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In this study, we prepared mixtures of nickel oxide (NiO) and zinc (ZnO) in different proportions as thin films on high-purity glass
substrates, using pyrolysis spray technique. Where samples of mixtures were precipitated from two solutions of nickel nitrate
(Ni(NOs3)2 -6H20) and zinc acetate (Cs HeO4 Zn-2H20) mixed in different proportions. Then the optical and structural properties of the
prepared samples were studied. The transmittance decreases with the increase in the percentage of nickel oxide, which means that
increasing the zinc oxide improves the transmittance in all the studied spectral fields. Samples with higher zinc oxide (ZnO) have two
energy gaps. Scanning electron microscopy (SEM) showed that the surface morphology of the films has a relatively homogeneous
composition. Where it was observed that increasing the proportion of zinc oxide leads to the appearance of zinc oxide granules clearly.
Keywords: Mixtures of NiO and ZnO; Thin films,; Pyrolysis spray technology,; Energy gap, Optical properties
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1. INTRODUCTION

ZnO and NiO thin films are among the most important films that have been scientifically and industrially exploited
for their important applications in wide fields. Zinc oxide (ZnO) is a transparent n-type semiconductor with a wurtzite
crystal structure. It has good potential in developing optoelectronic device technologies, mainly due to its outstanding
physical properties, such as its high transparency in the visible spectrum and near infrared region [3, 4]. It has a bandgap
ranging from (3.2-3.3) eV [5] and has a high binding energy [6, 7]. The outstanding optical and electrical properties of
zinc oxide films have led to their use in many applications such as: solar cells [8, 9], gas sensors [10], piezoelectric sensors
[11, 12], flat screens [13], acoustic devices [14], and optical waveguides [15], and laser diodes [16]. ZnO thin films can
be produced by several techniques such as: spray pyrolysis [17, 18] hydrosol gel, thermal evaporation [19], and laser
ablation (PLD) [20]. Nickel oxide (NiO) is a transparent p-type semiconductor that has a crystal structure (CFC) similar
to that of sodium chloride (NaCl) and has a band gap between 3 and 4 eV [21].

Nickel oxide (NiO) is an attractive material due to its excellent chemical stability, good dynamic range and hardness,
as well as its optical, electrical and magnetic properties [22]. Nickel oxide has important and extensive applications such
as optical switching glass, antimagnetic materials, photoelectric display devices, lithium batteries, and functional layer
materials for chemical gas sensors [23]. In addition, nickel oxide films oriented in the (111) direction can be used as
dielectric layers that are deposited on oxide films of other orientations, such as C-oriented perovskite-type ferromagnetic
films and superconducting films [00]. NiO films can be deposited using many different chemical and physical methods
such as electrochemical deposition [24], thermal evaporation [25], ion beam deposition [26], laser ablation [27], spray
pyrolysis [28] and gel coating by centrifugation [29].

In this work, we will prepare samples for mixtures of the aforementioned oxides in order to study their structural and
optical properties in order to obtain the optimal mixture that has better properties than both oxides separately.

2. EXPRIMENTAL WORK

In this paper, mixtures of nickel oxide (NiO) and zinc oxide (ZnO) were prepared in the form of thin films on ultra-
pure glass substrates using pyrolysis spray technique. Where two solutions were prepared from nickel nitrate (Ni
(NO3),-6H,0) and zinc acetate (CsHsO4Zn-2H,0) with the same molar concentration C=0.2 mol/L, by dissolving each
mass of nickel nitrate and Zinc acetate in a volume of 12 ml of distilled water and add drops of chloride acid in order to
facilitate the mixing process. To ensure complete dissolution of both solutions, a magnetic stirrer is used to mix each
solution for 15 minutes at a temperature of 50°C ensuring no sediment. Then, we prepare samples from the mixture
consisting of nickel nitrate solution and zinc acetate solution in different proportions as shown in the tablel.After
preparing the precipitation mixture, preparing the glass substrates and preparing the spraying system, we start the
precipitation process with the chemical spraying technique, which passes through several steps:

1- We put the spray nose at the vertical distance d =30 cm.

2- We set the air compressor to a pressure of 2 bar.
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3- The glass substrates are placed over the electric heater and set at a temperature of 500°C.
4- After heating, we do intermittent spraying for 5 seconds to keep the temperature of the glass substrate within 500°C.

Where we obtained thin films with acceptable homogeneity and high adhesion strength on the substrate and with close
thickness.

3. RESULTS AND DISCUSSIONS
3.1. Structural Properties
Figure 1 shows the XRD patterns of films of a mixture of nickel oxide (NiO) and zinc oxide (ZnO) prepared with
different proportions of aforementioned oxides. In case of pure nickel oxide curve S; it can be seen two main diffraction
peaks positioned at 20 ~ 37.296° and 43.272° assigned to the (111) and (200) crystal planes respectively.
These peaks accurately correspond to the crystal structure of
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Figure 1. XRD patterns of the deposited ZnO/NiO thin noted that there is a high compatibility with the international
films on glass substrate at different percentages standard card JCPDS (36-1451).

In order to get more material structural information, we
have studied different structural constants such as lattice constants a and ¢, grain size D, average stress € and dislocation
density 6 for pure NiO and ZnO films as well as for the films of oxides mixtures. The lattice constant for the cubic
structure phase of NiO films is calculated using the following equation [3]:

360 —
180 - 4

a

At = et )
Where is the distance between the crystal structure and (h,k,l) are the Miller's coefficients.

The lattice constants a and c for the hexagonal structure phase of ZnO films is calculated using the following equation [4]:

@

The grain size D of films is related to the physical and chemical properties of the material, where the Debye-Scherrer
statement allowed estimating the size of the grains by X-ray diffraction, which is given by the following relationship [5]
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Where A is the wavelength of X-rays (A=1,540593), f is the value of the middle of the highest peak width (the value
(FWHM) computed with the radial angle) and® is the Bragg's angle.

Dislocation density 6 represents the linear defect inside the crystal, and is calculated from Williamson and
Smallman’s relationship [6]:

5= 4)

Dz
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The average strain ¢ is the strain expresses the distortion in the network and is estimated by the following
relationship [7]:

= (“‘“") 100% )

ao
Where ao is the theoretical lattice constant and a is the experimental lattice constant.
Table 1. Structural parameters of (ZnO/NiO) thin films mixture

Samples | Coding | 20°) [d(A) [ (kD) [aA) [cA) [DA) [ e [3(AD
37,296 | 2411 | 111 | 4,176

0, ! S H—HR—F—1— "7 | -
100% NiO Si 43272 | 2.091 | 200 3,32 | 0,104 | 0,091
75% NiO 37,247 |1 2,414 | 111
25% ZnO S2 43,197 | 2,094 | 200 | 4,181 | ------ 4,44 | 0,078 | 0,051
62,844 | 1,479 | 220
25% NiO 34,515 | 2,600 | 002
75% 700 S4 36.377 | 2470 | 101 3,24 | 5,200 | 5,59 | 0,062 | 0,036

31,564 | 2,834 | 100
100% ZnO Ss 34,510 | 2,599 | 002 | 3272 | 5,198 | 4,82 | 0,102 | 0,043
36,336 | 2,472 | 101

3.2. Morphological Properties

The surface morphology of the thin film was studied by scanning electron microscopy (SEM). For films of pure
nickel oxide NiO and zinc oxide ZnO, as well as samples consisting of a mixture of NiO and ZnO in different proportions
which have been sputtered onto glass substrates, where it appears that the deposited films have a composition and a
relative homogeneity despite the preparation of homogeneous solutions for the samples because they contain pure grains
and prepared under the same conditions. Hence the shape of the granules which does not appear clearly with a vertical
growth on the surface of the film for samples S; and S;which contain a higher percentage of nickel oxide. It should be
noted that the higher the percentage of ZnO and this for samples S3, S4 and Ss the more clearly the zinc grains appear on
the surfaces of the thin films and the development of the skeleton with the random growth of islands in the middle and on
the edges of the substrate.

Figure 2. Images of samples S| — Ss prepared by scanning electron microscopy (SEM)
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3.3. Optical Properties

The absorbance and transmittance spectrum of all samples were studied in the ultraviolet, visible and near infrared
rays. The values of the absorption coefficient, energy gap and Urbach energy are summarized in Table 2.

Figure3shows the transmittance changes with wavelength for all prepared samples. The results showed that the
transmittance is as low in the ultraviolet region, i.e., in the short wavelength range of 300 to 380 nm. The low value of
transmittance in this area is due to the fact that the absorption is high due to the proximity of the energy of the emitted
photons to the energy of the basic absorption edge of these films [30]. The transmittance of the two samples S;
and S; moves towards the blue spectrum, while the rest of the samples S3, S4 and Ss moves towards the red spectrum.
The transmittance increases significantly for all samples in the visible range, especially for samples that contain a higher
percentage of zinc oxide, as it is close to 98% at the end of the visible range for samples Sz, S4 andSsand 88% for the two
samples S; and S[31].

Table 2. Structural parameters of (ZnO/NiO) thin films mixture

Optical gap energy | Urbach energy
Samples Ey(eV) Eu(eV)
Si 3.55 0.466
Sz 3.53 0.571
S3 2.35 3.13 0.333
Sa 3 4.1 0.133
Ss 3.23 3.17 0.076

The optical band gap energy is one of the fundamental properties of electro-optical materials. The measurement of
the gap energy depends on the material and its properties. The optical energy bandgap is defined as the lowest energy
required to move an electron from the top of the valence band to the bottom of the conduction band. By determining the
values of the absorption coefficient, it is possible to calculate the optical band gap of the permissible direct electronic
transitions using Tauc's equation [32]:

(ahv)? = A(hv — E,). (6)

Where 4 is a constant, o is the absorption coefficient, /v is the photon energy and Ey is the band gap energy.

Table 2 shows a significant difference in the band gap energy values of the thin films of the mixture of nickel and
zinc. This difference can be attributed to the phase presence for both oxides, and since there is a clear difference between
the nickel and zinc elements in chemical and physical properties, the strong presence of one of them means that the other
plays a role doping, and therefore we notice a clear difference in the values of the energy gap, especially in the case of
samples Sz, S4 and Ss, where there is the largest presence of zinc oxide, and perhaps the appearance of a double energy
gap is a clear indication of this.

It is noted that the energy gap of the thin layers of pure nickel oxide S;and the mixture S, decreases to 2.35 eV, the
decrease in the band gap energy is explained by the movement of the absorption front towards the lower energies, and
this decrease can be explained by Roth effect because the impurities that make up the mixture have led to the formation
of donor levels within the band gap near the conduction band and therefore to the absorption of low energy photons [35].

The Table 2 also shows for the samples S3, Ssand Ss which contain a higher percentage of zinc oxide ZnO that they
have two band gap energy and this is due to several reasons:

- This may be related to the formation of ZnO nanostructures on the bulk of the remaining ZnO thin film.

- This can also be explained by a defect in the composition and structure of our prepared sample [36].

- There are mixed phase or low crystallization [37].
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Figure 3. Transmittance of ZnO/NiO thin films
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Figure 4. Band gap energy of ZnO/NiO thin films
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The Urbach energy is a physical quantity that characterizes the disorder of matter, since it is considered one of the
important constants that characterize the optical properties of thin layers [36], since it relates to the absorption coefficient
according to relationship [37]:

hv
a= ao.e(ﬁ). @)
It can be written:
Ilna = lnay + (?) ®)

Where «, is the absorption coefficient for which the absorption value is minimum and E,,is the Urbach energy.

The value of Urbach's energy (E,) can be determined from the drawing of the curve of the changes of the linear
function (Ina) in terms of photon energy (hv) shown in Figure5, where the inverse of the slope represents the Urbach
energy. There is an increase in the Urbach energy values for the samples of pure nickel oxide S;and S;which contain a
greater percentage of nickel oxide. For the samples (Ss, Ssand Ss), we find the opposite from what was obtained for the
Urbach energy values for the first two samples. From the results of the Table2, we note that the optical behavior of the
Urbach energy value changes inversely with the optical behavior of the energy interval.
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Figure 5. Urbach energy of ZnO/NiO thin films

4. CONCLUSIONS

In this study, we had the opportunity to prepare mixtures of different proportions of samples of nickel oxide (NiO)
and zinc oxide (ZnO), which were deposited in the form of thin films on glass substrates, using pyrolysis spray technique
at the same conditions.

The structure of the prepared mixtures, as well as the absorption and transmittance spectrum of all samples in the
ultraviolet, visible, and near infrared, were studied. Where the values of the absorption coefficient, energy interval, and
Urbach energy were summarized with the aim of deducing the relationship between these values and the prepared
samples. Where the study showed:

- Samples that contain a higher percentage of nickel oxide (NiO) have the lowest possible transmittance in the
ultraviolet region i.e., the short wavelength ranges from 300 to 380 nm while the absorption is high.

- The transmittance of samples with a higher percentage of NiO shifts towards the blue spectrum, while the
transmittance of the remaining samples shifts towards the red spectrum.

- The transmittance increases dramatically for samples in the visible range, especially for samples that contain a
greater percentage of zinc oxide, as it approaches 99% at the end of this range.

- Samples that contain a higher percentage of zinc oxide (ZnO) have two energy gaps.

- The optical behavior of the Urbach energy value changes inversely with the optical behavior of the energy gaps.

- The surface morphology of thin films has been studied by scanning electron microscopy (SEM), and it has been
found to have a relatively homogeneous composition, where the shape of the granules does not appear clearly with a
vertical growth on the surface of the film for the sample that contains a higher percentage of nickel oxide. It is noted that
as the percentage of zinc oxide ZnO increases, the zinc granules appear on the surfaces of the thin films clearly, and the
skeletal structure grows with the growth of random islands.

Through this general study it is clear that the determination of the optimal mixture depends on the application to
which the mixture is directed. For example, in solar cell applications where we use transparent oxides as windows, the
optimal mixture is one with greater transparency and an energy gap that fits the solar spectrum. In this case, sample S4 is
the best. Whereas in gas sensor applications where film morphology has a key role in optimal adsorption of gases with
the film surface, in this case sample Ss is ideal because the surface profile is more homogeneous and rougher.
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CTPYKTYPHI TA OIITUYHI BJACTUBOCTI TOHKIX IVIIBOK I3 CYMIIII (ZnO/NiO)
Auai Amiap?, Ok6a Beaaxcen?, Meopyk [yrani®, Mypax Mimyni?, Tani Pixi®, Moxammen Cagoxk Max0y6?, SImina Benkpima®
“Jlabopamopin LEVRES, Yuieepcumem Env-Yeo, B.P. 789, 39000 Env-Yeo, Anscup
b®isuuna nabopamopis monkux niieox i sacmocysans (LPCMA), Yuieepcumem Bickpu, B.P. 145 R.P 07000 Bickpa, Anscup
‘Buwa nopmanvna wkona Yapena, 30000 Yapena, Anowcup

VY upomy pocmipkeHHi Oynu miarotoBneHi cymirri okcuny Hikeno (NiO) i umaky (ZnO) y pi3HHX HPOMHOPLUSX Yy BUIJISAI TOHKHX
IUTIBOK Ha CKJITHUX ITiJKJIQIKaX BUCOKOI YMCTOTH 32 AOTOMOIOI0 TEeXHIKHU mipoui3y. [Ipu mpoMy 3pa3ku cyMiliieil ocakyBaiu 3 1BOX
po3unHiB Hitpary Hikemo (Ni(NO3)2:6H20) i aunerary muuky CsHeOs4Zn-2H20), 3mimanux y pisHux nponopuisx. ITorim Oynu
JOCIHIKEH] ONTHYHI Ta CTPYKTYPHI BIACTHBOCTI MiATOTOBICHUX 3pa3KiB. BusBIeHO, M0 KOe(ii€HT MPOMYyCKaHHS 3MEHIIY€EThCS 31
30LTBLICHHSM BiZICOTKA OKCHIY HIKEJII0, 10 03HAaYae, MO 30UIBIICHHS OKCUIY IUHKY IMTOKpPAIIy€e NPOITyCKaHHS B yCiX JOCIIIKYBaHIX
CIEKTPAIBHUX MOJSAX. 3pa3Kd 3 BUIIMM BMICTOM OKcuay UMHKY (ZnO) MaroTh ABI €HEpreTHYHi MITMHA. METOIOM CKaHyH4Oi
eNeKTpoHHa Mikpockorist (SEM) mokazano, mo Mopdoiorist HoBepXHi IUTIBOK Ma€ BiTHOCHO OJHOPIAHHUN CKJIAJ, Jie CHOCTepiranocs,
1110 301JIBIIEHHS YaCTKU OKCUY LIMHKY IIPHU3BOJMTH JI0 MOSIBU I'PaHYJI OKCUJY LIMHKY.

Kurouosi cinoBa: cymiwi NiO ma ZnO; mouki niieku, mexHonozis nipoizy; eHepeemuyna 3a00poHena 301Ha, ONMUuYHI 61acmueocmi





