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Abstract
It opens the door to many optoelectronic and photonic applications. Here, synthesized TiO2 
was deposited on Ni(0,8,10,12%) doped ZnO using two different methods; TiO2 was coated 
on Ni(0,8,10,12%) prepared by dip coating. 12%) doped on top of ZnO, and Ni-doped ZnO 
films were grown by spray pyrolysis. Analysis of surface structure was conducted using 
Atomic Force Microscopy, scanning electron microscopy and microscopic Raman spec-
troscopy. Nickel doping was investigated by EDS analysis to ensure that the incorporation 
of dopants does not form a second phase. In addition, spectroscopic measurements includ-
ing UV–Vis absorption and photoluminescence were performed. Preliminary results show 
that Ni doping reduces the absorption of TiO2/ZnO in the visible region. The carbon con-
tent is shown in the form of photoluminescence with a maximum of green, orange and red. 
Therefore, TiO2/Ni-doped ZnO heterostructures can also be used to exploit these findings 
in nanophotonics applications.
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1  Introduction

Metal oxide materials have attracted tremendous attention due to their fascinating proper-
ties and easy integration. These materials promote device fabrications used in many tech-
nological applications (Sisman et  al. 2017; Nikoobakht et  al. 2013; Moyen et  al. 2020). 
N-type ZnO  Semiconductor  oxides  such  as CuO/ZnO were used in the photodetector 
Diodes, as junctions using thin layers of zinc oxide Homo-Junction to produce light emit-
ting diodes and thus to improve efficiency of the LED device (Cuesta et al. 2019) [3.5–7]. 
Additionally, it has been discovered that Zinc oxide is effective when doped with Nickel 
in a variety of nanoforms, such as nanorod hole transporting layers (HTLs) in solar cell 
applications (Moyen et  al. 2020; Hanada 2009; Look 2004; Chen and Yang 2016) and 
nanoparticles in LED applications (Elilarassi and Chandrasekaran 2010). ZnO is then still 
a possibility for boosting light output power (Son et al. 2018). ZnO has focused a lot of 
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efforts owing to its mesmerizing properties, versatility, ease  of  processing,  manufactur-
ing and wideband gap. In addition, many works have been devoted to using different ele-
ments for doping these materials in order to tune their properties pursuing new milestone 
results in the field of LED applications. Huge endeavors in this sense were carried out to 
develop methods for growing integrated zinc oxide thin films in many electronic and opti-
cal  devices,  such as waveguide  devices  and based quantum dots have been stacked to 
improve the efficiency of solar cells (Rahman 2019; Manekkathodi et al. 2013; Yin et al. 
2013). It was previously stated that the preparation and deposition of ZnO synthesized into 
real devices is difficult in some cases and necessitates additional modifications such as for-
eign doping, the creation of a ZnO composite, or defects engineering in order to achieve 
optimal performance (Harun et al. 2017). Accordingly, it was shown by Kityk et al. (2002) 
that fluorine-doped wurtzite-type ZnO layers deposited on bare glass had the potential to 
significantly enhance the linear electro-optic effect. The obtained values of second and 
third order nonlinear susceptibilities were found to be sufficient for the potential applica-
tions of the investigated materials in the optical switching devices based on refractive index 
changes in another significant study by Waszkowska et al. (2021).

Potential optoelectronic and photonic applications are revealed by the outstanding NLO 
results reported elsewhere  (Kulyk 2007).This fact was assessed through structural and 
optical properties of ZnO thin films deposited using pulsed laser deposition technique on 
quartz substrates, and the susceptibilities were found to be high enough for potential appli-
cations in optical switching devices, and the ability to tailor the NLO response to the needs 
of particular applications is very encouraging in the direction of using these materials for 
photonic applications (Zawadzka et al. 2016).

Asib et al. findings revealed a good yield in terms of light emission, particularly because 
of the blue shift emissions compared to the ZnO layer, which changes to red or blue in the 
UV range. Other target emissions colors remain a key technological. Among the oxides 
used, we can find ZnO materials, implemented in LED devices and as multiple quantum 
wells (MQWs), etc. (Asib et al. 2016; Binbin et al. 2020; Huang et al. 2016). For instance, 
by stacking TiO2 and ZnO, Chen et al. were able to create a high-performance white QD-
LED while exploring the white color. For this reason, many methods have been used for 
depositing ZnO materials; such as pulsed laser deposition, atomic layer epitaxy, sol–gel 
spin coating, etc. Among these aforementioned techniques, Spray techniques and dip-coat-
ing remain simple and inexpensive processing methods, using small amounts of precursors 
and requiring a few minutes for sample preparation. In this work, we will investigate the 
properties of ZnO-TiO2 heterostructures such as LED applications and optoelectronics by 
shedding light on the preparation processes and the role of Ni doping in tuning the micro-
structure, absorbance and emission in visible range (Chen et al. 2014; Hong et al. 2015; 
Blanco et al. 2015).

2 � Materials and methods

2.1 � Experimental procedure

Ni-doped ZnO thin films have been prepared using the Spray pyrolysis technique; A spray 
gun, a ceramic base heater with a Kanthol coil heating element, and a temperature control-
ler make up the spray pyrolysis experimental setup used for film deposition. As a hot plate 
and substrate holder, a circular stainless steel plate retained on the heater assembly was 
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used. A REX—F900 PID digital temperature controller, with an inaccuracy of 5  °C, is 
used to regulate the temperature. The spraying was done with a double-nozzle spray can-
non made of glass. A coaxial combination of quartz tube and capillary makes up the spray 
cannon. The quartz tube is utilized to transmit the carrier gas, while the capillary serves as 
the input for the solution.

In order to completely cover the substrate surface, the distance between the spray gun 
and the substrate was adjusted. In order to make zinc oxide, zinc acetate (Zn(COOH3)2) 
was used as a precursor. In order to dissolve the minor precipitates and make the solution 
transparent, this precursor was dissolved in distilled water/Methanol and acetic acid. The 
formation of hydroxides can also be avoided with the help of acetic acid. It’s important to 
note that each film was deposited five times, and the results showed that the films can be 
reproduced.

TiO2 films have been deposited using the sol–gel dip coating process, titanium dioxide 
(TiO2) thin films were prepared. Initially, 1 ml of tetraethyl orthosilicate (TEOS) solution 
was mixed in 50 ml of ethanol, and stirring at 30 °C for 30 min, then 0.125 g of TiO2 pow-
ders which were calcined at different temperature from 500 to 800 °C were dispersed in 
this solution, and stirring for 1 h, following by sonication for 5–10 min to disperse the TiO2 
powders to be homogeneous colloid solution which was used as precursor for dip coat-
ing. The cleaned glass substrates were dipped into the solution for one minute at a pace of 
one millimeter per second. The coated films were allowed to dry at 100 °C for 5 min after 
each coating cycle. Afterwards TiO2 were stacked on the as-prepared Ni(0,8, 10, and 12%-
doped ZnO films using the sol–gel process. It’s worth mentioning that the growing process 
of the nanostructure of TiO2 thin layers have already been described Haimeur et al. 2020, 
2021; Frank et al. 2012).

2.2 � Characterization

Micro-photoluminescence (µ-PL) and Raman experiments were performed at room tem-
perature in a Horiba Jovin Yvon Lab RAM HR800 confocal microscope with a He-Cd 
(λex = 325 nm) or He–Ne (λex = 632.8 nm) laser as excitation source, respectively.

Optical absorption spectra of all films have been performed using a Shimadzu UV-1603 
spectrophotometer. The surface topography of the films was characterized by atomic force 
microscopy (AFM) (with tapping-mode Atomic Force Microscopy (T-AFM, Bruker Mul-
timode IIIa Nanoscope). In addition, the microstrucres and nanostructures distribution, of 
the samples, have been performed using the SM-IT500HRLA Scanning Electron Micro-
scope. In addition, EDS atomic mapping and EDS elemental composition have been car-
ried out.

3 � Results and discussions

3.1 � Raman spectrum

Raman spectroscopy is considered a suitable experimental technique for revealing informa-
tion about the structural  arrangement  of atoms.  That  vibrational spectroscopy technique 
measures Raman  and vibrational  states and provides information  about  the crystallinity 
of the studied materials. Currently, the use of this vibrational spectroscopy has developed 
strongly for the characterization of semiconductor materials. It has been used to measure 
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the deformation in a device or in a semiconductor material since it is sensitive to the varia-
tion of the lattice parameters.

Raman spectra of the films were recorded in the range of 100–1000 cm−1 to investi-
gate the structural features of the Ni-doped films. The obtained spectra show the dominant 
hexagonal ZnO phonon modes at 100, 385, 440 and 585 cm−1 (see Fig. 1). On the other 
hand, the peak around 570 cm−1 is associated with Ni doping (Owoeye 2019); note that the 
amounts of metal transition elements are represented in weight percent.

The doping of Ni obviously influences the corresponding Raman profiles, which sug-
gests that the structure of the matrix was altered by the nature of doped metal particles. 
Indeed, the peaks tend to increase and broaden after increasing the rate of Ni doping inside 
the hexagonal lattices and depending on the impurities rate. The peak at 570 belongs to 
the A(01) mode, indicating the presence of Ni impurities in the hexagonal lattice of ZnO. 
It should be noted that the representative main peak Raman spectrum of anatase TiO2 
thin film is shown in Fig.  1. The spectra clearly shows Anatase bands at frequencies of 
143.43(Eg)cm−1 399 cm−1(B1g), 516 cm−1(A1g), and 639cm−1(Eg) (Rana et  al. 2017) 
(See Fig.  1.) Ni doping makes it simple to see changes in the entire heterostructure by 
focusing on the main peaks of both spectra. Indeed, the broadening and intensity peaks of 
Ni-doped ZnO differ from those of undoped ZnO, and this difference was discovered to be 
caused by the symmetry alterations brought on by the inclusion of Ni impurities inside the 
ZnO host lattice (Alvi et al. 2011; Johansson et al. 2019; Rajendraprasad Reddy 2013).

The heterostructure ZnO/TiO2 film does not show any significant changes in the Raman 
spectra when it is deposited with doped layers. Since the layers were very thin, it is obvi-
ously observed that the intensities of Raman spectra of doped heterostructures are lower 
than those of undoped heterostructure.

3.2 � Surface morphological analysis

The microstructural properties have been investigated by means of SEM(Scanning Elec-
tron Microscopy), the images have shown uniform shapes of the above Anatase TiO2 with 
the (001) orientations; on top of the Wurtzite ZnO material with a preferential orienta-
tion of (002),which supports the Raman spectra results in terms of crystal structures of the 

Fig. 1   Raman spectra of TiO2 on 
Ni(0,8,10,12%)-doped ZnO het-
erostructures with main lattices 
intensities
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heterostructures. Meanwhile, the chemical compositions of the heterostructures have been 
performed using EDS (Energy Dispersive Spectroscopy); thus showing the existence of 
Ni atoms. It is noteworthy that the Ni elements are mainly present in the Wurtzite lattice, 
which is in a good agreement with the Raman spectra in terms of crystal structures with 
any Ni phase formation (see Fig. 4, 5 and 6).

Structural study of the synthesized samples are crucial for disclosing details such as the 
heterostructure of optoelectronic devices’ heterostructure thickness and grain shape. SEM 
(Scanning Electron Microscopy) was used to perform a depth scan of the sample surface, 
as shown in Fig. 2. Each sample displayed notably homogenous characteristics and a sur-
face texture. Additionally, all TiO2 Ni-doped ZnO devices have shaped grains visible in 
the photos.Moreover, by a cross-section scanning alongside the surface contacts of the Ni-
doped TiO2/ZnO layers, the thickness of the heterostructures was determined. TiO2 and 
Ni-doped ZnO thin films’ observed thicknesses were therefore estimated to be 325.2 nm 
and 355 nm, respectively.

3.3 � Energy dispersive X‑ray spectroscopy and elemental mapping

The elemental analysis of the as prepared thin films was performed by a technique known 
as Energy Dispersive X-ray (EDS).The emitted X-ray spectrum was recorded in order to 
determine qualitatively and quantitatively the surface composition of each sample and to 
ensure the sample compositions. The electron beam energy 20keV was selected for two rea-
sons; the first is because, the maximum X-ray energy collected by the device is 20keV on 

Fig. 2   Scanning Electron Microscopy images of a TiO2/ZnO. b TiO2/8%Ni-doped ZnO. cTiO2/10%Ni-
doped ZnO. d TiO2/12%Ni-doped ZnO. e cross section images of the TiO2/Ni-doped ZnO heterostructures 
devices
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the X-ray scale The second reason is to prevent high penetration of the film. The chemical 
composition allows us the determination of the accurate composition of thin film samples 
by collecting X-ray from sample at random areas and comparing their results. To assess the 
presence of all device  components  and the chemical composition of the samples, the 
composition of the  films was  determined by  EDS analysis  as  part  of  an  ongoing  study. 
Further  investigation was  conducted  by mapping  the  atoms  of  elements  with  a  high 
precision  scan  to shed light on the  surface  distribution and quantification of each ele-
ment Devices. Hence, the mean elemental mapping of each Ti, Zn and atomic orbitals K, 
L, M, etc. was observed, indicating the presence with homogeneous distribution. Moreo-
ver, the EDS spectra confirm the presence of the elements of the sample. (See Figs. 3, 4, 
5, 6). EDS spectrum presented in Fig. 3 represents the composition of the TiO2/ Undopped 
ZnO, the whole marked peaks are assigned to TiO2/ZnO heterostructure composition. The 
EDS spectra of TiO2/ZnO thin films doped with nickel are shown subsequently the every 
doping rate.Thus; the presence of the Nickel impurities was evidenced by the EDS spec-
tra, depending on the Ni percentage, present in each sample, as it was evidenced by EDS 
elemental spectra and also by atomic mapping distribution as shown in Figs. 4, 5 and 6.

The  AFM  topographic images of pure and Ni-doped ZnO thin films are shown 
in Fig. 7. It has been  found  that  the mean roughness of the Ni doped ZnO thin films 
found to decrease with the increase in the Ni concentration. For instance, if we com-
pare undoped ZnO with 10% and 12% Ni-doped ZnO, surfaces Root Mean Square 
(RMS)of 58.1 nm, 28.4 nm, and 25.5 nm are obtained, respectively. As result, 10% and 

Fig. 3   EDS composition spectra alongside with EDS composition mapping inset, of TiO2/ Undopped ZnO

Fig. 4   EDS composition spectra ZnO alongside with EDS composition mapping of TiO2/8%Ni-doped
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12% Ni-doped ZnO are demonstrating that the surface layer is more homogeneous than 
that of ZnO without Ni doping.

The roughness dependencies upon dopants concentration is more likely be due to 
agglomerations of small crystallites. Note that the roughness is an important parameter 
that influences on effectiveness and contact resistance, it modifies the performance of 
optoelectronic device (Ma et al. 2012; Pennec et al. 2012).

Fig. 5   EDS composition spectra alongside with EDS composition mapping inset, of TiO2/10%Ni-doped 
ZnO

Fig. 6   EDS composition spectra alongside with EDS composition mapping inset, of TiO2/12%Ni-doped 
ZnO

Fig. 7   PeakForce tapping AFM topography for a undoped ZnO, b 10% Ni-doped ZnO, and c 12% Ni-doped 
ZnO
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4 � Optical properties

The absorption of the whole TiO2/ZnO heterostructure has revealed a decrease in the 
presence of Ni doping; this decrease in absorbance was observed in ZnO thin films 
when increasing the Ni doping rate (Owoeye et  al. 2019).Additionally, the absorption 
peaks appear between 250 and 384 nm; illustrating the narrow spikes and demonstrating 
how Ni doping can significantly reduce absorbance, thereby enhancing transparency and 
other optical properties; The optical emissions in the subsequent section will then be 
our primary focus.

The following results show the possibility to fabricate TiO2 layers on the top of Ni-
doped ZnO thin films with the optimal optical qualities required for optoelectronics and 
LED applications (Rana et al. 2017). Figure 8 shows absorbance spectra of TiO2/ZnO 
heterostructure doped from 0 to 12 wt%. The spectra display the same shape for all the 
films. Moreover, it is observed for the whole studied films, that doping increase leads 
to absorbance increase from 8 to 12%. This behavior seems to be related to the num-
ber of charge carriers increase with higher fillers doping. The system gradually tends 
towards conductor’s behavior. Hence, more states are present for the photon energy to 
be absorbed thereby increasing the absorption (Markvart and Castañer 2018).The fol-
lowing results demonstrate that it is possible to fabricate TiO2 layers on top of Ni-doped 
ZnO thin films with the optimal optical qualities required for applications in optoelec-
tronics and LED (Rana et al. 2017).

The absorbance spectra of a TiO2/ZnO heterostructure doped from 0 to 12 weight 
percent are depicted in the figure. For each film, the spectra show the same shape. In 
addition, it has been observed that an increase in doping results in an increase in absorb-
ance of 8–12%. This behavior seems to be related to the fact that the number of charge 
carriers grows as the doping increases. The system develops a semiconducting behav-
ior. As a result, the photon energy can be absorbed, resulting in increased absorption 
(Markvart and Castañer 2018) in more states.

Fig. 8   Absorption spectra in visible range of TiO2 on Ni(0,8,10,12%)-doped ZnO heterostructures
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When a semiconductor is excited above the bandgap energy and as a result of relaxa-
tion, luminescence is observed is called photoluminescence, if only photons are emitted, 
the bandgap will be a "direct" bandgap, If phonons are also emitted with the photons the 
material will heat up and the band gap is termed as indirect. The phonons emission is due 
to the defects, impurities, and dopants between CB and VB.Therefore, it is worthy to cal-
culate the band gap energy from photoluminescence emissions data, these calculations will 
be compared with the band gap value obtained from UV–Visible data.

4.1 � Determining the optical band gap from UV–Vis

In semiconductor physics, the bandgap is always one of two types, a direct band gap or 
an indirect band gap. The minimal-energy state in the conduction band, and the maximal-
energy state in the valence band, are all characterized by a certain k-vector in the Brillouin 
zone. If the k-vectors are the same, it is called a "direct gap". If they are different, it is 
called an "indirect gap". Direct semiconductors are characterized by having the minimum 
transition energy to promote an electron from the valence band to the conduction band 
without a change in the electron momentum (this energy separation is known as the band-
gap). However, for indirect semiconductors, excitation at the band gap energy is accompa-
nied by a change in the electron’s momentum.

The bandgap energy describes the energy required to excite an electron from the valence 
band to conduction band. Accurately determine the band Gap energy is important for 
predicting photonic properties of semiconductors.The absorption coefficient is related to 
the photon energy and the gap Eg which is determined in the case of a semiconductor by 
Tauc’s relationship (Tauc and Menth 1972)

where h is Planck’s constant, α is the absorption coefficient, ν is the frequency of absorp-
tion, B is a constant and sometimes called the band tailing parameter. Eg is the optical 
energy gap, which is situated between the localized states near the mobility edges accord-
ing to the density of states model proposed by Mott and Davis (Galperin et al. 1989).The 
exponent n is a constant, which takes values for direct allowed or indirect allowed transi-
tions as ½ and 2, respectively. Note that, the energy gap or the electron ansition is tightly 
dependent upon the composition itself, its constituents and its electronic band structure as 
revealed by Khashan et al. (2014).

From the Tauc plot of Fig.  9, one can clearly see two shoulders, which may be cor-
responding to different bandgaps related to two oxide systems. ZnO has direct bandgap 
nature while anatase TiO2 has indirect nature.

The direct optical energy gap was estimated from the absorption coefficient values 
using Tauc’s procedure. The region showing a steep, linear increase of light absorption 
with increasing energy is characteristic of semiconductor materials. The x-axis intersection 
point of the linear fit of the Tauc plot gives an estimate of the band gap energy. The band 
gap energy is narrowed with the doping process, it was initially 4 eV at 8% Ni and became 
3.9 eV at 10% Ni. It was found that the obtained optical gap exhibits a band gap value of 
2.91 eV. However, the band gap Eg shifts towards higher values with the rise of metal con-
centrations, attaining a maximale value of 4 eV for 12% Ni doped ZnO/TiO2. The obtained 
results of indirect optical energy gap (Eg) are consistent with those found in some literature 
works (Morigaki and Ogihara 2017).

(1)�hv = B
(

hv − Eg

)n
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Thus, in our case this shift is an expected behavior (Hassanien and Akl 2016). The 
obtained results are in good agreement with other previous works (Tauc 1974; Aly et al. 
2012).This seems to have prominent effect on electronic conduction of the studied hetero-
structure. This direct-to-indirect bandgap crossover, demonstrate a highly tuneable optical 
properties.

It seems that the effect of growing crystal structure by addition of metallic filler even at 
ambient temperature, increases lattice quantized vibrations, growing the life and density 
of the phonons. The phonons are always present in solid at high or low density, depend-
ing on its lattice-quantized vibrations. In amorphous solid phonon’s effect is vanished by 
diffusion. However, in the metal particles—periodic structure to a long distance, such the 
present case, their energy becomes not negligible and they can be absorbed and contrib-
ute to the transition. Their exchange with electrons becomes therefore pertinent, allowing 
indirect interband transitions. Moreover, for such behavior can take place, the electrons 
must exchange their energy with photons and their momentum with phonons. Note that 
there is no selection rule for electronic transitions in an indirect gap, unlike the direct gap 
where the selected rule is the conservation of the momentum. Thus, when the energy of the 
photon reaches the energy of the direct gap, the absorption will rather be dominated by the 
direct transitions more than the indirect transitions, since the latter involves a three-particle 
process: electron, photon and phonon for the conservation of lattice momentum. There-
fore, the indirect transitions process can be occurred in two-steps: absorption of energy 
by the absorption of a photon, followed by the conservation of momentum by emission or 

Fig. 9   (αhν)1/2 versus energy plot for Tauc gap extraction
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absorption of a phonon. Therefore, it seems that the contribution of phonon is important in 
the studied thin films with favorited indirect transition of the studied nanofilms.

4.2 � Determining the optical band gap from the photoluminescence data

PL spectroscopy depends on the material status, such as defects, impurities, dopants, 
and the contribution of non-radiative energy transfer to the radiative energy measured by 
the device. Emission spectra are obtained by exciting the sample at higher energies and 
observing the resulting emission at lower energies. The exact bandgap is not given for the 
PL emission, since the emission is not 100% radiative in nature, there is always some non-
radiative emission associated with it (Fig. 10).

The bandgap calculated by PL studies is always smaller than the original bandgap. This 
is because light is absorbed when electrons migrate to the conduction band, leaving holes 
in the valence band.

Excitons are formed when the Coulomb interaction between electrons and holes is 
strong, and since they have some associated binding energy, their energy level is slightly 
lower than that of the conduction band minimum. Therefore, when excitons recombine and 
emit light, the photon energy measured by PL is slightly smaller than the optical band gap, 
measured by the absorption of binding energy. Thus, the PL line gives the "band gap minus 
the exciton binding energy":

In  fact,  this  approach is different from the one  commonly  used. The advantage 
of  this method is that  it  is not necessary  to make an arbitrary choice of  low-power exci-
tation to select the PL emission spectrum and its peak energy. This  method  to  accu-
rately  determine  the  Eg  band gap  has  been  applied  in recently published  work (Bleuse 
2020).

Several information on material properties such as the gap value can be provided by 
photoluminescence spectroscopy. In this work, we have used this characterization tech-
nique to evaluate the crystal quality of the studied layers and to analyze the effect of dopant 
and defects on the indirect gap of the titled heterostructure.

The PL spectra of as grown are shown in Fig. 11. They are all taken at the same excita-
tion power and integration time and are hence comparable. The intensities of the spectra 
are normalized to discuss the difference of the spectral shape, although the total PL inten-
sity increases with an increase in dopant concentration.

(2)EPL = Eg − Eexcitons

Fig. 10   Radiative vs non-radia-
tive recombination
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It should be noticed that each sample has a broad luminescence band with two Gauss-
ian-type bands with centers at 2.1 and 2.3 eV. The ratio of the band with a center at 2.1 
eV decreases as the absorption A increases. It appears that the band with a 2.1 eV center 
has a close relationship to the oxygen vacancies, this finding has been proven elsewhere 
(Iijima et al. 2008). Because the spectral structure of the band depends on the doping 
concentration, another band with a center at 2.3 eV was formed by the recombination of 
self-trapped excitons (STE) (Sekiya et al. 2000).

Excitons and Ni impurities, are more likely to be responsible for observed changes 
in peak values at the band edges; this is more likely referred as tuned structures.As 
our first results, we obtained UV peaks around 3.22 eV from ZnO nanostructures; these 
peaks are enhanced by increased Ni doping (See Fig. 11). Furthermore, a visible band 
(405–700 nm) (1.77–3.06 eV) is related to structural defects in ZnO, and an ultraviolet 
(UV) band (360–375 nm) (3.17–3.3eV) is related to excitons.

To get the value of the wavelength, we extract it from the following relation:

The simplified form of the above equation turns to be written as follows:

(3)E = hv =
h.c

�

Fig. 11   UV–visible emissions of the Room temperature photoluminescence spectra at room temperature 
using PL excitation of 3.6 eV, which is bigger than the ZnO and TiO2, band gaps
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The obtained deconvoluted spectra clearly confirm that indeed, Anatase TiO2 has two 
contributions with two separated spectra namely located at 2.5eV (green emission) and 
1.9eV (Red emission); this behavior was observed when TiO2 films were exposed to O2 
and resulted in a significant reduction of peaks or intensities quenching (Iijima et  al. 
2008).

The peaks in the range (2.12–2.25 eV) are attributed to TiO2 Anatase since the ZnO 
lattice is stacked beneath the TiO2 thin film. Whereas the Yellow-Green and Violet 
emissions are caused by oxygen interstitials (2.12–2.25 eV), zinc vacancies (3.03–3.15 
eV), zinc interstitials (3.1–3.22 eV), and oxygen vacancy (2.76 -2.95 eV). It is worth 
noting that the red region in ZnO is commonly associated with oxygen (Alvi et  al. 
2011). Furthermore, violet emission at 3.10 eV has been observed for Ni 8, 10, and 12% 
doped ZnO-TiO2 heterostructures and is attributed to Ni doping due to dislocations and 
Cottrell atmosphere associated with dislocations (3.15eV). When (0%Ni) and (12%Ni) 
are compared, the deep-level components are found to be centered in the orange region, 
while the red components are found to be centered in the red region (See Fig. 12). By 
facilitating the recombination processes of hole-electrons pairs and more exactly the 
exchanges between Ni2+ cations and O2− anions (Singh et al. 2018), the photolumines-
cence is enhanced near ultraviolet–visible (UV) region, these results are in agreement 
with other works (Xie et al. 2015; Xu et al. 2009).

(4)� =
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Fig. 12   Deconvolution of photoluminescence PL spectra
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5 � Conclusion

In summary, we prepared TiO2/ZnO and TiO2 on top of Ni(8,10,12%)-doped ZnO hetero-
structures using two facial deposition methods: dip coating for depositing titanium dioxide 
thin films on top of as-prepared undoped and Ni(8,10,12%)-doped ZnO, and spray pyroly-
sis. Furthermore, the microstructural properties of the prepared samples were character-
ized using Micro Raman spectroscopy, SEM (Scanning electron Microscope), and AFM 
(Atomic Force Microscopy) at room temperature. Furthermore, the Raman spectra revealed 
both intensities corresponding to the mean peaks of Wurtzite-ZnO and Anatase-TiO2. The 
intensity of the Ni–O bond was also detected and confirmed by the presence of Ni impu-
rities. EDS atomic mapping and elemental spectra specifically indicated the inclusion of 
Ni as dopants inside the ZnO lattice. In contrast, the AFM in tapping mode verifies the 
crystalline form of TiO2 on top of ZnO films, which are all homogenous, smooth, and with 
minimal roughness. The optical characteristics were measured using two separate tech-
niques. First, the absorbance of the produced heterostructures was evaluated using a spec-
trophotometer, which indicated that the absorbance decreased as the Ni doping increased. 
In addition, photoluminescence has shown several emission ranges.

Importantly, we observe the contribution of two oxides, ZnO and TiO2, and find the role 
of Ni doping as a key parameter to improve emission over a wide range. Finally, emission 
tuning is useful for optoelectronic applications such as quantum dot LEDs, multiple quan-
tum wells (MQWs), and electronic light control.
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