They contain Cu 2s, Cu 2p, Cu 3s, and 
O 1s core level peaks, and the sole adventitious impurity 
found on the surface of the films was carbon. No foreign 
elements are observed in broad spectra, indicating that the 
formed film had the appropriate Copper oxide composition 
during the sputtering procedure. To determine the chemical 
composition, the background of the high-resolution Cu 2p 
and O1s XPS spectra was corrected using a Shirley type of 
background and deconvoluted  using a mixed Gaussian/Lor-
entzian function. The core level spectra for Cu 2p and O1s 
are shown in Fig. 7a–f. The extracted chemical states and 
percentage concentrations from the deconvoluted peaks are 
tabulated in Table 2. The Cu2p core level spectra of the as-
deposited film (Fig. 7a) surface reveal a doublet at 931.42 eV 
and 951.26 eV for  Cu2p3/2 and  Cu2p1/2, respectively [24]. 
The  Cu2p3/2 peak profiles were fitted with two contribu-
tions ascribed to CuO (931.42 eV) and  Cu2O (932.84 eV)

[25]. Similarly, The  Cu2p1/2 peak profiles were fitted with 
two contributions ascribed to CuO (952.96 eV), and  Cu2O 
(951.26 eV) [26]. The lack of the signal at 918.30 eV sug-
gests that the samples do not contain Cu metal [24]. Depend-
ing on the binding energy of the sample, peaks, and oxida-
tion states for each sample were determined, as shown in 
Fig. 7. The approximated chemical compositions are detailed 
in Table 2.

The deconvoluted XPS Cu 2p and O 1s spectra for 
400 °C and 500 °C annealed copper oxide films are shown 
in Fig. 7c–f. Both samples’ Cu 2p energy levels consisted 
of the main characteristic peaks for Cu  2p1/2 and Cu  2p3/2 at 
953.32 eV and 933.06 eV, respectively [11]. The presence 
of peaks at 940.58 eV and 943.04 eV signifies  Cu2+ in its 
ground state, displaying the  d9 configuration. Additionally, 
satellite peaks are observed at ~ 7 eV and 10 eV above the 
primary Cu 2p peak [27]. Peak separation, or spin–orbit 
splitting, between Cu  2p1/2 and Cu  2p3/2, was discovered to 
be about 20 eV and was comparable with the previously 
reported data [26]. The satellite peaks located on the higher 
binding energy side of the core level Cu 2p XPS data are 
recognized as carrying properties associated with the CuO 
phase, owing to numerous excitations present in copper 
oxides. Consequently, both samples’ Cu 2p XPS spectra 
showed substantial shake-up satellite structures, which sug-
gested the presence of CuO. The appearance of the satel-
lite peaks in the spectra could be attributed to the copper 
metal 3d → 4s shake-up transition or the transfer of charge 
from the ligand orbital to the metal orbital [14]. However, 
as the cuprous phase contains a fully occupied  d10 orbital 
configuration, the transfer of charge into the d shell is not 
possible. As a result, satellite peaks are typically missing in 
the  Cu2O phase [28]. The primary peak and satellite peaks’ 
binding energies were examined to determine the existence 
of cupric oxide in the film. The quantity of cuprous oxide 
phase  (Cu2+) and cupric oxide phase  (Cu+) present in the 
film may be determined by calculating the precise area of 
the main peak and satellite peak. The relationship shown 
below can be used to determine the proportion of  Cu2+ and 
 Cu+ [29],

A encompasses the area of the  Cu2+  2p3/2 peak along 
with the zones corresponding to the satellite  2p3/2 peaks. B 
covers the  Cu+  2p3/2 peak region. The primary  2p3/2 peak 
in the as-deposited film is a result of contributions from 
both  Cu2+ and  Cu+. Consequently, the amount of  Cu2+ dis-
covered in the deposited sample is 51.94%, indicating that 
the film surface includes almost equal amounts of  Cu2+ and 
 Cu+. This suggests that the sample contains a combination 
of  Cu2+ and  Cu+ (almost equal quantities), confirming the 
paramelaconite phase. While no peaks corresponding to 

(5)% of Cu2+ =
A

A + B
.

Fig. 6  XPS wide spectra of copper oxide thin film deposited and 
annealed at 400 °C and 500 °C



Thermal annealing effect on phase evolution, physical properties of DC sputtered copper oxide… Page 7 of 13 315

 Cu+ are found in films annealed at 400 °C and 500 °C, the 
film is transformed to CuO phase by post-annealing above 
400 °C. The integrated regions of the O1s and Cu(2p3/2) 
peaks were used to compute the overall Cu:O ratio for all 
samples. The Cu:O ratio was calculated using the follow-
ing formula [30].

where  Ix and  Sx are integrated areas and sensitivity factors 
of corresponding elements. The inelastic mean free path 

(6)

(

Cu

O

)

stoich
=

(

ICu

IO

)(

SO

SCu

)[

1 − exp(−1∕cos45◦λcu)

1 − exp(−1∕cos45◦λO)

]

,

Fig. 7  Deconvoluted Cu 2p (a, c, e) and O 1s (b, d, f) XPS core level spectra belonging to as deposited, 400 °C and 500 °C annealed copper 
oxide thin films
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(IMFP) (λx) for copper and oxygen were calculated using 
the formula below:

where E is the measured electron’s kinetic energy (eV),  A1 
and  B1 are empirically fitted constants of 538 and 0.210, and 
λx is in monolayers. The total Cu:O ratio for the deposited 
film was determined using these formulae to be 1.5:1. This 
ratio is greater than the predicted composition (1.33:1) for 
this structure, even though it is still within the acceptable 
ranges of CuO and  Cu2O.

Figure 7b, d, f shows O 1s core level spectra for as-
deposited, 400 °C and 500 °C annealed samples. The highest 
intensity peak, situated at 531.09 eV, was identified which 
is believed to be originating from the defective oxide  Cu2O 
 (Cu+). Meanwhile, the peak at 529.78 eV is linked to the 
regular  O2− interacting with  Cu2+ to create the Cu–O bond. 
The presence of the adsorbed  O2 element on the depos-
ited copper oxide surface layer is denoted by the peak at 

(7)λx = A
1
E−2 + B

1
E1∕2

,

533.02 eV [11]. The findings are consistent with a previ-
ously published paper by Biesinger et al. [29]. While the 
shape of the O1s core level spectra of the annealed thin films 
varied, it can still be deconvoluted into three components 
associated with adsorbed oxygen,  Cu2O  (Cu+) defective 
oxide, and CuO  (Cu2+) lattice oxides at respective energies 
of 533.52 eV, 531.09 eV, and 529.41 eV [31].

3.5  Electrical study

On the identical copper oxide films formed under ideal depo-
sition conditions at ambient temperature and air annealed at 
different temperatures, electrical resistivity, and Hall mobil-
ity (µ) were measured. A set of 5 samples annealed at differ-
ent temperatures was subjected to Hall measurement. The 
van der Pauw approach was utilized to make the above meas-
urements with appropriate ohmic connections, and all the 
films have shown p-type conductivity. Copper oxide films’ 
p-type behavior was previously attributed to the existence 
of Cu vacancies. The resistivity of the as-deposited film was 

Table 2  Data extracted from 
XPS spectra of as-deposited, 
400 °C, and 500 °C annealed 
films

Sample Element Peak assignment Binding 
energy 
(eV)

FWHM % concentration Cu:O CuO:  Cu2O

C RT Cu 2p Cu2+ 931.42 1.99 35.16 1.5:1 51.94: 48.06
Cu+ 932.84 3.29 32.53
Cu+ 951.26 2.2 18.22
Cu2+ 952.96 3.46 14.09

O 1s Cu2+ 529.78 1.56 22.38
Cu+ 531.09 2.36 57.42
Adsorbed oxygen 533.02 3.47 20.19

C 400 Cu 2p Cu2+ 933.06 2.94 23.32 0.7:1 –
Cu2+ 935.03 3.89 18.17
Satellite peak 940.58 3.16 9.63
Satellite peak 943.04 3.27 11.51
Cu2+ 953.32 3.4 15.43
Cu2+ 955.78 3.78 6.28
Satellite peak 961.8 4.09 15.66

 O 1s Cu2+ 529.41 1.84 38.08
Cu+ 531.09 2.92 53.75
Adsorbed oxygen 533.52 2.52 8.16

C 500 Cu 2p Cu2+ 933.27 2.9 24.91 0.9:1 –
Cu2+ 935.23 3.5 17.38
Satellite peak 940.86 3.12 9.52
Satellite peak 943.21 3.01 10.75
Cu2+ 953.23 3.15 13.38
Cu2+ 955.54 3.98 9.18
Satellite peak 962.04 3.79 14.88

 O 1s Cu2+ 529.36 1.82 48.26
Cu+ 530.81 2.28 38.64
Adsorbed oxygen 532.74 2.59 13.09
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2 ×  102 Ω-cm, and it decreased to 0.44 ×  102 Ω-cm for films 
annealed at 500 °C. The development of Cu vacancies in the 
 CuxO layer causes reduced resistivity after annealing. The 
grain boundary scattering increases with decreasing crystal-
lite size and influences copper oxide thin films’ resistivity. 
This might be owing to the lower  Cu+ ions over  Cu2+ions 
and these findings are consistent with XRD. Moreover, the 
charge carrier mobility and carrier concentration increase 
with annealing temperature. The film annealed at 500°C 
was found to have a maximum carrier concentration of 
6.84 ×  1016  cm−3. This investigation, as presented in Table 1, 
showed that the presence of copper vacancies in the  CuxO 
films resulted in a guaranteed rise in carrier concentration. 
Further, the carrier mobility has continuously increased to 
2.48  cm2  V−1  s−1 with increased annealing temperature up 
to 200 °C, and subsequently, the mobility values margin-
ally decreased to 2.12  cm2  V−1  s−1 with a further rise in 
annealing temperature. Because of colloidal energy loss 
with oxygen during the sputtering, the carrier mobility has 
decreased [32].

3.6  Current–voltage characteristics for ITO/p‑CuO/
Al Schottky diode

Figure 8a, b depicts the current–voltage plot and the power 
law behavior of p-CuO/Al Schottky diodes measured under 
dark conditions at ambient temperature. The device’s bias 
voltage ranged from − 2 to + 2 V. On a p-type semiconduc-
tor, aluminum with a work function of 4.28 eV was chosen as 
Schottky contact. Figure 1 presents a schematic representation 
of the ITO/p-CuO/Al Schottky diode structure. It is observed 
that following the annealing procedure, all the devices exhib-
ited a rectifying behavior. The exponential rise in forward 
current coupled with a slight reliance on reverse voltages is 
a typical trait of a rectifying junction. Figure 8 depicts the 

rectifying behavior seen in this study. The junctions of CuO 
thin films annealed at various temperatures were studied. For 
all devices in the dark, the rectification ratio was in the range of 
 102–103. The rectification is caused by the formation of inher-
ent defects within the CuO thin films and at the metal–semi-
conductor interface. Due to the narrowing of energy bands at 
low forward bias, there is a substantial increase in voltage-
current density, resulting in the dominance of a space charge-
limited current (SCLC) mechanism [4]. Many factors may 
influence Schottky diode properties, which include interfaces, 
sputtering conditions, copper stoichiometry, and oxygen com-
position. The thermionic emission model (TE) was used to 
obtain heterojunction characteristics for instance saturation 
current  (I0), ideality factor (η), and the barrier height (ϕB) from 
the I–V graph. The TE model states that the following equation 
may be used to represent the I–V relation of heterojunction.

I0, V, η, k, and T are recognized in this context to denote 
the following:  I0 as saturation current, V is applied voltage, 
η—ideality factor, k—Boltzmann’s constant, and T—the 
temperature in kelvin, often referring to room temperature. 
The saturation current  I0 is given by the relation:

where A is the contact area (4.42 ×  10–3  cm2),  A∗ = 949.36 
A  cm−2  K−2 is Richardson’s constant for CuO and ɸB repre-
sents the barrier height of the CuO/Al interface at zero bias 
[33]. Equation (8), can be modified as:

(8)I = I0(e
qV

�kT − 1),

(9)I0 = AA∗T2e−q�B∕kT ,

(10)ln(I) =
qV

ηkT
+ ln(I0).

Fig. 8  I–V characteristics of the device, (a) at linear scale, and (b) at log scale
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The slope of the linear segment in the forward region and 
the intercept from the semi-logarithmic plot of the I-V char-
acteristics were used to calculate the ideality factor (η) and 
barrier height (ϕB). The barrier height was computed utiliz-
ing Eq. (9), and the outcomes are presented in Table 3. The 
value of the ideality factor (η), close to one in an ideal diode, 
determines the quality of the constructed diode. The ideality 
factor η relates to tunneling current and fluctuates between 
1 and 2, according to the semiconductor diode theory; n > 2 
indicates the presence of leakage current; if n = 2 is the result 
of the generation and recombination current processes [34]. 
Table 3 describes the Schottky diode parameters. After 
annealing, significant changes in the ideality variables were 
noted. It might be caused by variations in the inhomogenei-
ties in barrier heights, and the recombination of surface/
interface defects [6]. Careful examination of I–V curves 
demonstrates the device’s progressive increase in threshold 
voltage  (VT) due to annealing. The increase in  VT might be 
attributable to two factors: (i) increased impurity diffusion 
when subjected to higher annealing conditions, resulting 
in an expansion of the depletion zone, and (ii) the offset-
ting of  O2 vacancies at the junction following annealing 
[35]. The room temperature device has a leakage current of 
2.17 ×  10−8A and a rectification ratio of 2.85 ×  101 measured 
in the voltage range of − 2 V to + 2 V. The leakage current 
gradually decreased following annealing treatment (Fig. 8b). 
For the sample treated at 400 °C, the improved rectification 
ratio was around 6.04 ×  102, with a decreased leakage current 
of 2.44 ×  10−12 A. This increase in electrical characteristics 
might be attributed to lower oxygen-related trap densities 
after annealing [36]. While producing the device, factors 
like material composition, thickness, structure, and interface 
play a crucial role in influencing both the leakage current 
and series resistance (Rs). Any defects in the CuO films can 
significantly impact these characteristics. Diodes, typically, 
don’t follow a linear I–V curve, and this behavior is heavily 
influenced by the series resistance (Rs), a pivotal parameter 
affecting device performance.

On differentiating the Eq. (14) concerning I, which gives,

The equation above represents a linear equation form. 
Accordingly, Cheung’s functions are used to predict the ϕB, 
η, and Rs of the MS (metal–semiconductor) junctions within 
the non-linear section of forward-bias I–V curves. By plot-
ting dV/d(lnI) against I, we can determine the slope and 
intercept, thereby obtaining the Rs and η. Similarly, plotting 
H(I) against I will also yield both Rs and ϕB according to 
the provided equation.

where,

Figure 9 displays graphs representing dV/d(lnI) and H(I) 
for all samples under dark conditions. Table 3 compiles and 
compares recorded device properties such as series resist-
ance, ideality factor, barrier height, and rectification ratios 
using two independent models. Initially, the operational cur-
rent shows a gradual increase before escalating rapidly due 
to the diffusion current in the Schottky diode. Furthermore, 
the substantial series resistance of the films and the existence 
of space charge limited current significantly influence the 
device’s performance. Figure 8 depicts the reverse leakage 
current of Schottky diodes with values ranging from  10–8 A 
to  10–12 A. The notable decrease in leakage current by four 
orders of magnitude in the 400°C annealed film might stem 
from an increased concentration of  Cu2+ states. Schottky 

(11)I = I0(e
q(V−IRs)

�kT − 1).

(12)
dV

d(lnI)
= IRs +

�kT

q
.

(13)H(I) = IRs + �ΦB,

(14)ΦB =
H(I) − I

(

Rs

)

�
.

(15)H(I) = V −
�kT

q
ln
(

I

AA∗T2

)

.

Table 3  Comparison of the 
Schottky diode parameters 
using the Thermionic emission 
and Cheung model

Sample Thermionic emission 
model

Cheung model

η φB
(eV)

η φB
(eV)

Rs (from dV/d(lnI) vs 
I plot)
K-ohm

Rs (from 
H(I) vs I 
plot)
K-ohm

C RT 9.53 0.57 8.81 0.84 678 730
C 100 7.84 0.67 8.82 1.07 468 478
C 200 4.84 0.67 8.08 1.01 201 211
C 300 3.58 0.68 6.79 1.12 153 160
C 400 5.91 0.69 6.74 1.11 244 236
C 500 6.98 0.61 5.33 0.98 290 319
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diodes created with active layers annealed at lower tem-
peratures exhibited higher ideality factors alongside lower 
Schottky barrier heights. Conversely, in samples annealed at 
higher temperatures, substantial alterations occurred in both 
physical and chemical properties. This led to the creation 
of a more favorable barrier height for carriers to overcome, 
resulting in reduced leakage current and higher ideality fac-
tors. Additionally, higher ideality factor values indicate a 
departure from the TE (thermionic emission) theory regard-
ing the current mechanism. The computed ideality factor 
from both the thermionic and Cheung models exceeded 
unity, which might be attributed to the presence of defect 
traps or interface states inside the films. Additionally, we 
noted a marginal rise in the Schottky barrier height, from 
0.57 eV to 0.69 eV based on the TE model, and from 0.84 eV 
to 1.12 eV according to the Cheung model, as the annealing 
temperatures increased. Interestingly, at room temperature, 
the fabricated Schottky diode showcased a notably high 
ideality factor alongside a relatively modest barrier height. 
Deconvolution of the XPS O1s spectra reveals the presence 
of absorbed oxygen elements and a minor amount of O–H 
groups. These components might potentially contribute to 
the ITO/p-CuO/Al Schottky diode interface. Changes in 
barrier height and ideality factor caused by post-annealing 
treatments could also be attributed to increased surface 
roughness in the film, variations in its chemical composition, 
undesirable material interdiffusion, quantum mechanical 
tunneling effects, image force reduction, and the presence 

of a thin insulating layer at the interface [2, 37]. The signifi-
cant difference in parameters derived from the TE model and 
the Cheung model is primarily due to the existence of Rs 
and the existence of defect states. In this work, the obtained 
diode parameters like barrier height and Rs are better than 
the similar study done by Rajkumar Jana et al. [38].

Figure 10 illustrates the power law traits of the CuO/Al 
Schottky diodes. Determining whether the transport involves 
thermionic emission of holes or other means becomes chal-
lenging within a particular voltage range when the junction 
interface exhibits inhomogeneity. However, examining the 
power law characteristics allows for the identification of the 
predominant transport mechanism within that specific volt-
age range. A log I vs log V graph was drawn to depict the 
current conduction process. The relation I =  AVm, where m 
is the slope describing the type of the conduction mechanism 
and A is the arbitrary constant, was used to assess the three 
unique slopes on the plot. A dotted line divides the applied 
voltage ranges, separating them into three distinct regions. In 
region-I, characterized by a slope m approximately around 1 
(ranging from 0.8 to 1.4), the conduction is attributed to the 
limited charges trapped, indicating that the transport mecha-
nism is primarily governed by the thermionic emission of 
holes, prevailing over the Schottky barrier height [39, 40]. 
Similarly, the slopes in area II lie between 2 and 3, which 
may be described by the super quadratic behavior gener-
ated by low charge carrier concentrations. The phenomenon 
might be explained by the existence of traps inside metal 

Fig. 9  Representing the dV/d(lnI) and H(I) versus I(A) plots for p-CuO/Al Schottky diode at different annealed temperatures
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oxide films. This is because the metal oxide thin film layers 
are not formed on substrates with perfect epitaxial match-
ing, which might result in traps that spread over the band-
gap [35]. The mechanism of carriers escaping from traps 
owing to high carrier injection is explained in Region III, 
which has a slope larger than 3. This behavior contributes 
significantly to the phenomena known as space charge limit-
ing current (SCLC). Space charge limited current (SCLC) 
emerges when all traps are completely occupied, and the 
quasi-static Fermi level precisely aligns with the energy of 
the shallow trap, causing a sudden surge in current. There-
fore, we’ve concluded that space charge limited conduction 
(SCLC) takes precedence over both thermionic holes and the 
Schottky barrier height [39, 40]. Hence, the entirety of the 
conduction mechanism arises from barrier inhomogeneity, 
deviating from the TE (thermionic emission) model.

4  Conclusion

To summarize, the p-CuO/Al Schottky diodes were fabri-
cated and characterized. A detailed analysis of its structural, 
chemical, morphological properties, and its transport char-
acteristics has been carried out. Special attention has been 
paid to the effects of post-annealing treatment. When the 
annealing temperature was increased from 100 °C to 500 °C, 
the paramelaconite  (Cu4O3) phase of the copper oxide trans-
formed to the cupric oxide (CuO) phase. The XRD study 
revealed that the film’s crystallinity significantly decreased 
from 18.0 nm to 7.4 nm with a shift from  Cu4O3 to CuO 
phase. Raman spectroscopy findings demonstrated that the 
tenorite phase existed in high-temperature annealed films. 
In addition to the  Cu2+ state, the  Cu+ state was also repre-
sented by peaks in the XPS study. The paramelaconite phase 
is verified by the Cu: O ratio of 1.5:1. It is worth noting that 

when the annealing temperature was raised, the samples’ 
resistivity reduced, but their mobility and carrier concen-
tration increased. Utilizing the thermionic emission and 
Cheung model, we observed an increase in barrier height 
with the escalating post-annealing process. The three orders 
of rectification were observed in a 400 °C annealed sample. 
The choice of annealing temperature with the combination 
of argon and oxygen ratio of metal oxide films could fur-
ther enhance the diode parameters that will be beneficial for 
numerous applications including rectifiers, and switches in 
electronic circuits.
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