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Abstract Undoped and Co doped Cu2O (Cu2-xCoxO;

x = 0, 1, 2, 5 and 10) thin films were deposited onto glass

substrates using successive ionic layer adsorption and

reaction technique. The variation in the concentration of

Co shows significant impact on the film properties, where

as doped with 10 wt% of Co exhibited major property

improvements when compared with other films. The pre-

pared films were characterized for their structural, mor-

phological, optical and magnetic properties. X-ray

diffraction analysis of the films revealed the crystalline

growth of Cu2-xCoxO films. The substitution of Cu2? by

Co2? ions has led to a single phase cubic structure highly

oriented along (111) plane. Optical studies (photolumi-

nescence and UV–vis–NIR) of the films exhibit the quality

of the films with the increase of dopant. The stretching

vibrations of Cu–O and O–Cu–O have been confirmed by

Fourier transform infrared spectroscopy. The morphologi-

cal study done by a field emission scanning electron

microscope has shown as increase of particle size with

increase in the dopant concentration. High resolution of

transition electron microscope and particle analyzer veri-

fied the nano-size and shape of the films. The presence of

copper in the structure of thin film was confirmed by

energy dispersive X-ray spectrometer. Magnetic measure-

ments showed that undoped and minimum doped (1 and

2 wt%) films exhibit diamagnetic behavior and at the

maximum (10 wt%) Co doping level, the films exhibit

ferromagnetic properties. Current verses voltage studies

showed the ohmic nature of the films.

1 Introduction

Metal oxide materials have received great attention for

their physical and chemical properties. Copper oxide thin

film is a p-type semiconducting metal oxide material and it

exhibits direct band-gap (*1.3 to 2.1 eV) [1]. Copper

oxide exists, in two forms of cupric oxide (or) copper

monoxide (CuO) and Cuprous oxide (Cu2O) [2]. Cu2O

materials are especially useful in the field of Photovoltaic

devices and light emitting diodes [3]. Because of the

copper ore (Cu2O), the active layer is widely available as

naturally occurring minerals. Cu2O is the parent compound

of many p-type transparent conducting oxides (TCOs) such

as CuXO2 delafossites (X = Co, Fe, Zn, Al, KCL, Cr, etc.)

[4]. The magnetic property of the Cu2O material can be

enhanced with doping of Co and Fe without affecting the

semiconductivity. Generally, metal doping materials are

making radical changes in electrical, optical, morphologies

and magnetic properties of copper oxide thin films [5].

Over the past decade, 1D and 2D nanostructures have been

discussed for their unique optical, electrical and mechani-

cal properties [6]. In recent years, tremendous effort has

been dedicated to converting 1D and 2D nanostructures
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into 3D nanostructures [7]. Cu2O is a suitable candidate for

Bose–Einstein condensation because the binding energy is

high. The material can be used in a wide range of appli-

cations such as gas sensors [8], Solar energy [9, 10],

lithium ion batteries [11], photo catalyst [12–18], dilute

magnetic semiconducting materials [19], transparent con-

ductors [20] and water splitting under visible light irradi-

ation [21–29]. Several methods can be employed in the

deposition of Cu2O thin film techniques, such as chemical

vapour deposition [30], electro deposition [31], thermal

oxidation [32], hydrothermal deposition [33], reactive

sputtering [34, 35], one step hydrothermal [36] and

chemical bath deposition (CBD) [37]. The preparation

technique to be chosen varies depending upon the appli-

cations. The SILAR technique is also known as solution

based atomic layer deposition (SALD) or the modified

chemical bath deposition (M-CBD) technique [38–40]. It is

very useful to prepare nanostructure thin non-toxic films at

low cost and low temperatures. This method was good

control over the deposition process, reaction condition and

feasibility for large area deposition. All the films are

investigated for their structural, optical, electrical, and

morphological properties based on the deposition time.

2 Experimental procedure

Substrate cleaning is one of the important factors in the

deposition of thin films. Glass slides of 26 mm 9 76 mm 9

1 mm dimensions were used as substrates. These substrates

were boiled in concentrated chromic acid for 2 h, then

cleaned with double distilled water and finally rinsed with

acetone before the deposition of the films. Many trials were

carried out for optimizing the good quality of copper oxide

thin films for undoped and Co doped Cu2O (1, 2, 5 and

10 wt%) thin films onto glass substrates using SILAR tech-

nique. The high purity chemicals ([99%) such as copper

sulphate pentahydrate (CuSO4�5H2O), sodium thiosulfate

(Na2S2O3�5H2O), Cobalt sulphate (CoSO4), and sodium

hydroxide (NaOH) were used as precursor solutions without

further purifications. Initially, 1 M NaOH solution was

prepared with deionized water and maintained at 80 �C
through out the experiment. Then, the precursor solutions of

(CuSO4�5H2O) and (Na2S2O3�5H2O) were prepared and the

required concentration of 0.1 Mwas constantly stirred. Then

1, 2, 5 and 10 wt% of CoSO4 were added to the precursors

and mixed systematically using a magnetic stirrer. The

deposition cycle of the thin film formations consists of three

steps. (1) The cleaned glass substrate was immersed in hot

NaOH (80 �C) solution for 20 s. (2) Instantly, the substrates

were immersed in copper thiosulphate complex solution for

20 s. (3) Rinsing the substrate with ample amount of

deionized water bath for 10 s to remove the unreacted Cu?

and OH- ions loosely bounded particles from the substrate.

A schematic representation of the SILARmethod is shown in

Fig. 1. The process was repeated up to 30 cycles, to obtain

good quality of undoped and Co-doped Cu2O thin films. The

deposited films were characterized extensively using the

following instruments. X-ray diffraction pattern of the films

was obtained using X’pert PRO (PANalytical) diffrac-

tometer with CuKa radiation (k = 0.15405 nm) in steps of

0.1 over the 2h range of 15�–75�. Morphological examina-

tion of the films was done using Hitachi (S-3000H) scanning

electron microscope. HRTEM images and electron diffrac-

tion patterns for the film layers were measured using the

JEOL JEM 2100, 200 kV operating voltage. In order to

determine the band gap energy of the films, the optical

transmission was recorded using Perkin Elmer Lambda 35

spectrophotometer. Current verses voltage are analyzed

using keithley sourcemeter 2450. The results are discussed

below.

3 Results and discussion

3.1 Structural studies

The X-ray diffraction patterns of the undoped and Co-

doped Cu2O thin films are shown in Fig. 2. In the case of

undoped film, the diffraction line corresponds to (111)

plane and a weak peak correspond to (200) planes of Cu2O

(JCPDS card No. 05-0667). When cobalt is doped with the

Cu2O, the intensity of the (111) plane increases suddenly to

a high value (nearly four times) and the intensity decreases

with further increase in Co-doping level. The low intensity

of the diffraction line in the case of the undoped film may

be ascribed to the presence of a large number of Cu and O

vacancies in the Cu2O lattice. But, when Co is doped with

the Cu2O, the Cu
2? and O2- ions may be settled at the Cu

Fig. 1 A schematic representation of the SILAR method
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and O2- vacancies, respectively, improving the periodic

alignment of ions in the lattice. When the doping level is

increased, the excess Co ions take the interstitial positions,

degrading the crystalline quality, resulting in a decrease in

the intensity of X-ray diffraction lines. A close observation

of the XRD patterns revealed that at the highest examined

doping level (10 wt%) there was a diffraction peak at the

2h value of 49.62� associated with the (200) plane of CoO

(JCPDS data card No: 09-0402) indicating the presence of

a secondary phase (Fig. 2).

The observed shift in the position of the prominent

peaks towards the higher angles when the Co doping level

is increased is an evidence for the interstitial of Co ions

into the Cu sites. It is a well-known fact that the right shift

indicates the narrowing of the ‘d’ spacing. Here, as the

ionic radius of Co2? (72 pm) is less than that of Cu?

(77 pm), this reduction in the ‘d’ spacing is an expected

result. The crystallite size of the film was calculated using

Debye–Scherrer’s formula [41–44]

D ¼ 0:9k
b cos h

ð1Þ

where D—is the crystallite size, K—is the shape factor

(K = 0.9), k—is the wave length of X-rays, b—is the full-

width at half maximum (FWHM). The lattice parameter ‘a’

of the cubic system of Cu2O film and dislocation density

are calculated using the formulae [45] and the values are

given in Table 1.

1

d2
¼ h2 þ k2 þ l2

a2
ð2Þ

d ¼ 1

D2
ð3Þ

3.2 Optical properties

Optical transmittance spectra of the undoped and Co-doped

film with different wt% were recorded in the range of

450–1100 nm are shown in Fig. 3-inset. The energy band

gap of the material can be determined by the decreases in

transmittance. The transmittance of the film is obtained for

nearly UV region as well as for the undoped and Co-doped

material. The transmittance of the undoped film is higher

than that of the doped film (Co—1, 2 and 5 wt%) gradually

decreases with increases of the Co-doped material. The

high transmittance of the material in the visible region is

used for aesthetic window glass materials. The funda-

mental absorption can be used to determine the band gap of

Fig. 2 XRD patterns of undoped and Co-doped Cu2O thin films

Table 1 Structural and optical parameters of undoped and Co-doped Cu2O thin films

Doping concentration Crystallite size (D) nm Dislocation density (d) (lines/m2) a* (Å) Energy band gap (eV)

Co 0% 62.83 2.53 2.48544 1.94

Co 1% 53.30 3.52 2.47828 2.03

Co 2% 48.47 4.26 2.47440 2.12

Co 5% 39.24 6.49 2.47866 2.18

Co 10% 28.44 12.36 2.47683 2.47

* Standard data: a = 2.4650 Å (JCPDS Card No: 05-0667)

Fig. 3 Tauc’s plots for the undoped and Co-doped Cu2O thin film
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the film. Figure. 3 shows the band gap of the films as

estimated from the Tauc’s plot relation [46–50] of

absorption co-efficient (a) and the photon energy (hm) as

ðahmÞ2 ¼ Aðhm� EgÞ ð4Þ

where A and Eg are the constant and optical band gaps,

respectively. The Eg can be determined by extrapolation of

the linear portion of the curve to the hm axis. The band gap

of the film increases with increases in doping level, carrier

concentration, and the decreased crystallite size (D). Fig-

ure. 4 shows the variation of crystallite size and Energy

band gap with undoped and Co doped films.

3.3 FTIR studies

The Fourier transform infrared (FTIR) spectrum is inves-

tigated and it confirms the formation of copper oxide of the

material. Figure 5 shows the FTIR spectra (range

480–4000 cm-1) of the copper oxide thin films (undoped

and Co-doped (1, 2, 5, 10 wt%)). In all the films, the peaks

at 425 and 574 cm-1 are corresponding to the stretching

vibrations of Cu–O [51]. The peak at 618 cm-1 is attrib-

uted to the formation of Cu2O [52]. The broad band

absorptions between 1300 and 2000 cm-1 reveal the

presence of H2O and CO2 molecules. The peaks in the

region 700–900 cm-1 are ascribed to the formation of Co–

O stretching vibrations [53]. The peaks at 1583 and

3559 cm-1 are assigned to C–O and O–H, respectively.

3.4 Photoluminescence (PL) studies

Figure. 6 shows the room temperature photoluminescence

(PL) spectra of undoped and Co-doped Cu2O films. The PL

spectra reveal the electron–hole separation and recombi-

nation. The films exhibit PL peaks at wavelengths 548, 611

and 737 nm . In all the films, the NBE peaks are appeared

at 548 nm [54]. It is found to be shifted towards the lower

wavelength (blue shift) as the Co-doping levels increased

up to 10 wt%. The defect level peak observed at the

wavelength 611 nm. The defect level peak centered at

737 nm may be related to the relaxed excitons at Cu or O

vacancies as shown in Fig. 6. It is attributed to the Moss–

Burstein effect. It can be attributed to the variation of the

optical band gap of the material.

3.5 Surface morphological with EDAX, EDX

mapping and TEM studies

Figure. 7 shows the scanning electron microscope images

of undoped and Co-doped Cu2O thin films on glass sub-

strate. In the undoped films one can see a large number of

small particles agglomerated, due to Van-der walls force

[55] they combine to form large grains with different sizes

of nanometry. The image of 1% Co doped, particles is

loosed from the grain, because the doping of Co induces a

Fig. 4 The plot for calculated band gap for the undoped and Co-

doped Cu2O thin films and optical transmittance (inset)

Fig. 5 FTIR spectra of undoped and Co-doped Cu2O thin films

Fig. 6 Photoluminescence (PL) spectra of undoped and Co-doped

Cu2O thin films
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dilution of the binding energy of the host material.

Simultaneously the loosed particles realign to form rod-like

structures with different length and breadth. A large

number of rod-like structures appear with increasing dop-

ing levels of 2 and 5 wt%, with higher doping levels of one

sees a decreasing in the grain size and the grains align

together to form a combined needle-shape structure on the

primary surface. The cubic structure of the grains is visible

on the surface. This is strong evidence of the CoO in the

cubic system of Cu2O. This result corresponds with the

structure analysis obtained for the X-ray diffraction. The

EDAX spectrum of the Co (10 wt%) doped Cu2O films is

shown in Fig. 8. The spectrum (image) confirm the pres-

ence of the anticipated elements like Cu, O and Co.

The elemental compositions of the cobalt doped film

were studied by energy dispersive X-ray mapping and the

results are displayed in Fig. 9. The figure shows the pres-

ence of O, Cu and Co. The element maps demonstrated that

O, Cu and Co are homogeneously distributed on the surface

of samples.

The Fig. 10a–e shows the TEM, HR-TEM and SEAD

images of undoped and Co-doped Cu2O thin films for 1, 2,

5 and 10% respectively. The TEM images are found to be

consistent with the SEM results. The HR-TEM images

clearly depict the uniform growth of the film along (111)

plane as the lattice fringes are found to be regularly

arranged with the interplaner spacing of 0.246 nm. The

magnification of HR-TEM are insets in the top right corner

of TEM images. It is well known that the ‘d’ spacing

corresponding to the (111) plane of cubic structure of Cu2O

is 0.245 nm (JCPDS Card No: 05-0667). The SEAD pat-

tern of TEM image (Co-doped with 10% of Cu2O film) are

presented in Fig. 10f. The pattern well matches with the

cubic structure of the Cu2O. This result is in good agree-

ment with the XRD observation.

3.6 Vibrating sample magnetometer (VSM)

Magnetization measurements were carried out by using a

vibration sample magnetometer (VSM) at room tempera-

ture. The studies can be clearly observed from the mag-

nified parts of the M–H curves, indicating the diamagnetic

order in Cu2-xCoxO (x = 0, 1, 2, 5, 10 wt%). When the

iron material of Co-doped, the magnetization properties

changes from diamagnetic (high magnetization) to para-

magnetic (low magnetization) behavior with changing

concentrations of doping level. Undoped Cu2O has a dia-

magnetic property [56]. This result agrees with the Fig. 11

Fig. 7 FESEM images of undoped and Co-doped Cu2O thin films
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Fig. 8 EDAX spectrum of Co

doped Cu2O thn film wth

10 wt%

Fig. 9 Elemental EDX

mapping of O, Cu and Co

obtained from Co doped Cu2O

films
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that shows the variation of magnetization against the

applied magnetic field (M–H). The doping level of 1, 2 and

5 wt% exhibit and maintain the diamagnetic property.

When the doping level reaches as 10 wt% the diamagnetic

properties disappear and of paramagnetic properties [57].

The ferromagnetic (low magnetization) behavior is perhaps

due to the intrinsic coupling (Co–Co) between the atoms of

doped material.

3.7 I–V characteristics of the undoped

and Co-doped Cu2O films

The room temperature current–voltage (I–V) characteris-

tics of undoped and Co-doped Cu2O films. In this work,

I-V characteristics are carried out using Ag as contact

electrodes by applying voltage from ?5 V to -5 V. The

I-V curves are shown in Fig. 12. The linear I-V curves

show an ohmic conducting nature of the films. When the

input voltage is positive, the I-V curves will be positive and

when the input voltage is negative, the I-V curves will be

negative. The linear curves show the high crystalline

quality of the films.

4 Conclusion

In summary, all the films show the preferential orientation

along (111) plane with good crystalline quality. The sur-

face morphology of the films was investigated using

FESEM. The spherical grains were gradually converted

into cubic and needle-shaped structures when the doping

level was raised (10 wt%). EDX analysis confirms the

presence of Cu, O and Co in the Co doped Cu2O films.

HRTEM analyses revealed that the undoped and Co-doped

Cu2O films are predominantly exposed (111) crystal plane.

The transmittance of the film decreases with increase in

Fig. 10 TEM and HRTEM images of undoped and Co-doped films (Fig. 10 f SEAD pattern of 10% Co-doped Cu2O film)
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Co doping concentration. The magnetic properties (M–H)

of the films were studied using VSM. The ferromagnetic

(low magnetization field) properties are exhibited when the

Co doping level is a maximum (10 wt%). The energy band

gap value varies from 1.94 to 2.47 eV for Co doped Cu2O.

The electrical studies show the increase in current with the

increase of Co doping level of the films. Such materials are

fit for use in optoelectronic devices. Further investigations

are needed to determine the magnetic and structural

properties after annealing at suitable temperature.
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