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In the present work, we studied the effect of cobalt (Co) doping rate between 2 % and 6 % on the struc-
tural, optical and electrical properties of thin films from copper acetate (Cu(CH3COO)2 -Hz0) produced by
spray pyrolysis. The results obtained during the various characterizations carried out (Raman, contact an-
gle, UV-Visible and the Hall effect) show that our films have a monoclinic structure with the presence of a
single CuO phase. The measured contact angles are less than 90° for the CuO undoped, Cu0O:2 %Co and
Cu0:4 % Co confirming the hydrophilic character of the films, as well as the 6 % doped film shows the
hydrophobic character with a contact angle greater than 90° (8 = 97.41°). An improvement of the absorp-
tion by the reduction of the transmittance for the films doped with 2 % Co, 4 % Co and 6 % Co with a low
value of the transmission obtained in this work for the CuO:6 % Co film equal to 7.34 %. A decrease in the
values of the optical gap as a function of cobalt doping with a low value equal to 1.66 eV found for the thin
layer of CuO:6 % Co. The electrical analysis shows that the conductivity increases with the addition of co-
balt to the CuO with a high value for the film doped with 6 % (o= 7.246 x 10-1 (Q-cm)-1). So, CuO-doped
6% cobalt has good physical characteristics which allow it to be used as a layer absorbing solar radiation in

thin-film solar cells.
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1. INTRODUCTION

Nanocrystalline oxide semiconductors of n-type,
such as ZnO, SnOg2, TiOs,..., and p-type, such as NiO,
CuO, Cuz0, Co30s4,... with a narrow bandgap have been
widely studied for their potential applications in vari-
ous energy and environmental sectors [1-3]. Among
these, during this work, we were more specifically in-
terested in cupric oxide (CuO) which is currently one of
the most promising p-type semiconductors for applica-
tions in solar cells due to their chemical inertness, their
non-toxicity, their low cost compared to other metals
and their higher optical absorption. The bandgap is
around 1.5 eV, which is very close to the ideal bandgap
of 1.4 eV for photovoltaic (PV) devices and considered a
splendid absorber of sunlight [4]. Thanks to numerous
studies carried out in recent years, thin layers of CuO
have been prepared by physical and chemical methods.
These studies examined the influence of different pa-
rameters such as deposition temperature, annealing
temperature, atomizer-substrate distance, precursor
molarity, solvent properties and deposition time. Con-
sidering that the introduction of impurities can effec-
tively modify the physical properties of the resulting
thin films, researchers were encouraged to optimize the
characteristics of CuO films by using an appropriate
dopant. So the doping of CuO with different transition
metals such as Mn, Fe, Zn, etc. is also an effective
strategy to improve the properties of PV devices. Uddin
et al. [5] deposited thin layers of Ni-doped CuO using
the spray pyrolysis method and modified the morpho-
logical, structural, optical and electrical properties of
the films. Gnanasekar et al. [6] used La to improve the
photo-current properties of CuO thin films deposited by
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spray pyrolysis for photo-sensor applications. Baturay
et al. [7] observed the effect of Co doping on electrical
and optical properties of CuO films using a spin coating
technique. These different intriguing results triggered
our interest in this particular material CuO seeing that
the nanocrystalline play a vital role to determine the
crucial properties of the material for any suitable de-
vice applications.

In this work, pure, cobalt (Co)-doped CuO nanocrys-
tals were synthesized using a simple chemical method
of spray pyrolysis and fully characterized. In addition,
our study also consists in studying the effect of cobalt
doping for different concentrations 2 %, 4 % and 6 % on
the structural, optical and electrical properties of CuO
in order to improve the efficiency of solar cells.

2. EXPERIMENTAL DETAILS

In our study we prepared our films for different
doping levels (2 % Co, 4 % Co and 6 % Co), the solution
of which was prepared from a mixture of copper acetate
(Cu(CH3CO00)2.H20) of mass 2.2 g and methanol
(CH30H) with a source of cobalt (CoCleH20) and the
other parameters are fixed, such as the molarity equal
to 0.2 mol/litre and the deposition time equal to 25 min
(Table 1).

Films structural properties were determined by the
micro-Raman measurements were performed at room
temperature using the 633 nm line of an argon ion la-
ser as the excitation source (Renishaw). Contact angle
measurements were carried out at room temperature
using an optical system composed of a lamp delivering
white light and projecting the image of the drop deposited
on the sample (LEYBOLD type light source (6 V, 30 W)).
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Table 1 — The conditions of the experimental repository

Repository settings Deposit conditions
Technical Pyrolysis spray
Precursors Cu(CH3COO)2 ‘Hz20
CHs0H
CoCl2H20
Substrate Ordinary glass
Substrate temperature | 400 °C
Solution flow 2 ml/min
Air flow 3 bar
Distance substrate 25 cm
holder-atomizer

The optical properties were studied using Shimad-
zu, model UV-3101PC UV-Vis-NIR spectrophotometer
in the wavelength range of 300-800 nm. The electrical
properties of the prepared films were examined using a
van der Pauw configured Hall measurement system
(Ecopia HMS 3000 Hall Measurement System) at room
temperatur.

3. RESULTS AND DISCUSSION
3.1 Raman Spectroscopy Study

Using a Raman spectroscopy, the structure of un-
doped and cobalt-doped CuO thin films at a substrate
temperature = 400 °C produced by spray pyrolysis was
examined. All tests were performed with a 633 nm la-
ser source at room temperature. The spectra obtained
are grouped together in Fig. 1 below.
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Fig. 1 - Raman spectra of undoped and Co-doped (2 %, 4 %
and 6 %) CuO thin films

Fig. 1 shows the Raman spectra of CuO thin films,
Cu0:2 % Co, Cu0:4 % Co and Cu0O:6 % Co. The Raman
spectrum of each film produced by spray pyrolysis is
composed of three main phonon modes (Ag and 2Bg)
located at 276.43, 322.63 and 601.43 cm~-!. These
peaks are widely reported in the literature [8-9]. This
confirms the presence of a single CuO phase with a
monoclinic structure [8-10].

In Fig. 2 we have reported the variation of the in-
tensity of the Raman modes as a function of the cobalt
concentration. In the studied doping range, the intensi-
ty of the three Raman modes increases with the addi-
tion of Co. This can be attributed to the increase in the
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thickness of the films with the addition of CuO doping.
Lamri Zeggar et al. [8] studied the variation of Raman
modes in thin layers of CuO produced by the spray py-
rolysis method as a function of thickness using Raman
spectroscopy. They noted that the increase in thickness
leads to an increase in the intensity of the main Raman
modes.
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Fig. 2 - Variation of the intensity of the three Raman modes
of our processed films
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Fig. 3 - Variation in peak position shift for undoped and
Co-doped CuO films

In Fig. 3, we have reported the displacement of the
Ag mode peak position as a function of cobalt doping.
We can notice according to Fig. 3, that the Ag peak
moves towards low frequencies (redshift) with the addi-
tion of cobalt concentrations between 0 % up to 6 % to
copper oxide (CuQO). The same variation is observed by
Swamy et al. [11]. They found an increase in redshift
for Raman Ag mode, with a decrease in crystallite size
(D) from 23 to 5 nm for tin oxide nanocrystallite (TiO2).
Decreasing crystallite size causes wavenumber shift
and broadening of Raman peaks due to phonon con-
finement. This has been observed for many semicon-
ductor materials and small oxides such as: (MnZn)F2
and TiOg [12-13]. Moreover, the shift of the peaks can
be explained by the change in morphology of the CuO
films after doping with Co ions [10].

3.2 Wettability Study

Static contact angle (CA, 6) measurements were
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made on the surfaces of undoped and Co-doped CuO
films on ordinary glass substrate for room temperature
(27 °C) and constant humidity (27 RH %). In order to re-
duce as much as possible the evaporation of the drop of
distilled water, all CA measurements are made after 5
seconds for a volume equal to 5 pl deposited using a mi-
cropipette. Images of the drop are captured by a video
camera (Fig. 4). To give meaning to our measurement, we
take the average of five (05) values of the 0 of the drop of
water at different places on the surface for each film.

R M T R
- A Saddelilie Sl
Fig. 4 — Water contact angle images of undoped and Co doped
CuO samples

The images of the contact angle of the water drop on
the surface of the undoped and Co-doped CuO films are
shown in Fig. 4. An increase in the contact angle to
58.82°, 83.18°, 86.07° and 97.41° for concentrations of
0%, 2%, 4% and 6 %, respectively. The experimentally
measured contact angle values of pure CuO films,
Cu0:2 % C and CuO:4 % Co are less than 90° written
hydrophilicity character, on the one hand. On the other
hand, the contact angle is > 90° for the 6 % Co doped film
which shows the hydrophobic character. This character
presents an important characteristic for solar cells. The
variation of the contact angle as a function of cobalt dop-
ing is probably due to the size of the pores available, the
radius of the pores and/or their distribution [14], the
density of the layers, the deposition technique and crys-
tallite size [15-17]. From these results, the 4 % doping
concentration can be regarded as a critical concentration
in the change of the surface morphology by the hydro-
philic character towards the hydrophobic character of
Co-doped CuO. The same behavior was observed by
Guermat et al. [18] by studying the effect of Zn on the
structural, morphological, optical and electrical proper-
ties of SnOz films elaborated by spray pyrolysis which is
related to changes in surface roughness in the crystalli-
zation process.

3.3 Optical Study

In order to study the influence of Co doping on the
optical properties, the transmittance of prepared CuO
thin films were recorded in the range of 400-900 nm
(Fig. 5).

All the resulting thin films showed strong absorption
in the wvisible region (400-600 nm), which gradually de-
creased in the infrared region. As the Co concentration
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Fig. 5 — Optical transmission spectra of undoped and Co
doped CuO films (2 %, 4 % and 6 %)

increases, the absorption in the visible region (the high
absorption region) decreases slightly, while the films
exhibit more absorption in the near infrared region (the
low absorption region). According to the results of Ta-
ble 1, the increase in the Co doping leads to an increase
in the thickness. Therefore, a reduction in absorption
in the visible region for CuO thin films can be logically
expected. Moreover, it is well confirmed that the ab-
sorption in the low absorption region is the result of
defects and impurities, which can adequately explain
the increase in absorption in the near-infrared region
with the increased Co incorporation. The same behav-
ior has been observed by other studies [19-20]. Never-
theless, the result demonstrates that cobalt-doped cop-
per oxide was feasible for direct absorption of solar ra-
diation in thin-film solar cells.

Table 1 - Maximum transmission values for A=900 nm of
thin films based on undoped and doped CuO (2 % Co, 4 % Co
and 6 % Co)

Sample Max. T for A =900 nm, | Thickness,
(%) (nm)
100 % CuO 20.21 437
CuO :2 %Co 18.87 501
CuO :4 %Co 13.45 542
CuO :6 %Co 7.34 559

The optical gap value (band gap, E;) of undoped and
cobalt-doped CuO thin films is an important parameter
for estimating the absorption band limit of thin films.
For this, we estimated the optical gap (Eg) of our films
from the transmittance spectra following the Tauc
model in high absorption [15].

(ahv) = A(hv — Eg)n, 1)

where A is a constant and n is an index which charac-
terizes the type of optical absorption.

With n = 1/2 for direct transitions and n = 2 for indi-
rect transitions [3]. The bandgap energies are then
obtained by extrapolating the linear part of the graphs
(ahv)? as a function of (hv) to the energy axis at
(ahv)?= 0 as shown in Fig. 6.

Fig. 7 represents the variation of the optical gap
(Eg) of our films. According to Fig. 7, the value of E; de-
creases with Co doping. This decrease in the gap with
the doping rate is essentially due to the distortions
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Fig. 6 — Determination of the energy gap by the extrapolation
method from the variation (ahv)? as a function of (hv) for CuO
doped with different concentrations of Co
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Fig. 7 — Variation of the optical gap for %Co-doped CuO thin
films

caused in the lattice, following the introduction of im-
purity (doping) which led to the creation of the energy
levels inside the band gap of the elaborate films. More-
over, the reduction of the optical gap is seen during the
insertion of Co in the matrix of CuO, this can be due to
the disorder generated by the defects and the electronic
impurities in the matrix [21]. However, Dutta et al.
[22] consider that the decrease in the band gap can be
related to the decreasing trend of the deformation,
where the latter changes the interatomic spacing of the
semiconductors which affects the gap energy.

The Urbach energy (disorder, Eu) gives the extent of
the tail of localized states in the optical band space,
which has been considered a useful parameter to assess
the degree of structural disorder [15]. Therefore, one
can calculate the Urbach energy of thin layers of un-
doped and cobalt-doped copper oxide from Urbach's law
by the track the In(@) in terms of (hv) as mentioned in
Fig. 8.

Fig. 9 shows the disorder evolution of copper oxide
(CuO) films as a function of Co content. According to
Fig. 9, we notice a decrease in disorder with the intro-
duction of dopant in 2 % cobalt in the CuO lattice, on
the one hand.

On the other hand, beyond 2 % Co up to 6 % Co we
observe an increase for the Urbach energy.
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Fig. 9 — Variation of the Urbach energy of our films

The refractive index (n) is very important in deter-
mining the optical properties of semiconductors,
knowledge of the latter is essential in the design of het-
ero-structures of lasers as well as in optoelectronic de-
vices. From the transmission spectra obtained for the
undoped and cobalt-doped CuO films, the refractive
index can be determined. The refractive index of the
film can be calculated using the relationship of Herve
and Vandamme [23]:

1+( A j @
Eg+B

where A and B are numerical constants with values of
13.6 eV and 3.4 eV, respectively. The variation of re-
fractive index (n) of film is shown in Table 2.

Table 2 — The values of the refractive index (n) and contact
angle (CA) of our films

Sample Refractive index | Cantact angle, (°)
100% CuO 2.722 58.82
Cu0:2 % Co 2.790 83.18°
Cu0:4 % Co 2.804 86.07°
Cu0:6 % Co 2.867 97.41

From Table 2 we notice that the values of the re-
frac-tive index (n) are between 2.722 and 2.867, since n
is strongly related to the forbidden energy band, we can
observe also that the layer that presents the smallest
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band forbidden has a higher refractive index value.
Moreover, the evolution of the refractive index is simi-
lar to that of the contact angle (Table 2). This result
confirms the hydrophobic character obtained for
Cu0:6 % Co (Fig. 4) by the densification of this film.

Electrical resistivity (p) was characterized using
Hall effect measurements to determine the concentra-
tion (n) and mobility of charge carriers (¢). In Fig. 10
we have shown the variation of resistivity, charge car-
rier mobility and charge carrier concentration of pure
and Co-doped CuO films. As can be seen, the electrical
resistivity decreases as a function of cobalt concentra-
tion with a decrease in mobility for the 2 % Co doped
film then increases for the 4 % Co and 6 % Co doped
films. In the range of cobalt concentration studied
(2 % up to 6 %), the resistivity varies between 455.8 up
to 1.38 Q-cm. This indicates that molarity affects elec-
trical transport in CuO thin films. We also note that
the concentration of charge carriers goes from 1.857 x
1012 to 1.582 x 10'7 cm 3. The same observation was
found by Haque Babu et al. [20]. Moreover, the value of
the resistivity found in this work for the Cu0:6 % Co
film (p=1.38 Q-cm) produced by spray pyrolysis is high
compared to that obtained (p=361.4 Q-cm) by the spin
coating technique [7].

It is well known that the conductivity of a semicon-
ductor can be expressed by:

o=nXuxaq. 3)

Where n is the concentration of free carriers, u is
the mobility and ¢ is the elementary electronic charge.
According to this equation, the electrical conductivity
(o) in the semiconductor is proportional to the product
of the carrier concentration and the mobility. Increas-
ing these two parameters (n and ) improves the con-
ductivity in the films. As can be seen, the electrical
conductivity faithfully follows the evolution of the car-
rier concentration. This clearly indicates that the con-
ductivity is rather controlled by the concentration of
the charge carriers than by their mobility [24]. Thus,
these cobalt-deposited copper oxide thin films have
feasible application in the fabrication of p-n junction
devices.
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4. CONCLUSION

In the current study, we presented the results found
based on films of pure copper oxide (CuO), doped with
cobalt (2 %, 4 % and 6 %) produced by the spray pyroly-
sis technique, after we characterized these structurally,
morphological, optically and electrically. Raman analy-
sis confirmed that the deposited thin layers have a
monoclinic structure. The measured contact angle val-
ues of the pure CuO films, Cu0:2% Co and
Cu0O:4 % Co are less than 90° describe hydrophilicity
character, as well as, the contact angle is > 90° for the
6 % Co doped film which shows the hydrophobic char-
acter who is important characteristic for solar cells.
The electrical characterization shows that the cobalt
doping realised by spray pyrolysis improves the electri-
cal conductivity by decreasing the resistivity from
455.8 Q-cm for the undoped CuO film to 1.38 Q-cm for
the Cu0:6 % Co film.
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Bruiue coinibHOrO JieryBaHHsS Ha CTPYKTYPHi, mopdoJioriuni, onTuymi
Ta eJiIeKTpu4Hi BjactuBocrti mwirisox CuO
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L Thin Films and Interfaces Laboratory (LCMI), University of Constantine 1, 25000 Constantine, Algeria
2 Department of Electronics, Faculty of Technology, University of M’sila, PO Box 166 Ichebilia, 28000 M’sila, Algeria

V¥ nmaniit po6oTi OyB mocsTimsKe N BILIUB JeryBaHusa KobaabroM (Co) Bim 2 10 6 % HA CTPYKTYPHI, OITH-
YHI Ta eJeKTPUYHI BiacTuBocTi ToHKHX ILTiBoK ameraTty mimi (Cu(CHsCOO):2 ‘H:0), oTpuManux posmuieH-
HAM. mipoJms. PesyipraTi, oTpUMAaHI I Yac Pi3HUX IPOBEIEHNX XAPAKTePUCTUE (KOMOIHAIIMHOIO Po3cio-
BaHHA, KOHTAKTHOro Kyrta, ¥ ®-Bummmoro ta edexry XoJ11a), MOKa3yoTh, I0 HAIIl IIIBKA MAKTh MOHOK-
JIIHHY CTPYKTYPY 3 mpucyTHicTio ogHiel dpasu CuO. Bumipsasi KOHTAKTHI KyTH CTAHOBJIATH MeHine 90° miis
mesteroauoi CuO, Cu0:2 %Co ta Cu0:4 %Co, 1o miareepmxye riapodiIbHUNA XapaKTep ILUIIBOK, 4 TAKOMK
IUTIBKA, JIETOBAaHA 6 %, JIeMOHCTpPYe Tiapodo0HMI XapakTep i3 KOHTAKTHHM KyToM moHan 90° (6= 97.41°).
TlosminmmeHHsa TOTJIMHAHHA IIJIAX0M 3MEHIIeHHS KoedillieHTa IIPOMyCKAaHHs A ILUTBOK, Jerosanux 2 % Co,
4 % Co ta 6 % Co, 3 HUSPKUM 3HAYEHHSM IIPOILyCKAHHSA, OTPUMAHUM y I poboTi misa sk Cu0:6 % Co,
piBEEM 7,34 %. 3MeHIIEHHSA 3HAYEHD OITHYHOIL IIIJINHA AK QYHKIII JIeryBaHHs K00AJIbTOM 3 HU3bKUM 3HA-
JeHHAM, piBHuM 1,66 eB, Busasmeno mis Torkoro mapy CuO:6 % Co. Enexrpmunwmii aHamis mokaaye, 1o
IPOBIAHICTE 30LIBIIYyeThCA 3 ToJaBaHHAM Ko0aabTy 70 CuO 3 BUCOKMM 3HAYEHHAM JJId ILIIBKH, JIETOBAHOL
6% (o="7.246 x 10-1 (Q-cm) -1). Tak, 6% &obabT, seropauuit CuO, Mae xoporr (Pi3uIHI XapaKTEPUCTUKH,
SIK1 JI03BOJISIIOTH BUKOPHCTOBYBATH MOTO SIK IIAp, IO IIOrJIMHAE COHAYHE BUIIPOMIHIOBAHHS, B TOHKOILIIBKO-

BHUX COHAYHHX eJIeMeHTaX.

Knrouori cmosa: CuO p-tumy, JleryBamus,

Kowurakrawuit kyT.
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