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We report on ZnO films doped with different Co concentrations (0, 0.5, and 1 wt%) prepared by sol-gel
technique in association with dip-coating onto glass substrates. Zinc acetate dehydrate, cobalt acetate, mono
ethanolamine were used as starting materials, as well as solvent and stabilizer, respectively. Nanostructured
polycrystalline ZnO thin films with different concentrations of Co doping (0, 0.5, and 1 wt%) are prepared for
the first time by the sol-gel method and annealed at 500 ◦C for 1 h. The surface morphologies of the ZnO thin
films deposited on glass substrate with different concentrations were evaluated by atomic force microscopy. The
optical absorption of the films showed a blue shift of the band gap. The photoluminescence signal of the thin films
of undoped and Co-doped ZnO presents different bands in the visible region. The electrical conductivity of the
sample with 0.5%Co was found to be 4.62 (Ω C m)−1.

DOI: 10.12693/APhysPolA.133.114
PACS/topics: Co doped ZnO, XRD, nanometric size, photoluminescence

1. Introduction

Zinc oxide (ZnO) is one of the most important oxide
transparent conductors (TCO) materials attractive for
applications. Usually ZnO adopts a hexagonal (wurtzite)
crystal structure and presents n-type conductivity due
to residual donors [1–4]. It is an interesting material
for short-wavelength optoelectronic applications owing to
its wide band gap 3.37 eV [5–7], large bond strength,
large exciton binding energy (60 MeV) at room temper-
ature, non toxic and abundant in nature [8–13]. Sev-
eral techniques have been used for the preparation of
ZnO thin films, such as sputtering, chemical vapor depo-
sition (MOCVD), pulsed laser ablation (PLD), molecu-
lar beam epitaxy (MBE), electrochemical deposition, py-
rolysis spray, reactive evaporation, colloidal and sol-gel
method [14–19]. It is a versatile material that finds appli-
cations in various products, such as gas sensor, chemical
sensor, biosensor, optical and electrical devices, window
materials for displays, the thermal barrier, piezoelectric
transducers, solar cells, varistors, laser devices and drug
delivery [20–22].

In this work, undoped and Co doped ZnO thin films
were prepared by the sol-gel method and deposited on
glass substrates by dip-coating technique. The structural
and optical properties of the obtained thin films were
investigated.

2. Experimental

To obtain the undoped ZnO thin films, a solution of
0.17 mol/l was prepared by dissolving zinc acetate de-
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hydrate (Zn(CH3CO2·2H2O) in 2-methoxyethanol. Af-
ter magnetic stirring for a few minutes at room temper-
ature, the solution became white. The dropwise addi-
tion of monoethanolamine (MEA), with a molar ratio n
MEA/nacetate = 1, rises the solubility of zinc acetate in
the solvent and leads to a clear solution. The obtained
solution is then heated under magnetic stirring at 60 ◦C
for 2 h. The final solution is transparent and homoge-
neous. After that, it was left to stand in the fresh air
for 24 h. The doping solution was then deposited on
glass substrates by dip-coating technique. The prepared
thin films were characterized by X-ray diffractometry
(XRD) of type Pan Analytical using a Cu Kα radiation
source (wavelength 1.5406 Å). Atomic force microscopy
(AFM) (Nanocompact) operating in contact mode was
employed for the observation of surface morphology for
ZnO films with different concentrations of Co doping de-
posited on glass substrates. The optical properties of the
ZnO thin films were determined by a UV-Vis spectro-
meter Shimadzu (UV-3101 PC) in the wavelength range
300–500 nm. The PL spectra measurements were carried
out using a 250 nm lamp excitation from a Perkin-Elmer
LS 50B luminescence spectrophotometer.

3. Results and discussion

3.1. X-ray diffraction analysis

Figure 1 shows the X-ray diffraction diagrams of un-
doped ZnO and Co doped ZnO films (0.5 wt% and
1 wt% Co) for all films that correspond to the hexagonal
wurtzite structure of ZnO [23, 24]. The relative intensity
of these peaks (002) orientation is predominant (0.5 wt%
and 1 wt%Co). In principle the line (002) of 0.5 wt% is
more intense than 1 wt%Co. It is noted that the inten-
sity of the peaks decreases gradually with the increase
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Fig. 1. Spectra of X-ray diffraction of ZnO thin films:
undoped ZnO, ZnO doped 0.5 wt% Co and ZnO doped
1 wt% Co.

in cobalt content, which is due to the degradation of the
crystal quality by the substitution of the Zn2+ ions by
the Co2+ ions [24].

Crystallite sizes were determined based on (002) plane
from XRD data of the samples.

In this experiment, the full width at half maximum
(FWHM) was used with the Debye–Scherrer according
to the formula [25, 26]:

D =
0.9λ

β cos θ
, (1)

where D stands for the crystallite size in nm, λ refers to
the wavelength value of the Cu Kα line (λ = 1.5406 Å),
θ is the Bragg diffraction angle, β is the FWHM of the
diffraction peak measured in rad.

The estimated crystallite size values are reported in
Table I. This table demonstrates that all samples are
nanometric grain size. An increase in Co concentration,
decreases the grain sizes and grain boundaries increase.

TABLE I

Values of the grain size of undoped ZnO and n wt% Co
doped ZnO thin films.

n 2θ [°] FWMH [°] (hkl) D [nm]

0%

31.56 0.5793 (100) 14.25
34.22 0.5723 (002) 14.52
36.04 0.6333 (101) 13.20
47.29 0.7823 (102) 11.09
56.43 0.5847 (110) 15.43
62.71 0.7038 (103) 13.22
67.78 0.6270 (200) 15.27
68.90 0.8381 (112) 11.50

0.5 wt%
34.41 0.5609 (002) 14.34
72.56 0.6547 (004) 15.06

1 wt% 34.36 0.6222 (002) 13.37

3.2. Morphological characterization

Figure 2 represents the AFM images of the ZnO thin
films deposited on glass substrates. From these images,
we notice that the roughness mean square (RMS) value
can be extracted and seems to be significantly dependent
on the quantity of Co. An undoped sample presents an
RMS of 6.7 nm; this value decreases from 28.1 to 14.7 nm
for the 0.5 and 1 wt% of Co samples, respectively.

Fig. 2. AFM images of ZnO thin films deposited on
glass substrates: (a) ZnO pure, (b) 0.5 wt% Co, and (c)
1 wt% Co.

3.3. Optical characterization

Figure 3 shows the optical transmittance spectra of Co
doped ZnO thin films with different Co concentrations 0,
0.5, and 1 wt%. We observed that the transmittance
of all the samples is close to 90%. We noticed also two
distinct field of transmission wavelength:

• A domain identified by high absorption and low
transmittance of light radiation to lower than
375 nm. We also note that the 1% Co doped sub-
strate has the highest transmittance as 0.5% Co
doped substrate is lower than 1% Co doped whereas
undoped has the lowest value of transmission;
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• An area of high transparency for the values that
range between 375 and 500 nm (visible light). The
transmittance in this field increases sharply and
reaches between 90 and 100%.

Fig. 3. Optical transmittance spectra of thin films: (a)
undoped ZnO, (b) ZnO doped 0.5 wt% Co, and (c) ZnO
doped 1 wt% Co.

Fig. 4. Variation of the quantity (αhν)2 with energy
for thin films (0, 0.5, and 1 wt% Co).

The band gap Eg was calculated using the Tauc equa-
tion [27]:

αhν = A(hν − Eg)
n, (2)

where hν is the photons energy, Eg is the optical band
gap energy, n = 1/2 for an indirect allowed transition
and α is the absorption coefficient, which may be calcu-
lated from the transmittance using equation [28]:

α = − 1

d lnT
, (3)

where d is the thickness of the film, T is the transmit-
tance of the film.

Band gap energy, determined by the optical method,
is obtained by extrapolating the linear portion of this
graph to (αhν)2 = 0. As can be seen from Fig. 4, Eg
(pure ZnO) is equal to 3.27 eV, Eg (0.5%) is equal to
3.26 eV and Eg (1%) is equal to 3.23 eV. The technique
of band gap calculation is precise at a level of 0.01 eV.

Fig. 5. PL spectra of undoped ZnO, ZnO doped
0.5 wt% Co and ZnO 1 wt% Co thin films.

It is noted that the band gap energy decreases from
3.27 to 3.23 eV with increasing cobalt concentration.

The photoluminescence of the Co doped ZnO films
(Fig. 5) display a luminescence in the near UV in ad-
dition to the presence of three peaks. From Fig. 5, one
can notice that the two peaks located at 2.62 eV and
almost 3.01 eV are related to defects (zinc or oxygen in-
terstitial position, oxygen vacancies etc.). The peak at
3.24 eV was attributed to the dopant [29].

3.4. Electrical properties

We have measured the conductivity of the films as a
function of the cobalt concentration. Figure 6 shows the
variation of the electrical conductivity of the undoped
ZnO and the films doped with Co as a function of the
doping Co. It is noted that the conductivity of the sam-
ples has decreased with the increase in doping (between
0% and 0.5% Co), has reached the minimum value up
to 4.62 (Ω C m)−1, then increases to reach its maximum
value of 5.90 (Ω C m)−1 at a concentration of 1% Co.
This increase in conductivity with the increase in the Co
concentration is attributed to an increase in the number
of charge carriers (electrons).

Fig. 6. Electrical conductivity of ZnO:Co as a function
of the concentration of the dopant (Co).
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4. Conclusions

In this work, we prepared the pure ZnO and Co-doped
ZnO thin films on glass substrates by a sol–gel with dip-
coating method. The ZnO thin films with different Co
concentrations (0, 0.5, and 1 wt%) are polycrystalline
with a texture along the c-axis [002]. The hexagonal
wurtzite structure of ZnO does not change when Co2+
replaces Zn2+. The grain sizes of the films are nano-
metric. The structural study indicates that 0.5 wt% Co-
doping greatly improved the crystallization. When the
doping concentration was increased, the crystallization
quality dropped and grain size decreased. The optical
measurement results confirm that all the ZnO thin films
had high transmittance in the visible region 0.5 wt%.
Co-doped ZnO thin film had the highest transmittance
and the strongest ultraviolet emission. The optical gap
of our ZnO samples decreases with the increase in Co
concentration.
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