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ABSTRACT
Cuprous oxide, a p-type semiconductor, permits multiple device applications due to the nontoxic nature, suitable direct energy gap, earth abundance, and ideal band alignment needed
for solar cell and photoelectrochemical applications. Due to that, there has been a renewal
of interest in solar cells fabrication field based on Cu2O material. In this work, pure cuprous
oxide and silver nanoparticles doped cuprous oxide (0.02, 0.04, 0.06 wt.%) films were
prepared via thermal evaporation technique with a thickness of 60 nm. The structural,
morphological, optical, and electrical properties of the films have been studied by
characterization instruments such as X-ray Diffraction (XRD), Field Emission Scanning
Electron Microscope (FESEM), Atomic Force Microscope (AFM), UV-Visible
spectrophotometer, and I-V characteristic. The XRD revealed that the fabricated films have
a certain amorphous quality and the grain size was found to be in between (9.2-18.4) nm
which comparable to that measured from FESEM. The optical bandgap of the samples was
found to be in between 2.79 eV and 3.42 eV which was the main factor in manipulating and
improving the Cu2O optical properties by doping and choosing the appropriate ones to
fabricate high efficiency and low-cost solar cells. The effect of the Ag doping on the Cu2O
properties was obvious and positively influenced by solar cell efficiency improvement.
Optimization of the deposition conditions and doping process led to enhanced solar cell
performance, especially the conversion efficiency achieved (3.5) by doping 0.04% Ag to Cu2O
which is considered to be highly efficient compared to the overall efficiency of Cu2O solar
cells. This can open a new route for the fabrication of Cu2O based solar cells with improved
performance.
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1. INTRODUCTION
Solar energy is considered the cleanest, unlimited, and low-cost energy source despite the
dominance of fossil fuels through the last decades. One of the solar energy types is
semiconducting-based solar cells that currently dominates the solar energy field due to relatively
high developed fabrication methods and well power conversion efficiencies [1]. Copper oxide is
one of the semiconductors that is widely used in solar cell fabrication which has two stable types:
cupric oxide (CuO) and cuprous oxide (Cu2O) [2]. Cuprous oxide is a p-type semiconductor
material with 2.17 eV direct band gap [3]. The basic interesting characteristic of (Cu2O) is lowcost, non-toxic, high stability [4], environmentally benign, large optical absorption, high carrier
mobility, and abundance of the resources [5-10]. Due to these interesting properties, Cu2O has
been widely used as an active layer in solar cell fabrication. A p-type cuprous oxide heterojunction
(HJ) solar cells (p-Cu2O) has been intensively investigated [11-16] due to the difficulty of
preparing a suitable n-type Cu2O. Furthermore, Cu2O HJ solar cells could realize a photoelectric
conversion efficiency theoretically of 20% (underAM1illumination) by using several kinds of
formation methods and solar cell fabrication techniques [17]. Cuprous oxide thin films have been
widely prepared by various techniques such as electrodeposition [18-19], PLD [20-21], radiofrequency magnetron sputtering [22], thermal oxidation [23-24], and thermal evaporation [2526],[2]. Thermal evaporation of cuprous oxide powder (99.9%) high purity is one method which
can produce high quality and well-distributed Cu2O films doped with very small ratios of silver.
In this work, thin films are prepared from pure cuprous oxide and silver doped cuprous oxide
through thermal evaporation technique. The effect of the thickness and ratio of Ag on the optical,
electrical, and structural properties has been studied. Fabrication of Cu2O:Ag/Si heterojunction
solar cell and its efficiency also has been studied.
2. EXPERIMENTAL
Preparation and characterization of pure Cu2O and Ag-doped Cu2O thin films with various doping
concentrations (0.02, 0.04, and 0.06) wt.% via thermal evaporation method on silicon and glass
substrates were done. Modified Edward C-306 is the system used for the thermal evaporation
process. The Cu2O powder of 99.9% purity (40 nm particle size) and Ag powder of 99.9% purity
(20-30 nm particle size) were used as starting materials on a boat of molybdenum. The chamber
was subjected to evacuation down to 1×10-7 mbar by using this modified version of Edward C306 system. The distance between the source and substrate was about 15 cm. The prepared films
were annealed at a temperature of 573 K for 2 hours. The structural properties of the films were
characterized by (XRD-6000) SHIMADZU X-ray Diffractometer (XRD) system with a source CuKα
and radiation of wavelength λ = 1.5406𝐴𝑜 and the Field Emission Scanning Electron Microscope
(FESEM) was used to determine the shape and size of the prepared (Cu2O:Ag) thin films. The
roughness of the surface was characterized by a scanning probe microscope (Aα3000 AFM) and
the recording of the absorbance spectra of the films have been done by using a spectrophotometer
(Shimadzu UV-1650 PC) made by Phillips (Japan) in the wavelength range 200 to 1100 nm, based
on Van der Pau method. The electrical properties were characterized by (I-V characteristics) and
the thickness was measured by optical thin film measurements with lambda Limf-10 and
calculated by weight method using Equation 1:
𝑡=

𝑚
2π𝜌𝑅 2

(1)

where t is the thickness of the thin films (nm), m is the mass of the material in (g), ρ is the density
of material (g/cm3), and R is the distance between the substrate and the boat (cm). The two
results were comparable to be 60 nm. Masking techniques, usually formed by a metal (Al foils)
were used to fabricate the front and back contacts of the solar cell. These masks are placed as
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closely as possible to the films to deposit the electrodes of the solar cell by using the same
evaporation technique.
3. RESULTS AND DISCUSSION
3.1 Structural Characterization
Since the structural nature of semiconductor materials is a vital factor in fabricating solar cells
and other applications. X-ray Diffraction (XRD) patterns of the Cu2O thin films have been
recorded. The X-ray diffraction for un-doped and Ag-doped Cu2O is illustrated in Figure 1. From
XRD pattern, three peaks were found at 2θ = (31.22°, 38.25°, 44.23°) which corresponds to the
{(110), (111), (200)} respectively. This indicates that the cuprous oxide, undoped and silver
doped films fabricated via vacuum evaporation technique, exhibited a good cubic direction
normal to the substrate, from basic planes of cubic Cu2O with equivalent intensity were observed,
which meant the dense films were composed of Cu2O grains. Polycrystalline films can be
recognized from the peaks that appear in pure Cu2O, while the peaks were started to disappear
with Ag-doping to convert the films to amorphous. Table 1 shows the obtained results of X-ray
diffraction for the silver doped cuprous oxide films. The crystallite-size D of the Ag-doped Cu2O
films was calculated by using Scherrer’s formula in Equation 2 [27]:
D = 0.9λ/(β cosθ)

(2)

Where β is the full width at half maximum (radian), λ is the X-ray wavelength (Å), and θ is the
Bragg diffraction angle of the XRD peak (degree). The crystallite size that calculated from
Scherrer’s formula ranged from 9.2 - 18.4 nm tabulated in Table 1.

110
110

110

111
111

200

200

Figure1. XRD patterns of Ag-doped Cu2O films.
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Table 1 The obtained results of XRD for Ag-doped Cu2O thin film
Ag-doped
Cu2O (wt.%)
0.00

2θ (degree)

hkl

FWHM (degree)

30.82
44.75
30.84
38.45
44.75
31.50
38.45
-

110
200
110
111
200
110
111
-

0.275
0.461
0.278
0.390
0.375
0.288
0.282
-

0.02
0.04
0.06

Crystallite size
(nm)
18.4
10.6
18.0
15.0
9.2
16.1
13.2
-

The shape and size of the nanoparticles of prepared films were determined by FESEM. The
deposition of the pure and Ag-doped Cu2O on a glass substrate is shown in Figure 2. It can be
observed that the morphologies of the films surface significantly changed after deposition
depending on the Ag doping in the prepared films and the crystallinity of the films is possibly
affected by the Ag doping and substrates used for deposition. Images of the undoped and Agdoped Cu2O films as in series of images in Figure 2 indicated of smooth surfaces with no pinholes
that the nanoparticles are found in the range of 18-24 nm. Also, the increasing in Ag nanoparticles
at specific places indicates a regular distribution of nanoparticles during the time of the
deposition process. Similar results are comparable with this report as the homogenous Ag
nanoparticles distribution is vital in increasing the solar cell efficiency due to the surface
plasmonic property in nanostructures or thin films of noble metals [28]. This FESEM images
showed that the magnified view of the fabricated films had a spherical morphology which
revealed the well-distributed nanoparticles. Most of the particles have approximately the same
size. However, few larger spherical and semi-spherical particles were also present possibly due
to the effect of vacuum deposition and distribution with the absence of defect and holes in these
films.

(a)
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(c)

(d)

(e)
Figure 2. FESEM images of the undoped and Ag-doped Cu2O films prepared by thermal evaporation
technique where (a) pure cuprous oxide, (b) 0.02%Ag doped cuprous oxide, (c) 0.04%Ag doped cuprous
oxide, and (d-e) 0.06%Ag doped cuprous oxide films).

The films of Cu2O and Ag-doped Cu2O were complimented with AFM images. Figure 3 shows the
surface images of Cu2O films on glass substrate combined with the histogram graphs. The AFM
scanning images of the films revealed a uniform surface morphology with granular form, as the
surface roughness is found to be increased from 0.332 nm for pure Cu2O to 1.720 for Cu2O:0.06%
Ag films. The increase in roughness can be attributed to the increased concentration of silver
nanoparticles in the Cu2O nanofilms [28-29]. For the prepared Cu2O films, the surface is smooth
and composed of small grains and the root mean square (RMS) values increased from 0.427 nm
for pure Cu2O to 2.12 nm for Cu2O:0.06% Ag nanofilms. The results are listed in Table 2.
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(a)

(b)

(c)

(d)

Figure 3. The AFM images of (a) pure cuprous oxide, (b) 0.02% Ag doped cuprous oxide, (c) 0.04% Ag
doped cuprous oxide, and (d) 0.06% Ag doped cuprous oxide films.
Table 2 Morphological characteristics of Cuprous oxide: silver nanofilms at annealing temperature 573
Kand various Ag-doping

606

Film

Roughness average (nm)

Root mean square
(nm)

Ten-point height
(nm)

Cu2O

0.332

0.427

1.52

Cu2O:0.02%Ag

0.311

0.420

2.98

Cu2O:0.04%Ag

0.389

0.497

3.54

Cu2O:0.06%Ag

1.72

2.120

9.32
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3.2 Optical Characterization
The optical properties of the pure and Ag-doped Cu2O with various Ag doping (0.02, 0.04, 0.06)
wt.% films were calculated from recording the absorbance in the wavelength range (190-1100)
nm using UV-Visible spectrophotometer. The absorbance spectra versus wavelength of the films
were presented in Figure 4. The figure shows the absorption spectra of the pure and Ag-doped
Cu2O films, which increases with the increasing of Ag doping resulting from the formation of
secondary levels inside the energy gap.
1

Cu2O
Cu2O:2%Ag
Cu2O:4%Ag
Cu2O:6%Ag

Absorption

0.8
0.6
0.4
0.2
0
190

390

590

790

990

1190

λ (nm)

Figure 4. Absorbance spectra of the pure and Ag-doped Cu2O films.

The absorption coefficient (α) was determined from the region of high absorption at the
fundamental absorption edge of the film using the relation in Equation 3 [30]:
𝐴

α = 2.303 𝑡

(3)

α *104 (cm-1)

Where A is the absorbance and t are the thickness of the film. The absorption coefficient versus
wavelength was presented in Figure 5. It can be observed that the absorbance increases with the
increasing of Ag doping for the prepared films. The values were greater than 10 4/cm, which led
to the increase of probability of the appearance of direct transfers. This can be related to the
decrease the grain size and it can be attributed to the scattering of light for its increasing surfaceroughness [29],[31].
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Figure 5. The absorption coefficient of the pure and Ag-doped Cu2O films.

The optical energy gap was determined by Equation 4 [32]:
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(αhν) ≈ [hν-Eg]n

(4)

The plot of (αhν)2 versus photon energy (hν) indicates that the Cu2O films are semiconductors of
direct transition type. Figure 6 shows the energy gap of pure and Ag-doped Cu2O films with
various doping concentrations of Ag (0.02, 0.04, and 0.06) wt.%. As shown in Figure 6, the energy
gap was determined by extrapolating the linear portion of the plot. It can be observed that the
energy gap has changed significantly with increasing Ag doping, this attributed to the very thin
films prepared on a glass substrate [31]. The energy gap values for the prepared films were
ranged from 2.79-3.42 eV (2.79 eV for Cu2O film and 3.21 eV for 0.06 wt.% Ag-doped Cu2O film),
this behaviour in agreement with the finding by researchers [33]. The increasing and decreasing
in energy gap can be justified by the pre-position that the Cu2O:Ag films are semiconductors in
which the Fermi level located in the conduction band, which means that the electrons occupied
the bottom of the conduction band. The shielding electrons moving to these levels causing to the
electrons travelling from the valence to conduction bands which are defined as the Burstein Moss
effect [32].
100
90
80
70
60
50
40
30
20
10
0

(αhv)2 *109(ev/cm)2

Cu2O
Cu2O:2%Ag
Cu2O:4%Ag
Cu2O:6%Ag

1

1.4

1.8

2.2

2.6
hʋ (eV)

3

3.4

3.8

Figure 6. The optical bandgap of the pure Cu2O and Ag-doped Cu2O films.

3.3 Electrical Characterization
The C–V measurements were performed to obtain information about the semiconductor doping
concentration, the potential barrier at the junction and the presence of traps in materials. The
plots of 1/C2 with a reverse bias of Cu2O:Ag/Si solar cells with various doping ratios are shown in
Figure 7. The width of the potential barrier in each region can be deduced from Figure 7, which is
confirming that the junction quality is not lost using the thermal evaporation fabrication. The
built-in potential (Vbi) and donor concentration (ND) were evaluated from the slope and the
intercept of 1/C2 versus V, respectively. The built-in potential (Vbi) can be determined from
extrapolating of (1/C2–V) plot to ((1/C2) = 0) [34-35]. Table 3 shows the values of Vbi calculated
of Cu2O:Ag/Si solar cells prepared at various Ag doping.
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(a)

(b)

(c)

(d)

Figure 7. The plot of 1/C2 versus reverse voltage for Cu2O:Ag/Si with various Ag doping.
Table 3 Built-in potential for Cu2O:Ag/Si heterojunction

Fabricated Solar Cells
Cu2O/Si
Cu2O:0.02Ag/Si
Cu2O: 0.04 Ag/Si
Cu2O:0.06 Ag/Si

Vbi
0.75
0.8
0.81
0.86

The I-V curves of the p-Cu2O:Ag/n-Si heterojunctions are illustrated in Figure 8. The solar cell
efficiency can be evaluated from the I-V curves. For the fabrication and characterization of p-n
junction devices, front and back contacts of the solar cell are fabricated by depositing pure
aluminium on the Cu2O:Ag/Si films. The I-V of Cu2O:Ag/n-Si heterojunction were characterized at
a voltage of forward bias for various Ag doping within the range of (-1.5 V to 1.5 V). These curves
demonstrated the behaviour of the current with the reverse and forward bias voltage. The
characteristics of voltage and current under illumination were one of the vital optoelectronic
parameters for heterojunctions, the calculations were performed under densities of incident
power equal to 100 mW/cm2. The increasing in the photocurrent with the increasing of bias
voltage can be obtained from the I-V curves. It can also be observed that the photocurrent in the
backward bias was higher than that in the forward bias. This could be attributed to the fact that
the width of the depletion region increased with the increasing of the reverse bias applied voltage
that caused to the separation of the electrons and holes pairs.
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(a)

(b)

(c)

(d)

Figure 8. The I-V characteristics of Ag-doped Cu2O/Si solar cells with P=100 mW/cm2 of: (a) Cu2O/Si, (b)
0.02% Ag-doped Cu2O/Si, (c) 0.04% Ag-doped Cu2O/Si, and (d) 0.06% Ag-doped Cu2O/Si.

The efficiency of the solar cell increased with increasing of Ag doping. The highest efficiency is 3.5
at 0.04 wt.% Ag doping with short circuit current (Isc) of 0.16 mA, open-circuit voltage (VOC) of
37.5 V, and full factor 0.38. All calculated values are listed in Table 4. The enhanced solar cell
performance can be attributed to the low ratios of Ag doping, which is considered as the
fundamental factor used to manipulate the cuprous oxide nanofilms properties, especially the
optical and electrical properties. The solar cell efficiency achieved in this work yield a good value
despite the absence of the dye as well as the absence of various layers in the prepared solar cell.
Table 4. Results of I-V for Ag-doped Cu2O thin films with various doping at room temperature.
Pure and Ag doped Cu2O
(wt.%)

Isc
(mA/cm2)

Voc
(volt)

Imax
(mA)

Vmax
(volt)

F.F

η
(%)

Cu2O

0.09

33.0

0.071

17.5

0.42

2.1

0.02

0.12

28.0

0.085

16.0

0.40

2.3

0.04

0.16

37.5

0.125

18.0

0.38

3.8

0.06

0.16

25.0

0.140

14.5

0.34

3.5

4. CONCLUSION
In summary, four samples of cuprous oxide and silver doped cuprous oxide films were thermally
evaporated on glass and silicon substrates with a thickness of 60 nm. From XRD, the
polycrystalline and amorphous was satisfied with a cubic orientation structure perpendicular to
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the substrate. The crystallite size decreased slightly with the increasing of Ag doping. The
morphology characterization of the pure and Ag-doped cuprous oxide films at various Ag
concentrations showed a uniform granular surface morphology and the roughness average
combined with root mean square increased with the increasing of Ag doping. The optical
properties of the prepared films showed that the pure and Ag-doped Cu2O films allowed a direct
energy gap (Eg) that increased from 2.79 to 3.42 eV. The FESEM images showed that the
magnified view and the spherical morphology is manifest which is revealed the well-distributed
nanoparticles. Most of the particles were of the same size and few of them were larger. The
highest conversion efficiency (η) was 3.8% for 0.04% Ag-doped Cu2O thin film. Control of
nanoscale thickness and particle size to obtain properties different from the traditional work of
copper oxide led to a marked improvement in the efficiency of the prepared solar cell. This work
shows that the proposed strategy to enhance the performance of the solar cell realized by thermal
evaporation deposition.
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