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ABSTRACT

In this study, different volumes of Nickel (Ni) doped Zinc oxide (ZnO) thin films were deposited on FTO by
hydrothermal method. The films were characterized by SEM, EDS, and UV-Vis Spectroscopy. When the SEM
images were examined, the nanostructures showed different morphological features as the amount of doped (v)
nickel-ZnO increased in comparison to undoped nickel-ZnO. Furthermore, it was demonstrated that the obtained
film surface has a homogeneous distribution. EDS spectra showed the increase in Ni by volume and its presence
in the film composition. The UV-Vis Spectroscopy results showed that Ni doping can change the transmittance
and band gap values from 2.94 to 3.38, and thus the ZnO band gap can be adjusted by Ni doping. As a result of
the findings, ZnO-NiO thin films are promising candidates for both high-performance hetero nanostructures and
practical applications.
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Metal (Ni1) Katkilit Metal Oksit (ZnO) Heteronanoyapilarin Sentezi ve
Morfolojik-Optik Ozelliklerinin Incelenmesi

Oz

Bu ¢alismada, hidrotermal yontemle FTO fizerine farkli hacimlerde Nikel (Ni) katkili Cinko oksit (ZnO) ince
filmler biriktirilmistir. Filmler SEM, EDS ve UV-Vis Spektroskopisi ile karakterize edildi. SEM gorintiileri
incelendiginde katkili (v) nikel-ZnO miktar1 katkisiz nikel-ZnO'ya gore arttig1 icin nanoyapilar farklt morfolojik
ozellikler gostermistir. Ayrica elde edilen film yiizeyinin homojen bir dagilima sahip oldugu gosterildi. EDS
spektrumlari, Ni'nin hacimce katilimi1 ve film bilesimindeki varligi ile Ni miktarinin arttigini tespit edilmistir. UV-
Vis Spektroskopisi sonucglarr, Ni katkilamanin gegirgenlik ve bant aralifi degerlerini 2,94'ten 3,38'e
degistirebilecegini ve boylece ZnO bant boslugunun Ni katkilamas1 ile ayarlanabilecegini gostermistir. Elde edilen
bulgular sonucunda ZnO-NiO ince filmler hem yiiksek performansli hetero nanoyapilar hem de pratik uygulamalar
icin umut verici adaylardir.

Anahtar Kelimeler: Nanoyapilar, ZnO-NiO ince filmler, Hidrotermal metot. Bant araligi
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. INTRODUCTION

Metal oxide nanoparticles play a very important role in many fields of physics, materials and engineering
science, especially chemistry. Metal elements can form a plenty variety of oxide compounds. Metal
oxide semiconductor devices are more reliable due to their various features such as high temperature
operation, chemical stability, thermal stability, low cost, easy manufacturing, long life [1]. In
technological applications, metal oxide semiconductor nanoparticles are used for corrosion passivation
of surfaces used in manufacturing in solar cells, sensors, microelectronic circuits, fuel cells, piezoelectric
devices, coatings and catalysts. Metal oxides such as ZnO, TiO2, NiO, CuO are often used for the
mentioned applications [2], [3].

As one of the metal oxide nanoparticles, zinc oxide (ZnO) plays an important role as a vital
semiconductor with enormous technological and scientific interest. In addition, ZnO contains an
enormous list of attractive features. ZnO is defined as a strategic, functional, versatile and encouraging
inorganic material with a wide range of applications. It is classified as an 1I-VI semiconductor [4]
because Zn and O are identified two and six in the periodic table and in groups, respectively. ZnO has
specific semiconducting, optical, chemical sensing, electrical conductivity, and piezoelectric
characteristics [5]. It has a elavated excitonic binding energy at room temperature and a direct broad
bandgap in the near UV spectrum [6], [7]. Moreover, it is characterized by its inherent n-type electrical
conductibility [8]. Because of these properties, ZnO has a wide range of applications [9]. ZnO thin films
are considered a possible material for working in the ultraviolet spectral regions and visible in
optoelectronic applications due to their distinguishing optical and electrical properties [10]. ZnO thin
films are extensively used in various industrial fields such as solar cells [11], [12], UV light emitting
devices [13], [14], photocatalysts [15], [16], and ethanol gas sensors [17], [18].

Nickel oxide (NiO), another metal oxide nanoparticle, has a wide direct band gap of ~3.6-4.0 eV at
room temperature, high hole mobility, as well as p-type semitakenctor materials [19]. Moreover, it is
attracting much attention due to its attractive properties such as low lattice mismatch with ZnO. NiO
emerges as an significant transition metal oxide materials with cubic lattice structure used in many
implementations [20], [21]. Nanostructured NiO thin films have a extensive range of applications, such
as magnetic materials, fuel cells, battery electrodes, photo-electron devices, dye-sensitive
photocathodes, ion storage materials, gas sensors, thermoelectric materials, catalysts, electrochromic
films, cytotoxic activity, anticancer properties and non-enzymatic glucose sensors etc. [22], [23].
Furthermore, because nano-sized particles differ from most nanoparticles in a number of properties such
as unique optical, surface area/volume ratio, electro-optical, magneto-optical, electronic-
physicochemical, and chemical-mechanical properties, NiO thin films are investigated [24]. With
developments in all fields of industry and technology, attention has been drawn to nanoscale materials
resulting from the preference for new properties in their size and morphology, this scale of length, and
equally important these properties [25].

In particular, nanostructured ZnO and NiO thin films are encouraging materials for various applications
such as biosensors, light-emitting diodes, solar cells, ultraviolet (UV) photodetectors, gas and chemical
sensors, and other sensor devices. In the light of these explanations; while ZnO nanostructures have
property to exhibit piezoelectric and n-type semiconductor properties [26], NiO nanostructures exhibit
non-piezoelectric properties and can have p-type semiconductor properties [27]. The heteronano
structure properties of engineered metal oxide nanoparticles can greatly assist in selectivity delimitation.
Nanostructured ZnO and NiO thin films are well-known semiconductor materials with nanostructure
properties that are being developed to improve heteronanostructure properties [28], [29]. The
heterojunction interface is composed by a metal oxide semiconductor nanoparticles from n-type ZnO
and p-type NiO, and functions as the p-n junction. Among these heteronanostructures, especially ZnO-
NiO hybrids have attracted great attention. As a p-type semiconductor, NiO is useful for the constitution
of p-n heterojunctions with ZnO. Therefore, it has features such as high hole mobility, high hole
concentration and low lattice mismatch with ZnO thin films. The nano-sized heteronanostructures of
ionic metal oxides have drawn much interest as they have developed physico-chemical properties
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compared to their one-component counterparts. Quite a few p-n heteronanostructures have been
reported, employing the properties of both nanostructured NiO thin films and nanostructured ZnO thin
films in combination. There are few explores on the production of p-type NiO and n-type ZnO
heteronanostructures with different techniques in which the interface characteristics are investigated
[30]-[33].

Herein, a new stepwise hydrothermal growth of ZnO-NiO heteronanostructures with the contribution of
Ni?* ions synthesized by the hydrothermal method and increased by volume on the FTO substrate is
presented. Furthermore, the surface morphology and optical properties of new 2ZnO-NiO
heteronanostructures on the substrate were investigated for the possible development of analytical
devices. The results show that heteronanostructures form between ZnO and NiO. Moreover, these
heteronanostructures exhibit good performance in practical applications, indicating that they are suitable
potential candidate.

II. EXPERIMENTAL

A. CHEMICALS/MATERIALS

The chemicals zinc nitrate hexahydrate (Zn(NO3).-6H,O was obtained from Alfa aesar. Nickel chloride
hexahydrate (NiClz-6H20), sodium hydroxide (NaOH), ethanol (C.HsOH), and acetone (C3;HsO) were
purchased from Merck. Deionized water (DIW) (~18 MQcm) was used as the solvent.

B. PREPARATION OF Ni DOPPING ZnO NANOSTRUCTURES ON FTO SUBSRATE

FTO (fluorine doped tin oxide) coated substrates were cleaned with ethanol, acetone and DIW.
Subsequent, the substrates were dried at room temperature. ZnO-NiO heteroronanostructures were
produced in a one-step process. The hydrothermal method [34, 35] was used to create ZnO samples and
doped nickel to ZnO samples from 50 mL of solution containing 30 mM Zn(NO3)2.6H.0, 5 mM
NiCl,.6H.0, and NaOH at pH = 9.5. The concentrations of known Zn?* and doped Ni?* ions were made
with a volumetric (v/v) relationship in the experiment, so that the total volume was 50 mL. Table 1 lists
all experimental solution conditions. The hydrothermal reaction was carried out for 20 hours at 90 °C
for the hydrothermal treatment. The thin films were then annealed at 450 °C on the FTO substrates.
Figure 1 depicts the manufacturing process for ZnO nanostructures and ZnO-NiO heteronanostructures.

Table 1. Includes the volumetric (v/v) values of known concentrations of Zn?* and doped Ni%* ions.

Samples 30 MM Zn? 5 mM Ni? pH
S; 50.00 mL --- 9.50
S 47.50 mL 2.50 mL 9.50
S3 45.00 mL 5.00 mL 9.50
Sy 40.00 mL 10.00 mL 9.50

C. CHARACTERIZATION

ZnO sample X-ray diffraction (XRD) patterns were acquired with a Rigaku Multiflex diffraction meter
utilization CuKa radiation (A = 1.5418 A). The surface morphology of the produced undoped nickel to
ZnO and doped nickel to ZnO samples was inspected by scanning electron microscopy (SEM) and
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energy dispersive spectroscopy (EDS) analysis utilization a FEI Quanta FEG 250. The absorbance
properties of nickel-free ZnO and nickel-containing ZnO heteronanostructure samples were obtained
using a PG Instruments T80+ UV/VIS spectrometer.

ZnNO,.6H,0
_l_

NaOH
st 1rr1nog /Annealing
l at 450 °C
— adding

Washing & drying

" adding Ni?*

Ni2* Hydrothermal reaction
at 90 °C
Annealing
w at 450 °C

Figure 1. Synthesis scheme of ZnO and Ni doping metal oxide heteronanostructure thin films.

mh

I11. RESULTS AND DISCUSSION

The correspondent XRD pattern of nanostructured ZnO thin films (S:) deposited on the FTO substrate
is shown in Figure 2. When the acquired diffraction peaks are looked into, 3 peaks with high intensity
are seen. It is seen that these diffraction peaks are indexed respectively (10 0), (00 2), (10 1). Moreover,
besides these peaks, there are other diffraction peaks with low intensity. These peaks are (1 0 2), (11
0), (1 0 3) and (1 1 2) indexed diffraction peaks, respectively. This XRD diffraction pattern can be
attributed to the crystal structures of the hexagonal phase of wurtzite nanostructured ZnO thin films
(JCPDS card No: 01-089-0511). The existence of phases of the nanostructured ZnO thin film indicates
the coming into being of the composite structure. XRD shape shows that nanostructured ZnO thin films
with diffraction peaks are at 20 angles. ZnO XRD is compatible with XRD models for nanostructured
ZnO thin films in the literattires [12], [36].
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Figure 2. XRD pattern of the ZnO nanostructure thin films deposited on FTO.

The morphological properties of the ZnO nanostructured thin film, and the ZnO-NiO
heteronanostructure thin films obtained by Ni doping at different volum Ni?*/Zn?* rates are shown in
Figure 3. Figure 3a for S1 shows that nanostructured ZnO thin films grow homogeneously on FTO. The
surface of ZnO nanostructures is smooth and consists of four angular ZnO nanostructures in width
average ~200 nm and length average ~700 nm. In the presence of 2.5 mL of Ni (5 mM) doping for S,
it can be said that nanostructured ZnO thin films grow homogeneously and have a similar morphological
structure and are arranged in a width of average approximately 150 and length 400 nm (Figure 3b). In
the presence of 5 mL of Ni (5 mM) doping for Ss, the nanostructured thin films showed a homogeneous
distribution, showing beautiful nanostructures with a width of about 100 and length 250 nm (Figure 3c).
The morphological status of S, in the presence of 10 mL of Ni doping showed a homogeneous
distribution with a particle size of avarege approximately 50 nm. According to S; sample, the particle
size of Ni-doping ZnO nanostructured thin films on the FTO substrate grown with the participation of
Ni for Sy, Sz, and S, samples appears to be reduced. As seen in the figure, the particle size is the smallest
in the S4 sample with the highest Ni content. In addition, these structures show the formation of compact
conformal coatings. Based on the SEM results, it is seen that the particle size decreases as increasing Ni
is doped. The reason for this is that the atomic and ion radii of the element Ni are lower than the atomic
and radius values of the element Zn. Moreover, it means that the Zn atom was replaced by the Ni atom
and played a role in the reduction of particle size. Therefore, the role of heteronanostructure formation
in the growth of ZnO nanostructure thin films by Ni doping is obvious. Thus, SEM images show the
composition of homogeneously ZnO-NiO heteronanostructure thin films [37], [38].
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Figure 3. SEM images of S1 (a), S2(b), Ss (c) and S4 (d) various deposition on FTO substrates.

EDS analysis was performed to identify the element ratios of ZnO nanostructure thin films and Ni-doped
Zn0O nanostructured thin films. The EDS spectra of the nanostructured thin films obtained for S; and S4
are shown in Figure 4, respectively. For S;, Zn and O element peaks indicate the existence of ZnO. The
spectra show that the mean atomic ratio of Zn and O of ZnO nanostructure thin films is close to each
other (Fig. 4a). For S4, there are Zn, Ni and O element peaks. When we look at the spectra here, it shows
that the Zn element has been replaced by the Ni element in % atomic ratio (Figure 4b). This means that
heteronanostructure thin films are formed, and the atomic % ratios formed support this situation when
the results obtained with SEM images are examined. In addition, % atomic EDS analysis spectrum ratios
obtained for Si-S. samples are given in Table-2, respectively. When Table-2 is examined, it is seen that
as Ni is added to the environment, the amount of Ni increases in atomic % ratios, the amount of Zn
decreases and the amount of O does not change significantly. EDS analysis results of metal doping metal
oxide nanostructured thin films were similar to ZnO-NiO heteronanostructures in the literature [39].
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Figure 4. EDS patterns of the ZnO nanostructure thin films and ZnO-NiO heteronanostructure thin films
deposited with (a) S1 and (b) S4.

Table 2. % atomic values of Zn, Ni and O from EDS analysis results of Si-S4 samples.

Samples Zn % At. Ni % At. 0 % At.
S 48.80 51.20
Sz 45.56 3.42 51.02
S3 42.12 5.21 52.67
Sy 38.02 8.68 53.30

The optical properties of ZnO thin films in the absence and presence of Ni deposited for 20 h were
investigated by the UV-vis absorption spectrum measured in the wavelength range of 300-800 nm (Fig.
5). The film shows good absorption in the visible region and the ultraviolet region. From the absorbance
data, the absorption coefficient a was calculated using Lambert's law [40].

2.303A = ad 1)

where A is the optical absorbance and d is the film thickness. On the other hand, the optical band gap of
the thin film was determined by applying the Tauc relationship given by:

ahv = Aj[hv - Eg]" (2)

where hv is the photon energy, Eq is the band gap energy and A, is a constant which is related to the
effective masses associated with the bands [41]. UV-vis absorbance spectroscopy was performed to
obtain the influence on the optical properties of nanostructured ZnO thin films deposited on FTO
substrates and nanostructured ZnO-NiO thin films formed by doping with increasing Ni content. The
band gap values of the resulting nanostructured thin films were calculated by making a sign (ahv)?
against hv and subtracting the linear part of the graph to the energy pivot (Fig. 5a—d). The absorption
characeristics of thin films is related to the energy bands of both ZnO nanostructure thin films and ZnO-
NiO nanostructure thin films with Si, Sy, Ssand Sa structures, respectively. The optical absorption
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spectrum analysis of ZnO nanostructured films is more intense and wider in the visible light zone.
However, the absorption spectrum of thin films doped with increasing Ni content is seen to pass into the
ultraviolet region. From the optical spectrum figures, a modification in wavelength of Ni-doping metal
oxide nanostructure films (S2-Ss) is observed comparison to Si:. Here, it was shown that nanostructured
ZnO thin films formed crystals according to the increasing Ni content and interacted with ZnO in the
deposition process. Moreover, this interaction constitutes the formation of nanostructured ZnO-NiO thin
films. This is an indication of the formation of ZnO-NiO heteronanostructure. Thus, a leftward change
in wavelengths is noticed with increasing Ni amount. The value of n is equal to 1/2 for a direct band gap
material and 2 for indirect gap. The absorption (o > 10* cm™) is related to direct band transitions [42].
The absorption coefficient for the film supporting the direct band gap property of the metal oxide
semiconductor was found above the value. Based on these UV-vis optical absorption informations, the
optical spectrum band gaps of both nanostructured ZnO thin films and ZnO-NiO heteronanostructure
thin films were calculated from extrapolating of the linear part of (ahv)? against the hv plot at a = 0. The
results were 2.94 eV, 3.23 eV, 3.32 eV and 3.38 eV, respectively. These results are in good procedure
with beforehand reported values for both ZnO thin films and ZnO-NiO thin films [43], [44].
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Figure 5. Absorption spectrums and band gap values of the ZnO nanostructures and ZnO-NiO nanostructure
thin films deposited with (a) S1, (b) Sz, (¢) Ss and (d) S..
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V. CONCLUSIONS

ZnO thin films and ZnO-NiO heterostructure thin films were depozited on FTO coated glasses at pH =
9.5 conditions, and their morphological and optical properties were investigated. It was observed that
ZnO nanostructures and Ni doping-ZnO nanostructures on FTO grew homogeneously and their surfaces
were smooth. Morphological studies increased the Ni content of the films from 0 to 10 mL, and it was
determined that the particle sizes of the nanostructures decreased with increasing Ni content. This can
be expressed as evidence that a heteronano structure is formed between p-type NiO and n-type ZnO
according to the increasing Ni content. Optical absorption studies showed that the absorption spectrum
of ZnO nanostructured films was determined to pass from the visible light region to the ultraviolet region
of the absorption spectrum of heteronanostructure thin films doped with increasing Ni content. In this
case, it supports the formation of a structure between ZnO and NiO nanostructures. The results show
that the ZnO-NiO heteronano structure has good performance for practical applications and is a potential
candidate for further studies such as solar cells, sensors and light-emitting diodes.
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