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Abstract

The main objective of this work is to investigate a new material based on fluorine doped NiO thin films by spray
deposition technique. Nickel nitrate hexahydrate Ni(NOs)2.6H,0 and ammonium fluoride (NHF4) with a ratio of F/Ni =
0.04 were used to prepare F doped NiO. The structural, optical and electrical properties of F doped NiO thin films were
investigated with different NiO:F solution volumes of 5, 10, 15 and 20 ml using the spray technique. The prepared F
doped NiO thin films have a monocrystalline nature with a cubic structure; the (111) diffraction peak is the preferred
orientation; the maximum crystallite size is 19.21 nm obtained for 20 ml. The optical property shows that the all the
prepared F doped NiO thin films have a good transmittance of about 80 % in the visible region. The F doped NiO thin
films deposited with 20 ml have a minimum optical gap energy of 3.51 eV and the highest value of Urbach energy of
0,689 meV. However, the thin film prepared with 5 ml has a minimum electrical resistivity of 231 Q.cm, which can be

used as a gas sensing.
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1. Introduction

Recent research shows that semiconductor metal oxides
are essential compounds for the development of ultrahigh
frequency devices, photocatalysis, optoelectronics, gas
sensors, lithium ion microbatteries and cathode materials
for alkaline batteries [1-3]. However, nickel oxide (NiO)
is a direct large-gap (3.6-4.0 eV), semi-transparent p-type
semiconductor material with a wide range of applications,
represented by gas sensors, ultraviolet photo detectors,
dye-sensitizers, photocatalysis, photovoltaic coatings, and
lightweighting [1-6], the structural components in
aerospace, in ceramic structures, counter electrodes and
the anode layer of solid electrode oxide fuel cells [2-9].
On the other hand, nickel oxide has a cubic structure and
NiO has a good transparency in the thin film [10-12].
NiO has recently focused on doping NiO with transition
metals (TMs) such as Cu [2], Na [3], Zn [4], V [6], Mn
[10], Al, Ga, In [12], Li [13], Ag [14], Mg [15], Co [16],
and Mo [17] in cooperation with Ni to increase electrical
conductivity. However, there is a new doping effect on
optical properties; which is fluorine doped NiO thin films.
The F doping can be used to increase the transmission and
to increase the movement of F in the NiO:F.

The aim of this work is to study F doped NiO thin films
with the help of organic solar cells for electrical energy
harvesting. The organic solar cells consisted of an inner
mirror layer inside (ITO glass) and a substrate holder. F
doped NiO thin films can be deposited on a glass substrate
by the spray pneumatic method with different volumes of
5, 10, 15 and 20 ml of the NiO:F mixture. The F doped
NiO thin films were characterised by various methods,
including X-ray diffraction, UV-vis spectrophotometry,
and four-point techniques.

2. Experiments

The prepared solution of NiO was dissolved by 0.10
mol.I'* of nickel nitrate hexahydrate Ni(NO3)2.6H.0
(industrial powder with 99 purity) and ammonium
fluoride (NHF.) (industrial powder with 97 purity) with
the ratio of F/Ni = 0.04, the mixture powder was dissolved
in the same volumes absolute of water H,O, we have
added drops of HCI solution for stabilisation.
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Figure 1. A photograph of the experimental setup for the
deposition of F-doped NiO thin films.

The mixture solution was stirred and heated at 45°C until
a time of 4 h to transparent solution. F doped NiO thin
films were sprayed onto the heated glass substrates at 450
°C with different solution volumes using the organic solar
cells, and the volumetric spray rate was 0.1 ml/s. The
structure of the spray deposition system and the fabricated
organic solar cells are shown in figurel. In this work, we
used a digital display thermocouple (C100FKO02 - M*AN)
to determine the temperature, which it determined
between 400 and 600 °C. However, the direct calcinations
of Ni(NOgz), 6H,0 follows the reaction as:

2Ni(NO3), 6H,0 = 2Ni + 4NiO, + 4 NO, + 0, +
12H,0, (1)
The thin films of F doped NiO were characterised by
different techniques to find the crystalline structure,
optical transmission and electrical conductivity, which it
are the respectively the X-ray diffraction (XRD Bruker
AXS-8D with A = 0.15406 nm), spectrophotometer (UV-
Lambda 35 with 300-900 nm of wavelength), and the four
point techniques of the instrument Keithley Model 2400
Low Voltage Source Meter instrument.

3. Results and discussion

Figure 2 shows the crystal structure of F-doped NiO thin
films prepared at different NiO:F solution volumes of 5,
10,15 and 20 ml and NiO at 10 ml.
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Figure 2. The results of X-ray diffraction spectra of undoped
and F-doped NiO thin films at different NiO:F volumes.
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Figure 3. The results of crystallite size D (111) and main strain
& of F undoped and doped NiO thin films at different NiO:F

volumes.

As a first result, we have found that all the films exhibited
a diffraction peak at 20 = 37 related to the (111) plane of
the NiO phase, which is a single crystal cubic structure. It
can be seen that the thin film of F doped NiO deposited
with 20 ml has a good crystal structure showed for a
highest and strong peak, which confirm that the increase
in the deposition volume can be improve the crystalline
quality of F doped NiQ thin films.

The crystal structure of F-doped NiO thin films
represented by crystallite size D (111) and main strain &
was calculated using the following equations [16-18]:

D :ﬂ’ )
pcosé
B
= , 3
“~ 4tano ®

where D is the crystallite size, A is the X-ray wavelength
(A = 1.5406 A°), B is the full width at half-maximum
(FWHM), and 6 is the angle of diffraction peak and & is
the main strain.

Figure 3 shows the variation of the crystallite size and the
main strain of F doped NiO thin films at different
volumes. As can be seen, as the volumes increases, the
variation of the crystallite size is inversely with to the
main strain (see Table 1), which is can be explained by
the variation of the FWHM.
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Figure 4. The results of the transmission spectra’s of undoped
and F doped NiO thin films at different NiO:F volumes.
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Figure 5a. The typical variation of values (ahy)? as a function

of photon energy hy of F doped NiO thin films deposited at

different NiO:F volumes, used to determine the optical band gap
energy.

Table 1 Shows the crystal structure of F doped NiO thin films representing of the diffraction angle, FWHM, the crystallite sizes, the
lattice parameter & and main strain of the (111) plane of undoped and F doped NiO thin films as a function of NiO:F volume.

Samples Diffraction angle 26 (°) | FWHM [ (°) | Crystallitesize D (nm) | Lattice parameter & (nm) Main strain &
NiO, 10 ml 37.37 0.54 18.51 0,44144 0.00308
NiO:F, 05 ml 37,21 0,80 12.47 0,442662 0,00459
NiO:F, 10 ml 37,09 0,91 10.94 0,44205 0,00525
NiO:F, 15 ml 37,15 0,69 14.45 0,44032 0,00397
NiO:F, 20 ml 37,32 0,52 19.21 0,43982 0,00298
Table 2 Shows the average transmittance and Film thickness of undoped and F doped NiO thin films as a function of NiO:F volume.
Samoles NiO, NiO:F, NiO:F, NiO:F, NiO:F,
P 10ml 05 ml 10 ml 15 ml 20ml Glass
Average Transmittance (%)
400-800 nm 53.6 83.9 85.6 73.8 78.0 98
Film thickness (nm) 160 110 112 134 140 /
Where, the maximum crystallite size is 19.21 nm obtained A=od =—InT, 4)
for 20 ml, this is can be explained by the homogeneous in 2
PR ~ (Ahv)° =B(hv-E,), (5)
the surface and coalescence, which it’s corresponded in g

the minimum value of lain strain (see table 1). However,
the undoped NiO thin film has a main strain of 0.00308
and a crystallite size of 18.51 nm.

The optical properties of undoped and F doped NiO thin
films were represented by the transmission spectra in the
range of 300 to 900 nm of wavelength. Figure 4 shows the
variation of the transmission of the deposited thin films at
different NiO and NiO:F volumes. As the NiO:F volume
increased, the transmission was decreased due to the
increase in the film thickness. However, the prepared F
doped NiO thin films have a good transmission is about
80 % in the visible region due to the fluorine doping (see
table 2). The transmittance of 20 ml (78%) high then the
15 ml (73.8%) due to the crystallinity of the film .The
region exist between 300 and 400 nm, it is the region of
strong absorption, heir the transmission of F doped NiO
decreased due to the excitation and the migration of the
electrons from the conduction band to the valence band.

The optical band gap energy of the thin films of undoped
and F doped NiO was calculated from transmission
spectra, which it was applied the following equations [18-
20].

where Eg the optical band gap energy; A is the

absorbance, d is the film thickness; T is the
transmission spectra of thin films; ¢« is the absorption
coefficient values; B isa constantand ho is the photon
energy. It was found by the extrapolating the curve of

(Ahov)? vs ho at A =0 [21], which the variation was
indicated in figure 5a, show the drawn of the (Ahv)?as

a function of ho of F doped NiO thin films. However,
the Urbach energy of F doped NiO thin films has been
determined by the following expression [21,22]:

h
A=A, exp(E—U) , ©)

where A, is a constant and E is the Urbach energy,

Figure 5b shows the variation of the drawn of LNnAas a
function of the photon energy ho , where the Urbach

energy was deduced by the inverse of the slope of the
curve.
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Figure 6. The results of optical band gap E , and Urbach
Figure 5b. The typical variation of values LNA as a function g P 9P =g

of photon energy NV of F doped NiO thin films deposited at energy E, of F doped NiO thin films at different NiO:F
different NiO:F volumes, used to determine the Urbach energy. volumes.

Table 3. Shows the optical properties such as the variation of optical band gap energy and Urbach energy of undoped and F doped NiO
thin films as a function of NiO:F volume.

Samples Optical gap energy Eg (V) Urbach energy Eu (eV)
NiO, 10 ml 3.71 0.362
NiO:F, 05 ml 3,54 0,609
NiO:F, 10 ml 3,52 0,595
NiO:F, 15 ml 3,61 0,394
NiO:F, 20 ml 3,51 0,689

Table 4. Shows the electrical characterisations such as the variation of measured current and voltage and the sheet resistance of F
doped NiO thin films as a function of the NiO:F volume.

Samples Measured Current | | Measured voltage V Sheet resistance Electrical resistivity
(nA) (mv) Ry, @ P (Q.em)
5
NiO, 10 mi 0011 11x10% 1.5x10° Q.em
NiO:F, 05 ml AR 2.1x107 231 Q.cm
NiO:F, 10 ml DY 5 1.7x10° 1.9x10° Q.cm
NiO:F, 15 ml A 2.8x10° 3.8x10° Q.cm
NiO:F, 20 ml v, AY 2.6x10° 3.6x10% Q.cm
Table 5. The comparative study of the structural, optical and electrical properties of undoped and F doped NiO thin films.
Thin films Experiments Film thickness Crystallite Transmittance Optical Band Sheet resistance or Ref
P (nm) size G (nm) (%) Gap Eg (eV) electrical resistivity '
NiO i i‘;;’%n 25 75 3.67 18 Qecm
NiO: 1F% 00 G 35 75+1 372 2 Qem 23]
NiO: 5F% ) 6 ™ 21.9 75+2 3,71 14 Qcm
NiO: 10F% ’ 135 75+2 3.72 18 Qcm
-0.3mL/s
NiO - Spra 197 41 59 3.865 -
NiO: 1Li% i O'Zitﬁ’) . 236 59 32 3.744 2.403x10° Q
NiO: 2Li% ) STp— 500 °C 221 31 48 3.697 1.195x107 Q [24]
NiO: 3Li% 6 ™ 374 45 37 3.738 7.984x10°8 Q
NiO: 4Li% _13; mL 435 44 50 3.714 1.386x107 Q
NiO: 5Li% 421 36 47 3.716 1.694x107 Q
NiO 64 3.572 2712 Qcm
NiO: 1Cu% - Spray 37 3.519 589 Qcm
NiO: 2Cu% deposition 51 3.536 490 Qcm
NiO:3Cu% | -ST=410°C - 38 about 50 3.461 1106 Qem [25]
NiO: 4Cu% -0.2M 51 3.473 545 Qcm
NiO: 5Cu% 57 3.467 669 Qcm
NiO, 10ml - Spray 160 1851 53.6 3.71 1.5x10° Q.cm
NiO:F, 05ml deposition 110 12.47 83.9 3,54 231 Q.cm This
NiO:F, 10ml - ST=400 °C 112 10.94 85.6 3,52 1.9x10° Q.cm Work
NiO:F, 15ml -0.1M 134 14.45 73.8 3,61 3.8x10° Q.cm
NiO:F, 20ml - F/Ni = 4% 140 19.21 78.0 3,51 3.6x10% Q.cm
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Figure 6 shows the variation of the band gap energy and
the Urbach energy of newly deposited F doped NiO thin
films at different volumes. As can be seen, as the volumes
increases, the variation of the optical energy is inversely
with the Urbach energy (see table 3). The film deposited
with 20 ml has a minimum optical energy and maximum
Urbach energy, this is can be explained by the increased
movement of F in the NiO:F, and the corporation between
F and O and thus there is an increase in the substitutional
site. However, the undoped NiO thin film has a highest
the optical energy of 3.71 eV and a minimum the Urbach
energy of 0.362 eV (see Table 3).

The electrical conductivity of F doped NiQ thin films was
determined by four- point probe technique, it is based on
the measured voltage, current and sheet resistance
expressed by:

1({ = .V
R, =—| —*—|, 7
o d(InZ J ")
a—l——l (8)
,0 dRsh’

where R, is the electrical resistivity; d is the film
thickness; o is the conductivity; p is the resistivity; V

is the applied voltage =5V and | is the measurement
current (see Table 4). As can be seen, as the volume
increases, the electrical resistivity increases from 5 to 15
ml (see table 4), this increase can be explained by the
decrease in the number of electrons and mobility, leading
to a p-type semiconductor. However, the undoped NiO
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