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Abstract

Ultrasound pyrolysis spray technique is used to prepare single-phase thin films of Zn,;_,Co,O (x=0-22 at.%). The hexagonal
wurtzite structure of the films is confirmed by X-ray diffraction with an average crystallite size estimated in the range of
18-30 nm. The compound structure and stoichiometry of the films are further characterized by energy-dispersive spectros-
copy (EDAX). The spectrum analysis agreement great chords between the expected and measured Co atomic content in the
films indicating an effective doping. The results also reveal a high solubility of Co into ZnO solid solution at about 14 at.%.
For the optical proprieties, the bandgap energy decreases due to the presence of high concentrations of localized states in
the thin films. The photoluminescence spectra of all the samples exhibited a broad emission in the visible range. In addition,

the magnetic properties of Zn,_,Co,O thin films are found to be strongly influenced by Co doping.

1 Introduction

Zinc oxide semiconductors have demonstrated extraordinary
properties in recent years due to their extensive applications
particularly in the field of spintronics. ZnO is a semiconduc-
tor with a large bandgap (E,=3.31 eV) and large exciton
binding energy ~60 meV at room temperature [1]. In a hand,
these properties make them more interesting for optoelec-
tronic applications [2]. On the other hand, the nonstoichio-
metric structure of ZnO and the intrinsic structural defects
such as oxygen vacancies (V) and zinc interstitial (Zn;)
improves the transparent conductive properties [3, 4]
Recently, transition metal-doped semiconductors have
been at the core of various research reviews due to their
exceptional optical properties and the promising potential
applications in the optoelectronic medium [5-8]. The doping
of ZnO by transition metals, in particular by cobalt, draws
the attention of many researches. Cobalt (Co) doping is
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greater because of similar ionic radii (0.058 nm) to that of
Zn (0.060 nm), and its powered magnetic moment compared
to other 3d metals (4, = 1.8 py) [9]. This type of doping is
known as diluted magnetic semiconductor (DMS) because
ZnO provides ferromagnetic properties at room temperature
[10].

Thin layers of Co-doped ZnO were synthesized by the
use of different evaporation techniques [11-14]. In thin film,
doping ZnO with Co*" improves optical absorption and
decreases the band gap which is assigned to the sp—d spin
exchange interaction [15-17]. Note that the defect environ-
ment can be distort when Co dopant atom substitutes a Zn
atom. Along these lines, it is interesting to study the influ-
ence of this doping on the optical properties of Co-doped
ZnO.

Many studies listed in the literature, on the elaboration
of thin layers of ZnO, Zn,_,Co,O with different techniques
under different experimental conditions, produce in the for-
mation of single-phase films, with different properties.

Ivill et al. [18] observed the plane, i.e., (0 0 2) of ZnO
along with the secondary phase of (0 0 4) plane of Co
ions. They observed paramagnetic behavior for 015 at.%
of cobalt, for higher (>30 at.%) cobalt, they noticed ferro-
magnetic behavior, which was due to intrinsic defects and a
large amount of Co*? within the ZnO lattice. Tarwal et al.
[19] prepared Co-doped ZnO films with 0-20 at.% doping,
confirmed the polycrystalline nature of the films with (0 0 2)
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plane with flower-like morphology, and they also observed
a reduction of band gap and transmittance with increases in
the Co. PL measurements indicate only the emission in the
visible region, which is caused by Co doping [20].

Some groups have observed room temperature ferromag-
netism (RTFM) in cobalt-doped ZnO without any secondary
phases or cobalt clusters [21, 22], in contrary to the reports
on non-observation of RTFM [23, 24] or the observed fer-
romagnetism due to metallic cobalt clusters [25, 26]. Sid-
dheswaran et al. [27] found that the ferromagnetic behaviour
of films increases with ‘Co’ content. Zn,, 3sCoy (5O thin film
shows RTFM with saturation magnetic moment of 0.4u5/Co
atom. The magnetic properties rely on intricate combina-
tion of transition metal dopants and material defects such
as oxygen vacancies which are difficult to characterize [28].

The main goal of this study is to investigate the influence
of Co doping on structural, optical and magnetic proper-
ties of pure and Co-doped ZnO thin films deposited by the
ultrasound spray pyrolysis technique (USP).

2 Experimental
2.1 Film preparation

In this study, the ultrasonic pyrolysis spray technique was
used to synthesize ZnO, Zn,_,Co,O films. This technique
has many advantages [29]. The solution utilized for the
investigated films has the following composition: 0.01 M of
zinc acetate [Zn (CH;COO),-2H,0)] (Fulka 99.9%); 50 ml
of deionized water (resistivity 18.2 MO cm); 20 ml CH,OH
(Merck 99.5%); 30 ml C,H;OH (Merck 99.5%) and cobalt
nitrate hexahydrate 1-22% (Co, at. %) [Co (NO;),-6H,0] has
been used as the Co source. To settle the pH value to about
4.8, a little quantity of acetic acid is added, so as to prevent
the evolution of hydroxides. Thin films were deposited onto
microscope cover glass substrates (30 x 10 x 1.2 mm?) at the
temperature of 450 °C and the testimony time was fixed at 30
and 45 min. Details are listed in the works [29].

2.2 Characterization techniques

Structural properties were recorded using a high-resolution
diffractometer (Rigaku Ultima IV powder) equipped with
Cu-K,, radiation (1=1.5418 A). The microstructure was
analyzed utilizing scanning electron microscope (SEM)
(FEI Quanta™ 250 FEG). The SEM is equipped with an
energy-dispersive X-ray spectroscopy (EDAX) detector
with working distance of 10 mm, acceleration voltage rang-
ing from 5 to 20 keV at two magnifications of 10,000 and
20,000 that were employed to quantify the composition of
the films and to validate the doping efficiency. Genesis soft-
ware was used for analysis of EDAX spectra. The secondary
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electron detector was used for imaging. Since the films were
not conductive, silver paint contact and deceleration volt-
age method were used to decrease the charging effect and
enhance the spatial resolution. The optical properties of thin
films were estimated utilizing a Perkin Elmer UV-Vis—NIR
(Lambda 19) spectrophotometer in the range 190—1800 nm.
Photoluminescence measurements of prepared samples were
examined using a Perkin Elmer (LS 45) fluorescence spec-
trometer with an excitation wavelength of 320 nm. Magnetic
measurements were performed using EV-7 VSM vibrating
sample magnetometer in magnetic field <20 kOe.

3 Results and discussion
3.1 Structure and microstructure analysis

Figure 1 reveals the X-ray spectra of pure and cobalt-doped
ZnO. All spectra show the presence of hexagonal wurtz-
ite structure of ZnO that is confirmed with (JCPDS card
no. #00-036-1451). The peaks are broad and their relative
intensity changes with Co content. The preferred orientation
of the growth during deposition changes with Co doping
level: along (002) for pure ZnO (101) for x,=0.01, then
again (002) for x, in the interval of 0.03-0.14, and finally
to random orientations for higher Co content.

Table 1 presents the results of the phases examined
qualitatively and quantitatively by the Rietveld method.
The fit parameters are R,,,, (%), weight profile R-factor; R,
(%), profile R-factor; R, (%), expected R-factor; S= pr/Re;
and ;(2=S2, goodness of fit. It can be observed that the size
of crystallite varies within a narrow range of 18-30 nm,
whereas the micro-strain changes considerably with Co
content into the range of 0.131-0.289%.

[Pl

The lattice parameter “a” increases with Co content while
“c” seems not much affected, therefore, the volume of unit
cell grows with increasing Co. However, the evolution of
lattice parameters with Co content is more complex than
expected. Four factors should be taken into consideration,

as their effects occur concurrently:

1. According to Vegard’s law, it is expected that the lattice
parameters would slightly decrease with increasing Co
content, Co ionic radius is smaller than that of Zn. In
fact, in our case, it is slightly different, Zn2t in tetrahe-
dral coordination with an ionic radius of 0.060 nm will
not be completely filled by Co* in tetrahedral coordina-
tion with an (ro,** =0.058 nm) but also with Co*" in
octahedral coordination with an r=0.065 nm (low spin)
or/and 0.075 nm (high spin) [30]. The substitution of Co
into tetrahedral coordination was confirmed by transmit-
tance measurements (see Sect. 3.2).
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Fig. 1 XRD patterns of pure ZnO and Co-doped ZnO films. The inset shows the Rietveld refinements of Zn,_,Co,O composition. Solid blue
curve: calculated pattern; red solid line: experimental data; solid orange line (down): intensity difference
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Table 1 X-ray diffraction Rietveld refinements results

Composition Crystallite Microstrain (%) Lattice parameters (10\) Rwp (%) Refinements Factors R, (%) S )(z
size (nm) R, (%)

ZnO 25 0.266 a=3.2542 16.87 11.84 8.93 1.71 2.92
c=5.2129

Zn 99Cop 3,0 21 0.210 a=3.2577 9.21 7.37 7.55 1.21 1.48
c=5.2124

Zn; 97Coy 430 35 0.230 a=3.2594 8.23 6.28 5.40 1.52 2.32
c=52172

Zn, 45C0g 45O 23 0.289 a=3.2572 9.58 7.41 7.63 1.25 1.57
c=5.2162

Zn, 4;Cop 40O 22 0.131 a=3.2613 8.55 6.64 6.76 1.26 1.59
c=52172

Zn, 44Cog 140 25 0.143 a=3.2605 8.94 6.99 6.15 1.45 2.11
c=5.2148

Zn ¢,Coy 130 18 0.147 a=3.2689 8.40 6.72 6.18 1.36 1.85
¢=5.2230

Zn 73C0y 2,0 18 0.142 a=3.2644 8.02 6.55 6.12 1.31 1.71
c=5.2167

2. According to size effect in nanomaterials, it is expected
that with decreasing in particle (crystallites) size, lattice
contraction is expected [31].

3. The mismatch between the glass substrate and the depos-
ited thin film (ZnO) induces some stress within ZnO and
may causes some lattice distortion, thereby the lattice
parameters may vary accordingly [32].

4. The effect of deposition temperature (450 °C) on the
stoichiometry, which means that possible O and/or Zn
vacancies can be created, as well as O can occupy even
interstitial sites [33]. This will induce some anisotropic
changes in the lattice parameters.

5. Some Zn or/and Co may occupy interstitial sites as well,
and this will result an alteration in lattice parameters as
well.

Data in Table 1 show small difference in lattice parame-
ters with increase of Co-doping level due to the introduction
of stress which leading to the shift in peak position caused
by the comparable ionic radii of Zn?>* and Co?*. The sub-
stitution of Zn>* ions by Co®* ions would not induce strong
geometrical distortion in ZnO unit cell, as the ionic radii
difference is ~3%. Therefore, Co** ions could easily form
substitutional solid solution (SSS) with Zn?* ions in ZnO
crystal. Some Co*" ions might also occupy structural point
defects like vacancies formed during synthesis.

Figure 2 shows SEM images at two magnifications of
10,000 and 20,000. To study the effect of the Co doping,
the SEM images are compared to those recorded of pure
ZnO (Fig. 2a).

Co doping seems to preserve the emerging nanopetals
perpendicular to the film surface which distinguish ZnO
microstructure. However, unlike the XRD data, the size
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and the length of these nanopetals increase with Co doping
mainly and reach 1 um at 14 at.%. In addition, population of
nanosize spherical features can be distinguished with sizes
of 30-60 nm mainly for the doping range of 3—14 at. %.

The SEM images (Fig. 2c—f) reveal that uniform
nanograins present at the film surface and can be described
as nanorods (or nanowires) developed mainly in perpendicu-
lar directions, few nanorods are also developed horizontally.
It can also be noted the presence of nanofillers in a pure ZnO
film (Fig. 2a). These forms confirm the crystal structure of
wurtzite ZnO which is in agreement with the XRD.

In a line with XRD data, for a doping rate of 18 at.% and
22 at.%, it is noticed a deterioration in the crystalline struc-
ture. The nanostructures change from large nanopetals to
fine nanograins with reduced size below 100 nm.

The films have spherical nanograins in the wurtzite struc-
ture increasing in size with the doping rate. This observed
regularity is due to the good adhesion of the substrate mainly
depends on the parameter of the spray pyrolysis process such
as the deposition temperature which has a very important
factor that determines the energy difference between the
spray solution and the film substrate. Usually, the diffusion
of the species of vapor occurs several times before these
stabilize. Due to the pyrolytic decomposition of the solution,
different atomic rearrangements occur, resulting in a modi-
fication of the topographic characteristics of the sample. As
well as changes in the surface mobility of the species in
condensation during growth and nucleation can be defined
as the extent of crystallinity of the film [19, 34].

Figure 3a shows an example of EDAX spectra obtained
for Co—ZnO (18 at. %). The EDAX spectrum reveals the
different constituents of the samples mainly O, Zn, and Co
from the films but also Si and Ca peaks from soda lime glass.
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Fig.2 SEM images of a pure
ZnO film and b-h Co-doped
Zn;_,Co,O thin films. The
images b—h correspond to the
Co atomic content of 1%, 3%,
5%, 9%, 14%, 18% and 22%,
respectively, and magnification
of (X 10,000 and x 20,000)
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Fig.3 a Example of EDAX spectra of Co-doped Zn,g,Coy;3 O
showing the L-shell and K-shell of both Zn and Co, and b the EDAX
peak of K-shell of Co

It is noticed also that at 20 keV acceleration voltage, the
L-shell and K-shell of both Zn and Co are resolved (Fig. 3b
for K-shell peak of Co). The peak intensities of both Si and
Ca vary from one sample to another and disappear for 14 at.
% films. This variation is assigned to different thicknesses of
Co—-ZnO films. The spectra are analyzed using Genesis Soft-
ware, by considering only Zn, O and Co peaks (Table 2). The
variation of the thickness of the films is due to the change of
Zn and O content on one hand and the influence of oxygen
that exists in the substrates on the other hand. The stoichi-
ometry of the films is measured from Co and Zn signals.
Let us define “7” as the ratio of the EDAX signals of Zn and
Co and assume stoichiometric films of the form Zn,_,Co,0O,
with the Co atomic content x can be calculated as: x=r/
(1+7). Figure 4a, b shows the change of the ratio in EDX
signal of Co/Zn ratio and Co atomic content, both plotted as
function of the “expected” Co content from the deposition.
Doping with Co is effective as long as the Co content does
not exceed 14 at. %. At high Co concentration, the doping is

Table 2 Chemical composition of oxides from EDX spectra (atomic
content %): expected composition vs. measured one

Films/element 0 (K) Zn (K and L) Co(KandL)
Zn 99Coy 5,0 49.1 48.5 24
Zng 97Coy 430 38.6 59.7 1.7
Zn; 95Coy 45O 49.1 48.5 2.4
Zng9,Cop 09O 43.3 52.8 39
Zn, 44Cog 140 343 57.5 8.2
Zn, ¢,Cog 130 454 49.1 55
Zn;, 75C0( 2,0 44.0 49.5 6.5
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Fig.4 a The measured Co/Zn atomic ratio and b the calculated Co
atomic content (from EDAX analysis) plotted as function of the
expected Co content/doping

ineffective and EDAX signal shows a discrepancy between
the expected and measured atomic content of Co indicating
that the limit of solubility of Co into ZnO solid solution is
reached.

3.2 Optical properties

Transmittance spectra of Zn;_,Co,O films are taken at room
temperature to study their optical properties. They show
the characteristic Co>" absorptions in the visible and near-
infrared spectral region at the wavelengths of 565, 611, 657,
1297, 1410 and 1648 nm. The first three peaks are the pre-
dominant absorptions. The dopant ion (Co**) transforms the
colorless host lattice (ZnO) into green.

The solid curves in Figs. 5 and 6 correspond to the curve
fitting and the symbols represent the experimental data. The
figures reveal a reasonably good fitting to the experimental
data, the values of d, Eg, E,, E,, rms, M, M3, and N,
extracted by fitting [29] the experimental data are listed in
Table 3. The decrease of energy value from 3.26 eV (pure
Zn0) to 3.00 eV (Zn, 73Co, ,,0) appears to originate from
active transitions involving 3d levels in Co*" ions and strong
sp—d exchange interactions between the itinerant ‘sp’ carri-
ers (band electrons) and the localized ‘d’ electrons of the
dopant [35, 36].

Figure 7 presents the calculated refractive indices [29]
of ZnO and Zn,_,Co,O films. It is observed that the values
of refractive indices at 598 nm of the ZnO, Zn 4sCo 45O
and Zn, ;3Co, »,0 films are equal to 1.77, 1.96 and 2.16,
respectively.

The notion of Urbach parameter (Ey,,) is defined to
characterize the disorder. It is possible to estimate the
existing disorder in the layers by studying the variations
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Fig.6 Transmission spectra of Zn,;_,Co,O films deposited on glass
substrate at 450 °C. Measured (full circles) and calculated (solid
lines) transmittance spectra of films

of the absorption coefficient. Indeed, the absorption coef-
ficient can be expressed by the equation [37]:

a=a0exp<Eh” ) ho < E,. )

Urb
All the experimental results for the variation of the
optical bandgap of the thin layers and disorders as func-
tion of cobalt contents are shown in Fig. 8. It is observed
that the bandgap decreases with increasing cobalt content.
Therefore, the addition of Co increases the concentration
of localized states in the thin film leading to the decrease
of the bandgap.

Table 3 Dispersion parameters of the films extracted by fitting the experimental data

Porosity (%)

M3 x102 o (nm)

(eV)™?

N

n at 598 (nm)

E, (eV)

E, (V)

Thickness (nm) E, V)

17.0

38

5.200
5.196
5.696
7.501

1.883
1.996
2.179
2.382
1.917
1.917
3.243
3.264

1.698
1.731

1.771
1.802
1.859
1.940
1.781

6.018

11.334
12.373
13.478
13.422
11.621
11.872
19.290
19.706

3.258
3.177
3.097
3.050
3.075

486

ZnO

14.1

128

6.198
6.185
5.635

1350
846
421
463
722
396
395

Zng 95C04 0,0

09.7

130
95
40

1.783
1.839
1.708
1.708
2.060
2.065

Zng 47C00 030

03.8

Zn; 45C0 05O

15.7

5.219

6.061

Zng 4;C0y 090

16.0

96
74

5.000
9.171

1.778
2.166
2.169

6.192
5.947
6.037

2.993

Zn; 4,C0y 140

3.023

Zn; 4,C0y 150

78

8.956

3.009

Zn 73C04 2,0
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Fig.7 Refractive index of Zn,_,Co O films
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Fig.8 Doping result and the variation of the bandgap and Urbach
energy for different Co content

3.3 Photoluminescence spectroscopy

PL spectra depend on the stoichiometry and the microstruc-
ture of the films. ZnO is nonstoichiometric oxide containing
oxygen vacancy (V) and reduced interstitial zinc species
(Zn;). In this work, the rapid evaporation—oxidation process,
Vg should be generated because of partially incomplete oxi-
dation and crystalline. Doping of Co?* on ZnO may create
defects in the film, which may provide non-radiative path-
ways to limit the radiative efficiency of the films.

Figure 9 shows the photoluminescence spectra of ZnO
and Zn,_,Co,O [with x=5%, 9%, 14%, and 18%] which
shows the presence of three emission bands at around
421 nm (2.94 eV), 485 nm (2.55 eV) and 528 nm (2.34 eV)
for pure ZnO with a shift in the violet emission peak
(421 nm) to 442 nm (2.80 eV) for the Co-doped films. Vio-
let emission from ZnO at around 3.0 eV has been previously
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Fig.9 PL spectra of ZnO and Zn,_,Co,0 (x=5%, 9%, 14 and 18%)
thin films measured at room temperature

reported from a sample prepared in an oxygen-deficient
condition [38]. The oxygen vacancies of ZnO can produce
two defect donor levels, the deep level at 1.3-1.6 eV and
the shallow level at 0.3-0.5 eV below the conduction band
[39]. The energy difference between this latter level and the
valence band is 2.8 eV, which is consistent with the photon
energy of the blue emission observed in this study. The other
two peaks in the visible region are due to the presence of
structural defects such as oxygen vacancies (V) and zinc
interstitials (Zn;) [40, 41].

It was found that the PL emission intensity of ZnO was
obviously affected by the doping of Co. This phenomenon
might originate from the interaction between the Co doping
and native defects such as oxygen vacancies (V) [42].

3.4 Magnetic properties

The pure ZnO sample exhibits diamagnetic behaviour which
agree with previous researches trend [43, 44]. However, the
Co-doped ZnO thin films exhibits S-shape M—H curve, indi-
cating ferromagnetic properties. It can be caused by defects
in the ZnO after doping metal ion [45, 46]. In Co-doped
ZnO thin films, the doping of Co®* yields increased mag-
netization values because Co?" in the half-filled 34 shell has
five spins, which normally gives a maximum dipole moment
value of 3 py/Co ion [47].

Figure 10 displays room temperature magnetization-field
(M-H) curves of ZnO and Zn;_,Co O (x=5% and 14%)
thin films. The inset presents the M—H curves of Zn,_ Co,O
(x=5% and 14%) films when the diamagnetic contribution
from ZnO has been subtracted. Diamagnetic contribution of
glass substrate and sample holder has been subtracted from
the recorded data. The values for magnetization (emu/cm?)
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Fig. 10 Magnetization versus magnetic field (M—H) curves at room
temperature for ZnO and Zn,;_,Co,O (x=5% and 14%) thin films. The
inset presents the M—H curves of Zn,_,Co,O (x=5% and 14%) films
when the diamagnetic contribution from ZnO has been subtracted

were calculated against the sample volume, estimated from the
measured surface area of the sample and the film thickness. It
can be observed from Fig. 10 that the magnetic properties of
ZnO thin films are strongly influenced by the doping concen-
tration. The S-shaped form of the hysteresis loop indicates that
the Zn, 3,Co, ;4O films show a weak ferromagnetic behaviour,
in the low field range, alongside with diamagnetic component,
whereas the ZnO and Zn, ¢sCo 15O films reveal a dominant
diamagnetic component. The interaction between the Co dop-
ing and native defect such as oxygen vacancies (PL emission
peak centered at around 442 nm) is found to be the main rea-
son for room temperature ferromagnetism in the Co-doped
ZnO films with the support of the results obtained from the
photoluminescence studies.

The concentration of cobalt cations N, for a 14 at. % dop-
ing level in the films can be calculated as:

PriimVa
Ne, = % x 0.14, )
where N,, is the Avogadro constant, M is molar mass and
Psim 18 mass density of the film. The average mass density of
the film pg,, is related to the porosity (P) and bulk density

(Ppun) of ZnO through the following equation:

Piiim = Pour(1 = P). (3
The porosity P is calculated from optical constants using
the Lorentz—Lorenz equation [48]:

Po1— (T = D (25,4 +2) @
(M +2) (g = 1

where ng;, (1.778 at 598 nm) is the refractive indices of the
porous Zn,, 3cCo, 140 films and ny, is the refractive indices of
the ZnO bulk which is 1.996 at 598 nm.

We determined P=0.16, pg,, =4.71 g cm™ against the
bulk density p,, =5.61 g cm™ and one gets the value of
Ngy=4.88x10* cm™,

The saturation magnetization is not observed up to the
maximum applied field of 18 kOe, as shown in the inset of
Fig. 10. The magnetization values observed at 18 kOe are
46.43 emu/cm?’, namely, 1.02u5/Co (1 emu=1.0783x 10%

Hp).

4 Conclusion

X-ray diffraction analysis using the Rietveld method shows
that the as-deposited ZnO and Zn,;_,Co,O (x=0.01-0.22)
films are pure of single wurtzite phase. The lattice param-
eter “a” increases with Co content while “c” is affected,
thereby the volume of unit cell increases with increasing
Co. The Co doping into ZnO solid solution is found to influ-
ence considerably the film morphology, the grain size, and
the stoichiometry of the oxide. The doping effectiveness is
revealed by EDAX analysis of the chemical composition of
the films and it shows good agreement between the expected
and measured Co atomic content. The presence of high con-
centrations of localized states in the thin films is responsible
for the reduction in the width of optical bandgap. On the
other hand, all the photoluminescence spectra have the same
comportment. They show three emission peaks with differ-
ent intensities located in the visible region. The interaction
between the Co doping and native defect such as oxygen
vacancies is found to be the main reason for room tempera-
ture ferromagnetism in the Co-doped ZnO films with the
support of the results obtained from the photoluminescence
studies.
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