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Effect of Iron Doping on Physical Properties of NiO Thin Films
O. Belahssen!2*, M. Ghougalil.23, A. Chalatl.2

L Material Sciences Department, Faculty of Science, University of Biskra, Algeria
2 Physic Laboratory of Thin Films and Applications (LPCMA), University of Biskra, Algeria

3 Laboratory of exploitation and valorization the azalea energetics sources (LEVRES), Faculty of exact Science,

University of El-Oued, Algeria
(Received 31 July 2017; published online 29 April 2018)

Nickel-iron oxide was deposited on highly cleaned glass substrates using spray pneumatic technique.
The effect of iron percentage on structural, optical and electrical properties has been studied. The crystal-
line size of the deposited thin films was calculated using Debye-Scherer formula and found in the range be-
tween 8.8 and 27.6 nm. The optical properties have been discussed in this work. The absorbance (A4), the
transmittance (7) and the reflectance (R) were measured and calculated. Band gap energy is considered
one of the most important optical parameter, therefore measured and found ranging between 3.81 and
3.98 eV. The NiO:Fe thin film reduces the light reflection for visible range light. The increase of the electri-
cal conductivity to maximum value of 0.470 10-4 (R cm)-! for 6 % Fe can be explained by the increase in
carrier concentration of the films. A good electrical conductivity of the NiO:Fe thin film is obtained due to
the electrically low sheet resistance. NiO:Fe can be applied in different electronic and optoelectronic appli-
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cations due to its high band gap, high transparency and good electrical conductivity.
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1. INTRODUCTION

Nickel oxide (NiO) is the most investigated metal ox-
ide and it has attracted considerable attention because
of its low cost material, and also for its applications in
several fields such as a catalyst, transparent conducting
oxide, photodetectors, electrochromic, gas sensors, pho-
tovoltaic devices, electrochemical supercapacitors, heat
reflectors, photo-electrochemical cell, solar cells and
many opto- electronic devices [1-9]. NiO is an IV group
and it can be used as a transparent p-type semiconduc-
tor layers, it has a band gap energy ranging from
3.45 eV to 3.85 eV [10]. Band gap energy is significant
to adjust the energy level state of NiO.

Several techniques have been used for synthesis and
manipulation of nanostructures NiO:Fe such as the
thermal evaporation, sputtering, pulse laser ablation,
thermal decomposition, electrochemical deposition and
sol—gel methods etc. Among of these techniques, sol-gel
has some advantages such as high purity of raw materi-
als and a homogeneous solution hence easy control over

In this work, a low cost spray pneumatic technique
was used to prepare pure NiO:Fe nanoparticles thin
films with various iron percentages. The structural
properties of the produced nickel oxide doped iron thin
films have been examined. The absorption, transmit-
tance and reflectance spectra of the produced thin films
for the NiO:Fe are also measured in range between 300-
1100 nm. Moreover, the optical band gap is determined
as a function of the iron percentages.

2. EXPERIMENTAL DETAILS
2.1 Preparation of Samples

NiO:Fe thin films were prepared onto a highly
cleaned glass substrates using spay pneumatic tech-
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nique. Nickel nitrate was dissolved in 50 ml of water as
a solvent, iron nitrate was dissolved in 50 ml of water
too and chloride acid was used as a stabilizer for the all
samples in this work. The precursor molarity and iron
nitrate concentration are 0.20 mol L-1. The produced
mixture was stirred at 60 °C for 2 h in order to obtain a
clear and homogenous solution then the mixture was
cooled down at room temperature and placed at dark
environment for 48 h. The glass substrates were
cleaned by detergent and by alcohol mixed with deion-
ized water.

2.2 Deposition of Thin Films

The coating was dropped into glass substrates at
480 °C that sprayed during 2 min by pneumatic nebu-
lizer system which transforms the liquid to a stream
formed with uniform and fine droplets.

2.3 Devices and Measurements

The X-ray diffraction (XRD) spectra of the NiO:Fe
were measured to verify the structure. X-ray diffraction
(XRD) was measured by using BRUKER-AXS-8D diffrac-
tometer with Cu Ka radiation (1 =1, 5406 A) operated at
40 kV and 40 mA in the scanning range of (260) between
20° and 80°. The spectral dependence of the NiO:Fe
transmittance (7) and the absorbance (A), on the wave-
length ranging 300-1100 nm are measured using an ul-
traviolet-visible spectrophotometer (Perkin-Elmer Lamb-
da 25). The reflectance (R) was calculated by the well-
known equation as (T'+ R + A = 1). Whereas the electrical
conductivity of the films was measured in a coplanar
structure of four golden stripes on the deposited film sur-
face; the measurements were performed with Keithley
model 2400 low voltage source meter instrument.
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3. RESULTS AND DISCUSSIONS
3.1 Structural Properties

The X-ray diffraction was used in this work in order
to understand the structure of the deposited NiO:Fe
thin films with different iron percentages. XRD pat-
terns of all the deposited samples of Nickel-Iron Oxide
thin films are shown in figure 1. From the figure, it can
be noticed that all the patterns exhibit diffraction
peaks around 26 ~ 37°, referred to (111) favorite direc-
tion which is in agreement with the Joint Committee of
Powder Diffraction Standards (JCPDS) card number
47-1049. The position of the peaks leads to the conclu-
sion that the films are, in nature, with a cubic crystal-
line structure, which is in agreement with other reports
[11, 12].
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Fig. 1 - XRD patterns of the deposited NiO:Fe thin films on
glass substrate at different iron percentages

The lattice constant a of Fe doped NiO thin films, is
calculated using equation (1):

a
Ay = F7—— (1)
(hkl) ’
(M+H+ﬂ

where (h, k, [) is the Miller indices of the planes and
dunkl is the interplanar spacing.

It can be observed that no peaks correspond to the
Fe doping exist in the XRD patterns. In fact, doping
with low concentration impurities does not result in the
appearance of new XRD peaks, but instead leads to a
shift in the lattice parameters of the host material.
This shift may arise from the strain induced when the
dopant is incorporated into the crystal lattice [13]. The
strain £ values in the films were estimated from the
observed shift, in the diffraction peak between their
positions in the XRD spectra via the formula (2):

£=2"% 100 )
)

where ¢is the mean strain in NiO:Fe thin films (Table 1),
a is the lattice constant of NiO:Fe thin films and ao the
lattice constant of bulk (standard ao =0, 4177 nm).
The crystalline size was calculated using Debye-
Scherer formula [14]:
0.9
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where f is the full width at half maximum (FWHM)
and 6 is the diffraction angle.

The crystallite size of the NiO:Fe thin films were
calculated using the well-known Deby-Scherer’s formu-
la Eq. (3), the average of the NiO:Fe thin films ranging
between 8.8 and 27.6 nm. The changing in the crystal-
lites size leads to the changes in optical properties.

Fig. 2 shows the variation of the crystallite size and
mean strain as a function of percentage of Fe. The crys-
tallite size increases when the stain decreases and
inversely.

The changing in the crystallites size leads to the
changes in optical properties i.e. band gap energy in-
creases with decreasing crystallites size as shown in
Fig. 3.
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Fig. 2 — The variation of crystallite size and mean strain of Fe
doped NiO thin films as a function of the percentage of Fe
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Fig. 3 — The variation of crystallite size and band gap energy
of NiO:Fe thin films as a function of the percentage of Fe

3.2 Optical Properties

Fig. 4 shows the optical absorption spectra of
NiO:Fe nanoparticles. The absorption spectra of 6 % Fe
show that the absorption edge is slightly shifted to-
wards shorter wavelength when compared to other
absorption spectra. The absorption edge of a degenerate
semiconductor is shifted to shorter wavelengths with
increasing carrier concentration. This shift predicts
that there is an increase in band gap value
(Eg=3.965eV). The fundamental absorption, which
corresponds to the electron transition from the valance
band to the conduction band, can be used to determine
the nature and value of the optical band gap. The optical
absorption study was used to determine the optical band
gap of the nanoparticles, which is the most familiar and
simplest method.
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Table 1 — Structural, optical and electrical parameters of NiO:Fe thin film at different iron percentages

Crystallite size Strain ¢ (%) Band gap ener- Conductivity

0,

Percentage Fe (%) (nm) ay (eV) 10-4 (Q em) - !
0 13.5 0.854 3.980 0.366
3 8.8 1.304 3.970 0.295
6 22.0 0.553 3.965 0.470
9 27.6 0.452 3.960 0.303
12 18.5 0.647 3.940 0.283
15 27.6 0.450 3.810 0.279
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Fig. 4 — Absorbance spectra of NiO samples for different
percentage of Fe

The absorption coefficient (@) and the incident pho-
ton energy (hv) are related by the expression 2 [12]:

(ahv)=C(ho-E,)’ 2)

where «a is the absorption coefficient, C is a constant, hv
is the photon energy, v is the frequency of the incident
radiation, A is the Planck's constant, exponent n is 0.5
for direct band allowed transition (hv = 1239/A(nm) (eV))
and E; the band gap energy of the semiconductor.
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Fig. 5 — Plot of (ahv)? versus incident photon energy (hv) of
NiO:Fe nanoparticles for different percentage of Fe

As it was shown in (Fig. 5) a typical variation of
(ahv)? as a function of photon energy (hv) of NiO:Fe
nanoparticles Eq. (2), used for deducing optical band
gap E;, The optical band gap values have been deter-
mined by extrapolating the linear portion of the curve
to meet the energy axis (hv) [15]. The band gap values
were given in Table 1.

Fig. 6 — Transmission spectra of NiO:Fe samples for different
percentage of Fe

For a transmittance study (Fig. 6), the NiO:Fe layer
showed very high transmittance of 80 % for 6 % iron con-
centration, averaged in the wavelength (1) of 300-
1100 nm. Suppression of light reflection at a surface is an
important factor to absorb more photons in semi-
conductor materials. We obtained the reflectance profiles
of NiO:Fe coated (Fig. 7). The averaged reflectance values
(300-1100 nm) were significantly lower than 20 %. Moreo-
ver, NiO:Fe coating drives a substantially suppressed
reflectance under 20 % in 500 nm < A< 1100 nm. This
notifies that the NiO:Fe coating is an efficient design
scheme to introduce the incident light into substrate.
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Fig. 7 — Reflectance profiles of NiO;Fe thin film for different
percentage of Fe

3.3 Electrical Properties

The electrical properties of the NiO:Fe films are
summarized in Table I. Fig. 8 shows the variation of the
electrical conductivity o of NiO:Fe thin films as a func-
tion as percentage of Fe. As can be seen, deposited films
have good conductivity. The maximum recorded value
was 0.470 10-4(Q cm) ~1 for the NiO:Fe thin film depos-
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ited using 6 % iron concentration. The increase of the
electrical conductivity can be explained by the increase
in the carrier concentration. Patil et al. [16] have report-
ed that the increase of the electrical conductivity is due
to the increase in activation energy with increasing film
thickness. This was explained by difference in the exper-
imental conditions of spraying solution, spray rate and
cooling of the substrates during decomposition. However,
with 0.20 mol L-1 precursor molarity, the crystal struc-
ture of the film is significantly improved and the grain
size is increased, leading to a reduced concentration of
structural defects such as dislocations and grain bound-
aries. Thus, the decrease of the concentration of crystal
defects leads in the increase of free carrier concentra-
tion. The improvement of crystal quality reduces the
carrier scattering from structural defects, leading to
higher mobility.
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Fig. 8 — Variation of the electrical conductivity of NiO:Fe thin
films as a function of the percentage of Fe
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4. CONCLUSION

The spray pneumatic technique has been success-
fully employed to deposit NiO:Fe thin films with differ-
ent iron concentrations on glass substrates. All the
films showed cubic crystal structure with preferential
orientation according to the direction (111). The maxi-
mum crystallite size was found (27.06 nm). We have
observed an improvement in the films crystallinity at
0.10 mol L-! precursor molarity where the peak at
position 37.1° corresponding to the (111) plans is very
sharp, the film obtain at this concentration has higher
and sharper diffraction peak indicating an improve-
ment in peak intensity compared to other films. The
band gap value of NiO:Fe films was found from
3.810 eV to 3.980 eV. The high transmittance (80 %),
low reflectance under 20 %, widened band gap and good
conductivity (0.470 10-4 (22 cm) — 1) obtained for NiO:Fe
thin films make them promising candidate for optoelec-
tronic devices as well as window layer in solar cell
applications.
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