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ABSTRACT

In this work, a thin copper (I) oxide (Cu2O) layer was deposited on p-type

silicon substrates using the E-beam evaporation method without using any

catalyst. The fabricated copper oxide sample was annealed at different anneal-

ing temperatures ranging from 300 to 700 �C. X-ray diffraction (XRD) and

scanning electron microscopy (SEM) were used to examine the structural and

morphological analysis of the as-deposited and annealed samples. The XRD

results reveal the phase transition of the copper (II) oxide (CuO) sample and the

presence of CuO was also confirmed by peaks at * 35.79� and * 38.94�, which

correspond to (11 - 1) and (220) crystal planes, respectively. A semi-cubic-

shaped rough surface was observed from the top view SEM image after

annealing at 600 �C for 1 h. Also, surface composition was evaluated by the

X-ray photoelectron spectroscopy which strongly indicates the formation of

Cu2O in the as-deposited sample, which changes to the CuO phase after

annealing at 600 �C. Further, the absorbance spectra show absorption

enhancement in the IR region after annealing of the Cu2O thin films . Moreover,

it was found that the optical bandgap of the as-deposited sample decreases from

* 2.17 to * 1.43 eV after annealing. Therefore, this process of developing high

quality copper oxide-TF deposited on Si substrate using the E-beam evaporation

technique can be used to develop a variety of opto-electronic applications.
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1 Introduction

Over the past few years, metal oxide semiconductors

have been extensively used due to their favorable

optical, electrical and magnetic properties for elec-

tronic applications such as photodetectors [1], non-

volatile memory [2], solar cells [3], photocatalysts [4],

microwave absorption [5, 6], gas sensors [7] and

DSSCs [8]. Among the oxide materials, copper oxide

has caught the attention of many researchers owing

to its potential application in optoelectronic devices

as it has strong corrosive resistance as compared to

other metal oxides. Copper oxide has shown good

electrical properties, low-cost production, good sta-

bility, non-toxic and high optical absorption in the

visible as well as near infrared regions [9]. Copper

oxide is a native p-type semiconductor that can be

found in two forms depending on the deposition

techniques: cupric oxide (CuO) with a bandgap of

* 1.2 - 1.9 eV and a monoclinic crystal structure

(a = 4.688 Å, b = 3.4229 Å, c = 5.131 Å and b = 99.51�)
and cuprous oxide (Cu2O) with a bandgap of * 2.0 -

2.5 eV and cubic structure (a = 4.27 Å). It has a high

absorption co-efficient of * 105 cm-1 at 300 K, good

thermal conductivity of * 76.5 Wm-1 K-1. Also, it

can have a good electrical resistance of 10–105 ohms/

cm depending on the method of fabrication [10].

Because of these properties, copper oxide has been

widely used in various applications such as super

capacitors [11], photovoltaics [12], glucose sensors

[13], lithium-ion batteries [14], water splitting [15],

H2S sensing [16], biomaterials [17] and catalysts [18].

However, the electrical properties of the material are

mainly influenced by the defects, grain boundaries,

surface adsorbed oxygen and specific surface areas

[19]. It is well known that metal oxide nanostructure

film contains a number of point defects and surface

defects, that have deviated from their original stoi-

chiometry. With the advancement in material science

and engineering, the structural, optical and electrical

properties of a material can be controlled by varying

the method of deposition used and the post-anneal-

ing treatment. Several methods of chemical and

physical manufacturing methods, such as sol–gel

[20], chemical vapor deposition [21], electrodeposi-

tion [22], hydrothermal [23], reactive sputtering [24]

and molecular beam epitaxy [25] have been

employed for the preparation of copper oxide-TF.

Prabu et al. reported that copper oxide-TF were

deposited on glass substrates by spray pyrolysis

techniques and studied the various key properties of

the films after annealing at different temperatures

[26]. Again, Abinaya et al. reported that p-type cop-

per oxide-TF is deposited on a silica glass substrate

by DC magnetron sputtering. A pure copper metal

target is used as the source material for the deposi-

tion of copper oxide film, followed by annealing at

various atmospheric conditions to study various

electrical and structural properties of the film [27].

But very few reports were available on the fabrication

of copper oxide film over silicon substrates using

E-beam evaporation techniques. E-beam is a versatile

technique that can be used to deposit uniform TF

metal-oxide over the substrate [28]. It is also useful

for depositing high melting point material in eco-

nomical and simple techniques for manufacturing TF.

The properties of the E-beam deposited film mainly

depend on parameters such as accelerating voltage,

substrate temperature, distance from target to source,

ambient pressure inside the E-beam chamber, thick-

ness etc. [29]. However, most of the metal oxide films

formed by E-beam evaporation techniques generate

oxygen vacancies and surface deformation, which

can be reduced by heat treatment during the depo-

sition. Again, post-deposition heat treatments might

be one useful way to control and improve the

microstructural, optical and electrical properties of

films [30]. Therefore, annealing at an optimal tem-

perature will reduce structural defects, which reduce

oxygen vacancies and improve the crystal quality of

the metal oxide film.

In this work, an attempt has been made to prepare

a copper oxide-TF using the E-beam evaporation

technique on a p-type silicon substrate without the

use of a catalyst. Also, post-deposition annealing is

carried out using muffle furnace. The effect of the

annealing temperature on the structural, morpho-

logical and optical characteristics of the film was

investigated. The structural properties of the sample

at different annealing temperatures are determined

using X-ray diffraction (XRD). The morphological

structure of the fabricated sample is also analysed

using scanning electron microscopy (SEM) and

energy dispersive X-ray spectroscopy (EDX). Again,

the optical properties of the sample are analysed

using UV–Vis spectroscopy. Here, we are trying to

study the effect of annealing on the crystal quality of

the film in terms of the structural, morphological and

optical properties of the copper oxide-TF. Thus, the

present work will give new visions in the field of
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optoelectronic devices by improving the crystallinity

of the copper oxide film after annealing at an opti-

mum temperature.

2 Experimental details

Copper oxide-TF was deposited on 1 9 1 cm silicon

wafers (resistivity * 2 ohms/cm2) using electron

beam evaporation inside the vacuum chamber

(Model No.: Smart Coat 3.0). Initially, the silicon

substrate was properly cleaned by submerging it for

2 min each in acetone, methanol and DI water. Fur-

thermore, the clean Si substrate was placed on the

substrate holder and put inside the vacuum chamber,

in which the substrate holder was placed inclined

vertically with respect to the source material. The

copper oxide source material was loaded on to the

graphite crucible and the chamber was evacuated

with the help of a rotary pump and further with a

diffusion pump to maintain a base pressure of

5 9 10-6 mbar. The chamber pressure lowers to

9 9 10-5 mbar during the deposition process, which

may be caused by the release of oxygen from the

source material. In this experiment, the rate of

deposition is controlled and tracked using digital

thickness monitoring (DTM), which is maintained at

a rate of * 0.4 Å sec-1. The source material used for

deposition is Cu2O (99.9999% pure) and p-type sili-

con substrate (111) from MTI (KJ Group) as a sub-

strate. The XRD measurements were executed by the

PANalytical X’Pert Pro diffractometer under Cu

K-alpha radiation (k = 1.54060 Å) at 30 mA and

40 kV to determine the crystal structure and phase

transformation of copper oxide-TF. To examine the

structural and surface morphological properties of

copper oxide-TF, SEM (Carl Zeiss Sigma 3000) inte-

grated with EDX was used. The optical properties of

both the as-deposited and annealed samples were

measured using a UV-Vis spectrometer (Hitachi

UH4150). The composition and chemical state of

different elements present in the films were deter-

mined using X-ray photoelectron spectroscopy

(Model No. PHI5000 Versa Probe III).

3 Results and discussion

3.1 Structural properties Analysis

The as-deposited Cu2O-TF is annealed at various

temperatures between 300 to 700 �C and character-

ized using XRD. The diffraction patterns of the cop-

per oxide-TF samples are shown in Fig. 1. As seen in

Fig. 1a, the diffraction peak of the as-deposited cop-

per oxide-TF is observed at * 42.66� corresponding

to (200) of copper (I) oxide (cuprous) crystal phase

[JCPDS Card No. 005-0667]. This as-deposited sample

exhibits lower diffraction peak intensities, which is

attributed to the formation of more oxygen vacancies

[31]. A more intense peak appears at * 35.79� and

* 38.94� after annealing at 300 �C, which is assigned

to (1 - 11) and (200) of the copper (II) oxide (cupric)

crystal plane, respectively, as shown in Fig. 1b

[JCPDS card No. 048-1548]. This Cu2O phase start

changing it phase from Cu2O to CuO at an annealing

temperature of around 300 �C is due to an increase in

lattice oscillations and molecular vibrations. As a

result, the weak interconnection bonds between the

Cu and O atoms are broken, resulting in a phase

transformation to the CuO crystal structure. This

causes a change in the bonding properties and ionic

patterns of the crystal structures. At this temperature,

several copper atoms ionized from Cu1? to Cu2? by

losing one electron. Additionally, the half-fill orbital

in the copper atom’s outermost 3d valence shell

(…3p63d9), which is more excited to participate in the

process, makes the copper atom in the Cu2?

Fig. 1 XRD results of copper oxide-TF annealed at various

temperatures
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ionization state more unstable than the atoms in Cu1?

[32]. Nair et al. reported that TF deposited using

chemical processes form cuprite oxide (Cu2O) struc-

tures, which convert to cupric oxide (CuO) after

annealing the sample at 350 �C in air [33]. Again,

Raghavendra et al. also reported that there is a

change in the copper oxide phase from Cu to CuO,

which proves that the CuO phase transition temper-

ature occurs at 300 �C [34, 35].

Moreover, with the increase in the heating tem-

perature from 300 to 500 �C, the peak intensity of the

diffracted peaks at * 35.79� and * 38.94� increases
without changing the peak orientation, which is

shown in Fig. 1c and d. Further, as the annealing

temperature increases from 500 to 700 �C, the sample

shows an extra peak at * 53.85 �, which is indexed to

the (020) crystal of the CuO, apart from the previous

peaks observed at the previous lower annealing

temperature [JCPDS Card No. 048-1548]. It is also

observed that no peak shift or formation of the Cu2O

phase was found with an increase in the annealing

temperature of the sample. No matter how stable the

CuO is, tenorite CuO structures will form due to the

rising molecular vibrations and lattice oscillations in

the air atmosphere according to the 2 Cu2O ? O2 ? 4

CuO equation [32]. This shows that the crystallinity

of CuO-TF improves with an increase in the anneal-

ing temperatures, which may also be due to the filling

up of oxygen vacancies during the process [36, 37].

Also, high temperatures reduce the symmetry, but

they also shape copper atoms with excellent electrical

stability. Again, using Scherrer’s equation, the aver-

age crystallite size (D) values for the as-deposited and

annealed samples are determined from the XRD

graph in Fig. 1 [38].

D ¼ kk
bcosh

ð1Þ

where k = 0.9, h is the Bragg angle, k = 1.54 Å and b
is the full width half maximum (FWHM), which is

expressed in radians. The calculated average crys-

tallite size value from Scherrer’s equation as a func-

tion of annealing temperature is presented in Table 1.

When the Cu2O dominated as-deposited film is

annealed at 300 �C, the calculated average crystallite

size of the sample is* 15.77 nm, which is larger than

that of the as-deposited Cu2O-TF, i.e., * 12.98 nm.

As the annealing temperature increases from 300 to

600 �C, the average crystallite size gradually

increases from * 15.77 to * 33.54 nm. This shows a

higher rate of crystal growth for CuO samples, which

also improves the mobility of the atoms by acquiring

adequate kinetic energy to travel freely on the atomic

surface of the CuO. Moreover, as the annealing

temperature increases, the thermal energy increases,

leading to the migration of atoms and particles that

get agglomerated, forming the larger grains [39]. In

addition, morphological structure of the sample and

variation in grain growth is also observed from the

SEM images, which will be explained in the later

section.

It is clearly shown in Fig. 2 that the average crys-

tallite size of the as-deposited sample increases with

an increase in the annealing temperature and also the

variation in the lattice strain with respect to the

annealing temperature. From the thermodynamic

perspective, the oxidation process of Cu2O to CuO

occurs depending on the time of reaction and the

temperature [40]. It is not worthy to mention that the

crystallinity of the CuO is improved, with increasing

annealing temperatures, thereby reducing the

amount of lattice imperfections (defects and grain

boundaries) in the crystal structure [34]. However, a

further rise in the annealing temperature to 700 �C
leads to breaking of the CuO bond, which opposed

the atom from moving freely, resulting in defects and

stress in CuO-TF, thereby reducing the average grain

size of the crystal, as shown in Fig. 2. Similarly,

Pandey et al. reported that RF sputtered deposited

ZnO-TF show breaking of ZnO bonds after post

annealing at temperature higher than 700 �C [41].

Moreover, the dislocation density, i.e., the length of

the dislocation lines per unit crystal volume and the

micro-strain of the as-deposited and annealed sam-

ples were also calculated using the equation.

d ¼ 1

D2
ð2Þ

� ¼ b cos h
4

ð3Þ

where, D is the crystallite size and b is the FWHM,

which is calculated from the XRD peak. It is observed

from Table 1 that the dislocation density and the

lattice strain were reduced from * 4.021 9 1015 (li-

nes/m2) to * 0.889 9 1015 (lines/m2) and

* 0.0705% to * 0.0346%, respectively, when the

annealing temperature was increased from 300 to 600

�C. This decreased lattice strain parameter is due to

reduction in point defects (or an improvement in the
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lattice defects) along the grain boundaries as the

average crystallite size increases with the increase in

annealing temperature [42]. However, the average

crystallite size of the CuO-TF reduces to * 33.03 nm

while increasing the annealing temperature to 700 �C,
which also increases the lattice strain and dislocation

density to * 0.0347% and * 0.916 9 1015 (lines/m2),

respectively.

Therefore, it can be concluded from this XRD

analysis that the micro-strain and dislocation density

increase as the annealing temperature is increased

beyond 600 �C. As a result, the crystallite grain size of

the sample decreases. Therefore, annealing a copper

oxide sample at 600 �C is the optimal temperature for

producing good-quality crystallite film, which can be

applicable in designing optoelectronic devices.

3.2 Optical analysis

The optical characteristics of copper oxide-TF sample

at different annealing temperatures were analyzed

using a UV–Vis–NIR spectrophotometer in the

wavelength range of * 400 nm to * 1000 nm. The

absorption spectra of the as-deposited and annealed

fabricated samples are shown in Fig. 3. It is observed

that the as-deposited copper oxide sample, shows

multiple humps at * 550 nm and * 700 nm, which

may be due to high defect density near the band

edge. As the annealing temperature increases, the

CuO film exhibits sharp absorption at around

* 750 nm and shifts toward the more IR region,

which may be attributed to good crystallinity and a

low defect concentration in the film. The bandgap

energies of the as-deposited and annealed copper

oxide film are extracted from the Tauc plot by

extrapolating the linear part of the graph, which is

shown in Fig. 3b. The calculated bandgap of the as-

deposited copper oxide sample is found to be

* 2.17 eV. As the copper oxide sample is annealed at

300 �C the Cu2O crystal plane, which is observed in

the as-deposited sample, transforms into a CuO

crystal plane. As a result, the bandgap of the

annealed sample also decreases. This result shows

that an increase in the thermal annealing temperature

reduces the bandgap energies of the copper oxide

sample [43]. Similarly, Radu et al. reported that the

bandgap energies of the copper oxide-TF reduced as

the annealing temperature increased. Further, crystal

phase transformation from Cu2O to CuO is also

obtained by controlling the annealing time and tem-

perature [44]. Furthermore, as the annealing tem-

perature increases from 300 to 600 �C, the bandgap of

copper oxide decreases from * 1.89 to * 1.43 eV.

According to Hojabri et al., the crystal quality of Cu

film improves after annealing at 450 �C. As a result,

the optical bandgap decreases with an increase in the

annealing temperature of the film [45].

However, when the annealing temperature is

increased to 700 �C, the bandgap of the sample

slightly increases to * 1.48 eV, which is shown in

Table 1 Lattice strain,

dislocation density and

average crystallite size with

reference to annealing

temperature

Serial no. Temperature

(�C)
D (nm) Strain

(%)

Dislocation density (d) 9 1015 (lines/m2)

1. As-deposited 12.98 0.0718 5.937

3. 300 �C 15.77 0.0705 4.021

4. 400 �C 20.55 0.0536 2.368

5. 500 �C 24.54 0.0448 1.694

6. 600 �C 33.54 0.0346 0.889

7. 700 �C 33.03 0.0347 0.916

Fig. 2 Crystal size and lattice strain with respect to annealing

temperatures

J Mater Sci: Mater Electron (2023) 34:854 Page 5 of 10 854



Fig. 3b. In addition, the absorption spectra of the

copper oxide TF sample annealed at 600 �C are more

shifted to the IR region as compared to other

annealed samples. The increase in the absorption

may be due to improved crystallinity and larger grain

size after annealing which, thereby reducing the band

gap and enhance the absorption in the IR region [46].

Also, it is well observed from the Tauc plot graph in

Fig. 3b that the bandgap energies of the copper oxide

film annealed at 600 �C show much lower bandgap

energies as compared to the other annealed samples.

It is evident from these absorption spectra that the

overall absorption intensity of the annealed CuO-TF

sample increases in the IR region, which may have

potential for developing IR light detectors and other

optoelectronic devices. Based on the XRD and

absorption analysis, it was observed that the CuO

sample annealed at 600 �C exhibited a higher degree

of crystallinity and enhanced absorption in the

infrared region. Therefore, the as-deposited Cu2O-TF

and CuO-TF samples annealed at 600 �C have been

chosen for further investigation.

3.3 Surface morphology analysis

Figure 4a shows the SEM images of the as-deposited

Cu2O-TF. These images clearly reveal that a compact

and crack-free copper oxide-TF has been successfully

deposited uniformly on the Si substrate. It is also

observed from the top-view image shown in the inset

of Fig. 4a that well-defined grains have a spherical

shape and a uniform distribution on the Si substrate,

with an average grain size of * 16.73 nm. Further, as

seen from the cross-sectional image of Fig. 4b, the

thickness of the copper oxide-TF is determined to be

* 100 nm. In comparison to the calculated values

from the XRD data, the average grain size of the as-

deposited sample as seen in SEM is larger. This is due

to the fact that the average grain size in SEM analysis

is determined by the spacings between the visible

grain boundaries, but the Scherrer relation from XRD

analysis provides the size of the crystalline domain

that coherently diffracts from the X-rays [31].

Figure 4c and d display the top-view and cross-

section SEM images of the copper oxide film that was

formed after being annealed at 600 �C. It is observed
that the semi-spherical shapes seen from the top view

SEM image of the as-deposited copper oxide-TF

change to a hard packing structure with a semi-cubic

shape after annealing at 600 �C, as shown in Fig. 4c

[47]. The calculated average grain size of the

annealed (600 �C) CuO-TF sample is found to

* 64.54 nm, which is observed in Fig. 4c inset. Also,

the more rough nature of the film is observed from

the cross-sectional image of the annealed sample,

which is shown in Fig. 4d. As the annealing tem-

perature increases, the isolated atoms get diffused,

increasing the grain size of the sample and creating

irregular grain shapes [48]. Furthermore, the ele-

mental identification and composition analysis, i.e.,

EDX is conducted on both the as-deposited and

annealed films. And, the corresponding EDX spectra

of the sample is shown in Fig. 5a and b. From this

EDX analysis, it is clearly confirmed that copper (Cu),

oxygen (O) and silicon (Si) are present for both the as-

deposited and annealed copper oxide samples. The

percentage content of oxygen in the annealed sample

is * 14%, which is more than the as-deposited

sample, which contains only 1.7%. This increase in

the oxygen concentration of the annealed sample

clearly indicates that the oxygen vacancy present in

the as-deposited sample reduces with an increase in

the annealing temperature of the film. Therefore, this

(a)

(b)

Fig. 3 a UV–Vis absorption

spectra of as-deposited and

annealed samples and b Tauc

plots of as-deposited and

annealed copper oxide samples

854 Page 6 of 10 J Mater Sci: Mater Electron (2023) 34:854



method of fabrication and post-deposition annealing

method enhance the crystal quality of copper oxide-

TF.

3.4 XPS analysis

XPS analysis was performed to investigate the

chemical and elemental composition information

from the first monolayer surface of the as-deposited

Cu2O-TF and 600 �C annealed CuO-TF samples. The

survey spectrum of Cu2O and CuO films exhibits the

direct evidence of Cu and O elements, as shown in

Fig. 6a. It can be seen from Fig. 6b that the Cu2p

energy level was composed of two main character-

istic peaks at * 932.54 eV and * 952.64 eV, which

correspond to Cu2p3/2 and Cu2p1/2 of the Cu2O

sample, respectively. The spin-orbital splitting, i.e.,

the peak separation between the two main peaks, was

found to be * 20 eV, which was in good agreement

with the reported value [42]. However, after anneal-

ing at 600 �C, new satellite peaks were observed at

* 940.51 eV, * 943.64 eV and * 961.56 eV. There-

fore, these intense shake-up satellites observed in the

Cu2p spectra indicate the formation of CuO on the

surface of the film.

(a) (b)

(c) (d)

Fig. 4 a Top-view SEM

image of as-deposited Cu2O

sample, b cross-sectional

image of as-deposited Cu2O

sample, c top-view SEM

image of CuO sample after

annealing at 600 �C and

d cross-sectional image of a

CuO after annealing at 600 �C

(a) (b)

Fig. 5 EDX analysis and chemical mapping showing the presence of copper (Cu), oxygen (O) and silicon (Si) a as-deposited sample and

b sample annealed at 600 �C
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Moreover, this XPS result reveals the presence of

the Cu?1 phase for the as-deposited sample and the

Cu?2 phase for the annealed sample, showing the

formation of the Cu2O and CuO phases, which are

also observed in the XRD analysis [49]. Therefore, the

surface composition evaluated by the XPS strongly

indicates the formation of Cu2O in the as-deposited

sample, which changes to the CuO phase after

annealing at 600 �C.

4 Conclusion

In this study, copper oxide-TF was successfully

deposited using the E-beam evaporation technique

on a p-type silicon substrate and then annealed in air

for 1 h at various annealing temperatures. The

structural and morphological analysis confirms the

successful deposition of the copper oxide-TF. The

top-view image of the SEM analysis shows the uni-

form deposition of the copper oxide-TF over the sil-

icon substrate. According to the XRD results, the

calculated maximum average crystallite size of the

as-deposited Cu2O-TF sample is found to be

* 12.98 nm. As the annealing temperature was

increased to 600 �C, the calculated average crystallite

size gradually increased to * 33.54 nm. This increase

in grain size can be attributed to the agglomeration of

the particles during the recrystallization process.

However, with a further increase in the annealing

temperature beyond 600 �C, the crystallite size of the

CuO-TF decreases, which is due to the breaking of

the CuO bond. Moreover, the absorption spectra of

the copper oxide-TF show enhanced absorption in

the IR region after annealing, which may be due to

increased crystallinity, reduced defect density near

the band edge and fewer void spaces of the copper

oxide film after annealing. The Tauc plot indicates

that when the annealing temperature increases to

600 �C the copper oxide film’s bandgap gradually

reduces from * 2.17 to * 1.43 eV. This decrease in

the bandgap of the copper oxide sample is due to the

phase transitioning of Cu2O to the CuO phase after

heat treatment. Therefore, our study demonstrates

that annealing is necessary to enhance the quality of

copper oxide-TF formed by E-beam evaporation

technique so that they can be used in a variety of

optoelectronic applications.
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