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Transition metals (Cu/Co/Mn) doped NiO films: Structural, optical and
morphological properties
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This paper reports a work of the produce of un-doped and transition metals doped nickel oxide (NiO) films and its
some physical properties characterization. The un-doped, Cu, Co and Mn doped NiO films were produced by spray
pyrolysis technique and investigated the dopant elements effects of on structural, morphological and optical
properties. X-ray diffraction results revealed that the sprayed NiO films were polycrystalline structures in cubic
phase and exhibit (111) preferential orientation. Moreover, the crystalline levels and peak positions were slightly
changed by doping. The average grain size of the films was calculated using Scherer formula and Williamson and
Hall plots. Also, the optical parameters such as band gap energy, Urbach energy, steepness parameter, refractive
index and dielectric constants were calculated using absorption spectra and energy gap-refractive index relations
(Moss Relation and Herve- Vandamme). The band gap values of NiO films were determined in range of 3.55-3.20
eV. From the FESEM investigations, the surface morphology of the NiO films was found to depend on the doped
element. The chancing of the physical properties and its correlation to doped transition metals were discussed by

means of the results procured in the work.
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1. Introduction

In recent years, nickel oxide (NiO) films are extensively
researched and developed because of high availability in
various technological applications. NiO is very important p-
type and semitransparent semiconductor with stable and wide
bad gap (3.6-4.0 eV) [1, 2]. NiO films has been widely
potential application areas such as gas sensors,
electrochromic devices, magnetic materials, catalysis, solar
thermal absorber fuel cell electrodes due to its suitable and
improvable optical, electrical and structural properties [3-11].
NiO films can be produced by various techniques, both
chemical and physical such as sol-gel method, reactive
sputtering, chemical deposition, thermal evaporation,
chemical vapor deposition, electrochemically deposition,
spray pyrolysis [12-21]. Among them, the spray pyrolysis
technique has many advantages: (i) it includes high
deposition rates, (ii) it is a low-cost and simple technique, (iii)

it allows the possibility of obtaining films with a large area,
(iv) it does not require to vacuum, (V) it is reproducible, (vi)
it is non-planer geometries, (vii) control of stoichiometry.
Doping is a fundamental technique to control the properties
of semiconductors and to obtain new multifunctional
technological materials. In order to provide some interesting
properties, nickel oxide was doped by several elements such
as lithium, aluminum, chrome, iron, cobalt, tungsten,
manganese [22-24]. Now it is well known that the physical
properties of NiO films can be controlled by doping with
metallic ions due to physical and chemical properties of NiO
films strongly depend on their size and shape. But doping
NiO films prepared by spray pyrolysis technique with
transition metals such as Mn, Fe, Co and Cu is very rare in
literature.
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For these reason, in this work, we have focused the effects of
transition metals as doped on structural, optical and
morphological properties of un-doped and Cu- Co-Mn doped
NiO films by spray pyrolysis.

2. Material and Methods

Un-doped and doped NiO films were deposited on a glass
substrate by spray pyrolysis technique. Before the start of the
deposition process, the glass substrates were cleaned
thoroughly using warm acetone and methanol. Finally,
substrates were ultrasonically cleaned with deionized water.
Table 1 shows the experimental parameters for NiO films
synthesis in detail. The precursor spraying Nickel nitrate
hexahydrate solutions was sprayed onto the glass substrates
through a glass nozzle. When aerosol droplets come close to
the substrates, highly adherent films were produced due to the
pyrolytic process resulting in the formation of NiO films
according to the following reaction:

Ni(NO3)2.6H,0 — NiO + 2NO, + 1/20, + 6H,0 1)

The un-doped NiO film was obtained as brownish and
transparent while the other doped films were found to be
blackish hue. The thickness of un-doped and doped NiO films
was measured by weighing method using digital weight
balance (Ohaus-Pioneer). The thickness was calculated using
formula;

T=AW/pA (2)

where T is film thickness, AW is the difference in weight of
substrate before and after film deposition, A is the area of the
film in cm?, pis the density of the film (p= 6.67 gr/cm®). The
thickness of the NiO films was estimated in the range of 483—
495 nm. change in doped NiO film is attributed to the
existence of doped element.

Table 1. Experimental parameters

NiO and Cu/Co/Mn doped
NiO

Nickel nitrate hexahydrate
[Ni(NOs)2.6H,0]

Copper Nitrate [Cu(NO3)2]
Cobalt nitrate [Co(NOs3)]
Manganese nitrate
[Mn(NOs):]

Deionized water

3% -5 cc/dk

Synthesis films

Solution source

Doped and Flow rate

Amount and Molarity
of solution

Spraying time-
Substrate temperature
Distance between
substrate and atomizer- | ~25 cm-Nitrogen - 0.2 Bar
Carrier gas-Pressure

100 ml - 0.01 M

20 dk - 450+5°C

8
The structural, surface and optical properties of NiO films
were examined using various characterization techniques.
Characterizations of the all films were performed at room
temperature. Table 2 shows list of parameters determined and
equipment used for this purpose. To examine the structure of
the films, a Bruker X-ray Diffractometer (D8 Advance XRD)
with Cu Ko line (4=1.5406 A), was used. The optical
measurements of films were evaluated using Shimadzu UV -
2550 UV- VIS spectrophotometer at wavelength range of
A=300-900 nm. The band gap energy values for these films
were calculated by optic method. Also, Urbach energy,
refractive index and dielectric constants were determined
using UV spectrophotometer data. The surface morphological
study was carried out using a field emission scanning electron
microscopy (FESEM Zeiss Ultra Plus).

Table 2. List of parameters determined and equipment used
for this purpose.

Determined
Parameters
Structural analysis
Crystal structure
Bruker D8 Advance XRD | Lattice parameter
diffractometer Texture coefficients
Lattice strain
Crystallite size

Characterization
Equipments

Absorbance spectra
Band gap energy
Shimadzu UV -2550 UV- VIS | Urbach energy
spectrophotometer Refractive index
Dielectric constants
Steepness parameter

A field emission scanning | Surface morphology
electron microscopy (FESEM
Zeiss Ultra Plus)

4, Results and discussion
4.1. Structural characterization

Fig. 1 shows the XRD patterns of un-doped and doped NiO
films. XRD patterns show that all films were grown onto the
glass substrates present good crystallinity. All the patterns
exhibit a face centered cubic crystal structure with diffraction
peaks at (111), (200), (220), and (311). The peaks were
indexed by comparing our XRD data with the Bunsenite
JCSPD card No: 47-1049 for NiO. All patterns exhibit a cubic
structure without any additional impurity phase, indicating
that the structure is not affected by Cu/Mn/Co substitution.
For all dopant elements, no evidence of secondary phases or
phases other than that of NiO is found which indicates that
the Cu/Mn/Co dopant elements get substituted at the Ni site
without affecting the cubic structure. From the patterns, the
peak positions and half peak width of the (111) plane slightly
change after doping, which implies that the structures have
very small strain. The slight shift in the peak position which
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is associated with the replacement of Ni?* ions (0.69 A) by
Co?* (0.745 A), Cu?* (0.73 A), and Mn?* (0.83 A) ions of the
larger radius is believed to be the cause of this situation. As a
result of doping, the half peak widths clearly change with
doping and the best crystallization was showed in the Co
doped NiO films. There are no peaks related to other phases
in XRD patterns which are probably related to low doping
concentration (3 % at).
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Figure 1. XRD patterns of un-doped and doped NiO films

The interplanar spacing dhkl values of un-doped and doped
NiO films are calculated by using Bragg relation [25]:

Zdhkl sin 9 = n/l (3)

where n is the order of diffraction (usually n=1) and A is the
wavelength of X-ray radiation (1.5406 A). The Ilattice
parameters (a) of NiO cubic structure is calculated using the
following relation [25]:

a
4= Tamem “)

Table 3 summarizes the positions of (111) peak, the
calculated values of d(11), which shows deviations from the
standard value of the lattice parameters a= 4.1770 A taken
from JCPDS card file data. This could be an indication of
strain in the films and interpreted as the unit cell of the films
undergoes contraction or expansion along a-axis. Table 3
summarizes the positions of (111) peak, the calculated values
of d11), which shows deviations from the standard value of
the lattice parameters a= 4.1770 A taken from JCPDS card
file data. This could be an indication of strain in the films and
interpreted as the unit cell of the films undergoes contraction
or expansion along a-axis.

The average crystallite size of NiO was calculated from X-
ray line broadening for (111) plane using the Scherer and the
Williamson—Hall equation. Firstly, Scherer equation was
used [25]:

094
- Bcos6

®)

9
where g is the broadening of diffraction line measured at half
of its maximum intensity (FWHM). Comparing the FWHM
values corresponding to (111) plane, the broadening of the
diffraction peak is observed for the films doped with Mn
comparing to un-doped NiO film. The most probable
explanation could be due to the increasing crystal defects. On
the other hand, doping with Cu and Co has a positive effect
on crystallinity. This can be attributed to the fact that at lower
doping Co and Cu ions replace Ni ions substitutionally [26].
The average crystallite size of the samples was calculated to
be in the range 11- 18 nm (Table 2). The texture coefficients
(TC) have been calculated for well resolved (111), (220), and
(200) crystallographic planes using the well-known equation
below [27]:

TC = - Ithkty/To(hki) 6)
NN (nkty/To(hkly

where Ipay is the measured intensity, lonuy is the standard
intensity, and N is the number of diffraction peaks. For a
preferential orientation, the TCy values should be greater
than one [13]. For all the films, the texture coefficient values
are greater than one for the (111) plane. Calculated TC)
values for different planes are listed in Table 4. The increase
and decrease in the value of TCqwy are attributed to the
reorientation effect of crystal in a given (hkl) direction due to
the doping process (Fig. 2).

Table 3. (111) peak positions, interplanar spacing d, FWHM
values and lattice parameter

Figure 2. Variation of texture coefficient of un-doped and
doped NiO films

Films 20 (deg) d FWHM ai
NiO 37.157 24177 0.664 4.1838
Cu-NiO 37.281 2.4099 0.609 4.1741
Co-NiO 37.259 2.4113 0.447 4.1765
Mn-NiO 37.281 2.4099 0.813 4.1792
16 - e

{E—-TC

NiO

Cu/NiO

Co/NiO

Samples

Mn/NiO

The lattice strain and crystallite size are two independent
factors that contribute to the total peak broadening. The total
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peak broadening is the sum of the contributions of crystallite
size and strain present in the material. Secondly, the
crystallite size and strain ¢ in the films have been determined
from the XRD measurements by using the Williamson—Hall
equation;

pecosd 1 siné

> ot e @)

where D is the average grain size, € is the effective strain, S
is the FWHM, @is the Bragg diffraction angle, 4 is the X-ray
wavelength. [32]. The term (Bcos8) was plotted with respect
to (4sin0) for the preferred orientation (111), (200), and (220)
peaks of NiO films as seen in Figure 3. Accordingly, the
slope and y-intersect of the fitted line represent strain and
particle size, respectively. The estimated strain and crystallite
size values of the deposited films are listed in Table 4 and 5.
The calculated grain sizes in both methods were matching
with each other. The result is consistent with that of the XRD
patterns.
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Figure 3. The W-H analysis of NiO films
Table 4. The D values, strain and TC of NiO films
D (nm)
Films Williamson- £%
Scherer
Hall
NiO 12 11.1£1.4 0.25+0.1
Cu-NiO 14 14+ 1 0.13+0.04
Mn-NiO 11 7.8+0.8 0.30+0.1
Co-NiO 18 33.2+6.2 0.28+0.05

Table 5. The TC values of NiO films

10
. TC (hkl)
Films (111) (200) (220)
NiO 116 0.94 0.90
Cu-NiO 115 0.94 0.90
Mn-NiO 112 0.93 0.95
Co-NiO 155 0.68 0.78

The relationship between grain size and diffraction angle for
phase (111) is given in graph Fig. 4. As can be seen, the
smallest grain size was obtained in cobalt doped nickel oxide
film. This case can be supported XRD analysis (see Fig. 2).
Co doped NiO films have the best crystalline level and the
narrowest half peak width among doped NiO films. We think
that crystallization increases due to the improvement of
oxygen diffusion for Co doped NiO films. On the other hand,
the increase in grain size decreased the grain boundaries and
resulted in improvement of structural and optical properties.
The similar results have been observed in other studies in the
literature [40].

37,36 20
—m— 28
FmJ D (Scherer)
37,32 15
- |
= \\ .
ol n
o
lw)
@ 3724
= =]
& 1+ 3
37.20
L] 12
37,16 .
n
a5 10
eraz Phase: (111}
NiO Cu-NiD Mn-MiC Co-NiD
Films
—m—25 .
27.22 | Ewdp wiliam son-hall) =8
| |
30
a2 \ )
—_ I 28
]
5 272 E
[i¥] 20 3
= 2
&
ar.20 15
n
10
37,16 o o
5
Phase: (111}
37,12
NiD Cu-NiD Mn-NiC Co-NiD
Films

Figure 4. The variation of diffraction angle and crystallite
size of undoped and doped NiO films for (111) phase
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4.2 Optical characterization

The optical properties of NiO films were studied to
investigate the effect of the doping on the optical
transmittance, band gap, and Urbach energy. The absorbance
spectra of the NiO films were taken in the wavelength range
of 300-1100 nm at room temperature. Fig. 5 shows the optical
absorbance spectra of NiO films doped with the Co, Cu, and
Mn contents. It has been found that at the low wavelength
region, the absorbance rises near the absorption edge at the
UV region followed by a low absorbance with increasing the
wavelengths. In this study, un-doped NiO film exhibited
different absorbance edge structure comparing to doped NiO
films, which were the best similar behavior Cu-doped films.
Also, we can observe that absorbance edge of doped NiO
films changed and become sharper with Co and Mn doping
presenting the same absorbance edge.
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Figure 5. Absorbance spectra un-doped and doped NiO films

The optical band gap Eg is determined using the Tauc relation
[28];

(ahv)¥P= A(hv-Eg) (8)

where o is the absorption coefficient, Eg is the band gap
corresponding to a particular transition occurring in the film,
A is a constant, v is the transition frequency and p can take
the values 1/2, 3/2, 2 or 3, when the transitions are direct
allowed, direct forbidden, indirect allowed and indirect
forbidden respectively. The NiO is considered as a material
with direct band gap energy and hence p=1/2 is expected for
direct allowed transition. The band gap has been calculated
by extrapolating the linear region of the plots (ahv)? versus
hv on the energy axis (Figure 6). The values of the band gap
were found to be ranging from 3.55 eV to 3.20 eV. These
values are showed in Table 5 and clearly decrease with
Cu/Mn/Co doping. As kwon, the energy band gap of NiO

11
occurs between the O 2p states of the valence band and Ni 3d
states of the conduction band. According to the optical
measurements, the decrease in the optical band gap of doped
NiO films with Cu/Mn/Co doping is due to the structural
changes of NiO films. Since the XRD data show no clearly
structural changes, local structural changes nearby the
Cu/Mn/Co dopant elements may play a key role for the
observed band gap narrowing. For Cu doped NiO films, the
decrease in energy band gap from 3.55 to 3.28 eV may be due
to increase in the width of donor levels of copper atoms and
attributed to the increased in the grain size [41-43]. Similarly,
the band gap values of Mn doped NiO films decrease because
Mn ions may make holes and vacancies in the doped NiO
lattice resulting in the reduction of the energy gap [44].
Similar results for band gap shrinkage were found by
Baraman et al. for Mn doped NiO [45]. If we look closely, Co
doped NiO films have the lowest band gap value. The reason
for this decrease may be Co?* oxidation state due to cobalt
exists in Co?* oxidation state in the sites occupied by cations
in the host lattice. Also, Co ions and oxygen vacancies can
constitute additional energy levels in the NiO band gap near
the valence band edge. Consequently, both the increased sp-
d exchange interactions between the band electrons and the
localized d electrons of Co?* cations and also the point defects
deformation of band edges may be caused this decrease in Egq
values. Similar results were found in the literature [46, 47].
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Figure 6. Optical band gap energy of un-doped and doped
NiO films

As seen in Figure 7, the absorption coefficient dependence on
photon energy in the spectral range of the near-band-edge
empirically follows the exponential law (Urbach tail), which
can be expressed as [29]:

a(hv)= oo exp(hwEy) 9)
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where oo is a constant, E, is Urbach energy which
corresponds to the width of the band tail and could be
determined as the width of the localized states. Usually, Eu
depends on temperature and structural disorder describes the
width of the localized states in the band gap region [30]. Fig.
7 shows the variation of /na vs. photon energy for the films.

108
104
= 100
5
96
EInio
92 Co/NiO
Cu/NiO
Mn/NiO

10 15 20 25 30 35 40 45

hv (eV)

Figure 7. The Urbach plots of the undoped and doped NiO
films

To obtain the width of Urbach tail, a linear fit was Herve -
Vandamme, and Moss relations [31, 32, 35]. Both established
in the linear portions of the curves and the results were listed
in Table 6. Ey values change inversely with optical band gap.
Also, the Urbach energy values give knowledge about local
defects which create localized states in the band gap region
[33]. The steepness parameter, o= kT/E,; characterizing the
broadening of the optical absorption edge due to electron-
phonon or exciton-phonon interactions [34] was also
determined taking T =300 K and given in Table 5. The change
in the band gap and Urbach energy of NiO films as a function
of doping content is given in Fig. 8. The un-doped NiO films
have higher band gap and Urbach energy values than Co, Cu,
and Mn- doped NiO films.

Table 6. Some optical parameters of un-doped and doped
NiO films

Films Eq (eV) Eu (meV) 5.102
NiO 3.55 344 7.47
Cu-NiO 3.28 317 8.11
Co-NiO 3.20 314 8.18
Mn-NiO 3.22 312 8.24

Band Gap Energy E (eV)

285 250
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Film

Figure 8. The change of the band gap and Urbach of the un-
doped and doped NiO films

Refractive index (n) and the band gap energy (Eg) are the two
important parameters that resolve the optical and electrical
behavior of semiconductor thin films used for optoelectronic
applications. Also, determination of the dielectric properties
of films is especially important for diverse optoelectronic
device applications. For this reason, we calculated the optical
parameters such as refractive index, high-frequency and static
dielectric constants for NiO films. There are many methods
used to determine the optical parameters of thin films. We
chose two different methods to determine refractive index and
dielectric constants in our work. These methods are Herve —
Vandamme and Moss relation. The common feature of these
methods is that we can calculate the refractive index based on
the band gap. The formulas used in the calculations are as
follows:

Herve -Vandamme method

2
A
n= |1+ (Eg+B) (10)
Moss relation is presented
4 k

nt=— 11

. (12)
High-frequency dielectric constants
& = 18.52 —3.08E, (12)
Static dielectric constants
£, =n? (13)

where A and B are numerical constants with values of 13.6
and 3.4 eV, k is a constant with a value of 108 eV respectively
[31, 32, 35, 36]. The change in the refractive index and
dielectric constants of un-doped and doped NiO films as a
function of doping content is given in Fig. 9. The calculated
optical parameters (n, s»and &) of the un-doped and doped
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13
NiO films are listed in Table 7 and 8 for two models. It is
clearly seen that the refractive index values increased upon 105 88
doping with Co, Cu, and Mn elements with different rate of _HEWENERdEie
increase depending on the used models. 100 = 86
Table 7. The refractive index (n) of un-doped and doped NiO 95 / 84
films
9.0 8.2
Refractive Index (n)
8.5 Moss w— 8.0
i . Herve- Relation
Films Moss Relation vandamme 8.0 738
NiO 2.34 2.19 7.5 . 7.6
-Ni 7.0 74
Cu-NIO 2.39 2.26 Nio Cu-Ni0 Co-NiO Mn-NiO
Co-NiO 2.41 2.29 Film
(b)
Mn-NiO 2.40 2.28 584 54
. . . " 5,3
Table 8. The dielectric constants of un-doped and doped NiO 5,76 | Moss Relation =— /
films \- .
52
5,68 ./
Dielectric constants (g and o) 8 5.1
5,60 50
Films Moss Relation Herve- — Herve-Vandamme
Vandamme 19
5,52 .
& £0 & £0 .
" 48
NiO 5.51 7.58 4.82 7.58 544
Nio Cu-Ni0 Co-NiO Mn-NiO
Cu-NiO 5.73 8.41 5.14 8.41 Film
Co-NiO 5.80 985 | 524 | 866 (©)
Mn-NiO 5.79 9.60 5.22 8.60 Figure 9. The change of the refractive index and dielectric
constants of un-doped and doped NiO films.
4.3. Surface morphology
242 2,32 For the morphological investigation, a field emission
a scanning electron microscope (FESEM) was used. FESEM
\ 2.30 images were taken with In-Lens detector under 20 kV
ZH0 0\' operating voltage. All films were coated with Au by means of
Moss Relation . 228 an EMS sputter coater to dismiss the charging effect. SEM
2138 — & images are shown in Fig. 10 (a-d). From the micrographs, it
226 5 s seen that the films consist of nanocrystalline grains with
@ different size and clusters depending on the doping content.
236 Y 284 3 Fig. 10 (a) and 10 (d) correspond to un-doped and Mn-doped
o L % NiO films, respectively. Both films are similar in the
“% 2 microstructure, i.e., high degree of agglomeration in
gl M g nanoparticles could be observed. Fig. 10 (b) corresponds to
F: : the Co-doped NiO film which exhibits the granular on the
232 218 surface with different sizes were distributed throughout. The
' Nio Cu-Ni0 Co-NiO Mn-NiO ‘ image in Fig. 10 (c) corresponds to Cu-doped NiO films
Films

(a)

0

»3
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where “cauliflower” aggre gates are observed, which also
contribute to light scattering.

Figure 10. FESEM images of (a) un-doped, (b) Mn-doped,
(c) Co-doped, and (d) Cu-doped NiO films

5. Conclusion

In this work, various transition metals (Cu, Co and Mn) were
determined as dopant elements for NiO films and spray
pyrolysis technique was used to deposition un-doped and
doped NiO films on glass substrate. We present the effect of
different transition metals on the structural, morphology and
optical properties of the NiO films. We show that various
transition metals (Cu, Co and Mn) were effectively added into
the NiO films crystal lattice without significant structural
change. The analysis of XRD patterns revealed that all films
have face-centered cubic phase. The average crystallite size,
lattice parameter, micro-strain and texture coefficient value
changes with doping, resulting in the structural variation. Un-
doped and doped NiO films showed (111) preferential growth
plane orientation. The texture coefficient TC(111) was not
change but the half peak width clearly change with doping.
As a result of doping, the best crystallization was showed in
the Co doped NiO films. The grain size was calculated two
different methods (Scherer and Williamson-Hall) and the
results of these methods were coherent with each other. The
optical measurements indicate that the band gap values
decreased with doping and Co doped NiO films exhibited a
minimum band gap of 3.20 eV. The refractive index and
dielectric constant values of NiO films were calculated using
Moss relation and Herve-Vandamme formula and these
values increased with doping.

14
The obtained results lead us to resolve that the crystalline
structure, optical parameters and morphology of the NiO
films can be easily tailored with doping transition metals
using a cost-effective spray pyrolysis technique.
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