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ABSTRACT
Pulsed DC magnetron sputtering was employed to deposit ZnO/TiO2 bilayer thin 
films of varying thicknesses on glass substrates, with both layers being 80 nm 
thick. The structural and optical properties of the thin films were investigated 
using X-ray diffraction (XRD), atomic force microscopy (AFM), photolumines-
cence (PL), and optical transmittance measurements. The AFM analysis revealed a 
fine dispersion of spherical particles on the bilayer, with thicker ZnO layers lead-
ing to an increase in particle size. The single-layer film exhibited lower surface 
roughness (4.56 nm and 4.71 nm for ZnO and TiO2, respectively) compared to 
the ZnO/TiO2 bilayer (approximately 8 nm). The adhesion force decreased with 
increasing TiO2 thickness, from 50 mN (80 nm ZnO) to 10 mN (80 nm TiO2). XRD 
analysis indicated that the ZnO/TiO2 bilayer are amorphous, while the single 
ZnO layer is semi-crystalline with a hexagonal wurtzite crystal structure with 
an average crystallite size of 52 nm for the ZnO (100) plane. PL spectroscopy 
showed a strong violet emission at 420 nm, along with weaker emissions at 461 
and 467 nm for all samples. The intensity of UV emission increased with TiO2 
layer thickness, peaking at 20 nm ZnO/60 nm TiO2. The band gaps (Eg) for the 
single-layer ZnO and TiO2 were found to be 3.21 eV and 3.32 eV, respectively. 
However, the Eg of the bilayer films increased from 3.27 eV to 3.36 eV as the TiO2 
layer thickness increased.
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as the temperature decreased from 300 to 20 K [31]. 
The bilayer architecture provides distinct advantages, 
including improved charge separation, extended opti-
cal absorption, and an increased surface area for cata-
lytic processes. Specifically, the use of TiO2 as a bottom 
layer enhances stability and photocatalytic efficiency, 
while the ZnO top layer contributes to superior optical 
and electronic properties. Together, these layers cre-
ate a synergistic effect, achieving performance metrics 
unattainable by either material alone. For use in solar 
cells and light-emitting diodes, optimized multilay-
ered ZnO films can be created with low resistivity and 
high solar transparency in the visible spectrum [32].

Various techniques are employed to fabricate thin 
films, including atomic layer deposition (ALD) [33], 
chemical vapor deposition (CVD) [34], DC magnetron 
sputtering [35, 36], spray pyrolysis [37], and sol–gel 
[38]. Moreover, there are other methods for the synthe-
sis of oxide particles such as standard solid-state reac-
tion [39] and ion-beam sputtering/deposition (IBSD) 
technique [40]. Among these, DC magnetron sputter-
ing stands out due to its numerous advantages, such as 
low synthesis temperature, cost-effectiveness, precise 
control over film thickness and composition, and the 
ability to produce homogeneous thin-film microstruc-
tures. In addition, this technique is highly promising 
for its capacity to deposit thin, transparent, and uni-
form layers on diverse substrates with high efficiency 
and low cost. As a result, DC magnetron sputtering is 
widely utilized for depositing materials with a range 
of properties [41–46], including metal oxide thin films 
[47–49]. In particular, DC magnetron sputtering ena-
bles the fabrication of ZnO and TiO2 thin films with 
tailored properties by adjusting sputtering parameters, 
such as power, pressure, and deposition time [50, 51].

The structure and properties of photocatalytic films 
produced via magnetron sputtering are influenced by 
various factors, including the working pressure, O2/
Ar ratio, the distance between the substrate and target, 
the type and temperature of the substrate, the sputter-
ing power, and the configuration of the target [52, 53].

For example, oxygen stoichiometry plays a cru-
cial role in determining the electrical and structural 
properties of complex oxides [25]. One of the most 
important parameters influencing the optical prop-
erties of deposited thin films is their thickness. The 
thickness of TiO2 and ZnO layers plays a critical role 
in shaping their optical characteristics. By carefully 
adjusting the thickness, it becomes possible to opti-
mize these properties for specific applications, such 

1 Introduction

Zinc oxide is a common II–VI compound semiconduc-
tor with a large direct band gap (3.2–3.4 eV), low cost, 
and non-toxicity [1, 2]. It exhibits strong optical trans-
mission and is well suited for the solar spectrum [1]. 
Due to its structural, electrical, and optical properties, 
ZnO has a wide range of applications in optoelectronic 
devices and solar cells [3–6]. Owing to these prom-
ising characteristics, ZnO thin films have attracted 
significant attention in the literature [1, 7–9]. On the 
other hand, titanium dioxide (TiO2) is an important 
semiconductor with numerous applications in photo-
catalysis and optoelectronic devices [10–12]. In addi-
tion, with the advent of 5G technology in mobile com-
munication systems, there is an increasing demand for 
miniature, high-frequency microwave devices, where 
dielectric materials, including magnetodielectrics, are 
highly sought after [13–15]. For example, D. A. Vinnik 
et al. demonstrated that titanium-substituted barium 
hexaferrites exhibit tailored magnetodielectric behav-
ior, which is essential for microwave applications [15]. 
Furthermore, various classes of oxides have shown 
excellent electronic properties [16]. The microstruc-
tural, optical, and electrical properties of TiO2 thin 
films are influenced by the deposition techniques and 
the types of TiO2 phases that are formed [17–20].

On the other hand, multilayered semiconductor 
materials can be able to improve the electrical and 
optical properties of films [21–23]. It is well known that 
combining different compounds with excellent dielec-
tric properties leads to the formation of new composite 
materials, which have garnered significant technologi-
cal interest in recent years [24]. Furthermore, the com-
bination of polymers with oxides results in compos-
ites with enhanced electronic properties [25]. In recent 
years, the combination of ZnO and TiO2 in bilayer thin 
films has gained significant attention as a promising 
strategy to harness the complementary properties 
of both semiconductors. This approach has shown 
enhanced performance in applications such as photo-
voltaics, photocatalysis, and optoelectronics [26–29]. 
Recent studies on zinc-titanium-based compounds 
have highlighted their unique properties. For exam-
ple, Barros et al. examined the high thermal stability 
of ZnNb2O6 with CaTiO3 addition, showing its poten-
tial for microwave dielectric applications in the C- 
and S-bands [30]. In addition, Bodnar et al. produced 
single crystals of Cu2ZnGeSe4 using a gas chemical 
method and observed a 12% increase in the band gap 
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as high-transmittance coatings, UV protection, or 
enhanced light absorption in solar cells. Both experi-
mental and theoretical studies often focus on fine-
tuning the thickness to achieve an optimal balance 
between transmittance, reflectance, and absorb-
ance [54, 55]. For instance, C.M. Firdaus et al. [56] 
explored the performance and characteristics of 
nanostructured ZnO and ZnO/TiO2 thin films on 
glass substrates, fabricated using the sol–gel spray-
spin coating technique at varying thicknesses. Their 
study revealed that the conductivity of the ZnO/
TiO2 nanocomposite was higher compared to that 
of the pure ZnO nanostructures. Furthermore, opti-
cal properties demonstrated that the band gap of the 
ZnO/TiO2 nanocomposite decreased with increasing 
thickness. I. Saurdi et al. [57] investigated the effect 
of TiO2 thickness on ZnO nanorod/ TiO2 nanocom-
posites. TiO2 films were deposited on glass sub-
strates at various thicknesses using the spin coating 
method. Their results showed that the solar energy 
conversion efficiency (η) of 2.543% under AM1.5 
was achieved for the ZnO nanorod/TiO2 dye-sensi-
tized solar cells with a TiO2 thickness of 2710 μm, 
showing higher dye desorption and absorbance 
compared to other configurations. However, there 
is limited research on the effects of combining these 
materials in bilayer configurations, particularly with 
DC-pulsed magnetron sputtering. As a result, the 
relationship between layer thickness, structural 
morphology, and optical properties remains poorly 
understood.

This study offers new insights into the relation-
ship between layer thickness and the properties of 
ZnO/TiO2 bilayer films, specifically exploring how 
variations in the individual layer thicknesses influ-
ence surface roughness, adhesion force, structural 
integrity, and optical characteristics. By maintain-
ing a constant total bilayer thickness of 80 nm while 
altering the thickness of the ZnO and TiO2 layers, 
this research uniquely investigates the effects of 
thickness ratio on the films’ performance for opto-
electronic applications. The novelty of this work 
lies in its systematic examination of how these 
structural and optical properties can be tailored 
through controlled adjustments in layer thickness, 
providing valuable guidance for optimizing bilayer 
films for future photocatalytic and optoelectronic 
technologies.

2 �Experimental details

The current study involves the deposition of titanium 
dioxide (TiO2) and zinc oxide (ZnO) thin films onto 
glass substrates using pulsed DC magnetron sputter-
ing technology. A schematic representation of the sys-
tem can be found in a previous publication [58]. The 
deposition chamber is equipped with three guns, each 
capable of depositing thin films, duplex layers, mul-
tilayers for specific applications, or multifunctional 
coatings. By operating two or three guns simultane-
ously, alloy thin films can be grown from different 
targets. The thickness monitor (Inficon SQM-160), 
integrated into the sputtering chamber, was used to 
monitor both the deposition rate and the thickness of 
the multilayer film. In addition, the target-to-substrate 
distance can be adjusted within a range of 7 cm to 
20 cm. The sample holder, and consequently the sub-
strates, can be heated to temperatures of up to 900 °C. 
These parameters can be varied and optimized dur-
ing the preparation of the thin films. In this study, a 
1-mm-thick glass sheet was cut into coupons measur-
ing 20 mm × 10 mm. Before being introduced into the 
deposition chamber, the glass substrates were ultra-
sonically cleaned in methanol for 15 min. The anode, 
which functions as the sample holder, has a diameter 
of 50.8 mm and is designed to hold the substrates in 
front of the three guns. The anode has the advantage 
of rotating from 0° to 360° and vice versa during dep-
osition, ensuring a homogeneous and uniform film. 
The rotation speed is controlled using a Programmable 
Oscillation Controller (model no: DCS-GP-SMC-2K12). 
Each of the three guns can be equipped with a differ-
ent target, also 50.8 mm in diameter, eliminating the 
need to evacuate the chamber and replace the target 
after depositing each layer. The targets are cooled dur-
ing the deposition process using an industrial chiller 
(model: CW-5200), with the cooling water temperature 
set to 10 °C.

For this work, a titanium (Ti) target with a thickness 
of 3 mm and 99.99% purity was used in a mixture of 
argon (Ar) and oxygen (O2) gases to deposit a TiO2 
coating on the glass substrates. Subsequently, a dif-
ferent Ar/O2 gas ratio was employed to deposit a thin 
ZnO layer using a Zn target of 3 mm thickness and 
99.99% purity. Once the substrates were placed in the 
chamber, the target-to-substrate distance was precisely 
set to 7 cm. Next, a two-stage rotary pump and a tur-
bomolecular pump were used to evacuate the cham-
ber, reducing the pressure to 7 × 10–6 mbar over 1.5 h. 
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Following this, O2 as the reactive gas and Ar were 
introduced into the chamber, raising the gas pressure 
from 7 × 10–6 mbar to approximately 5 × 10–3 mbar. For 
the deposition of ZnO thin films, a gas mixture consist-
ing of 10% O2 and 90% Ar was used. For the deposition 
of TiO2 thin films, a gas mixture of 5% O2 and 95% 
Ar was employed. The anode rotation speed was set 
to complete a full 360° cycle every 15 s, alternating 
between clockwise and counterclockwise rotations. 
Once the gases were introduced and the working 
pressure was stabilized, a pulsed DC generator (AE 
Advanced Energy Pinnacle Plus) was used to power 
the Ti or Zn target, initiating the deposition process. 
The pulsed DC generator was configured with a pause 
duration of 2 μs and a frequency of 150 kHz. The input 
power was set to 50 W for ZnO deposition and 150 W 
for TiO2 deposition. All samples were prepared under 
identical conditions, with the only variable being the 
thickness of the deposited layer. The initial thick-
ness of the first layer (TiO2) was set to 10 nm and was 
incrementally increased by 10 nm until reaching a final 
thickness of 70 nm. Conversely, the initial thickness 
of the second layer (ZnO) was 70 nm and was incre-
mentally decreased by 10 nm to achieve a final thick-
ness of 10 nm. The total combined thickness of the two 
deposited layers was 80 nm. It is worth noting that, 
prior to initiating the bilayer deposition, the deposi-
tion rates for ZnO and TiO2 were measured under the 
same conditions used during the deposition process. 
The measured deposition rate for ZnO was 1.57 Å/s, 
while for TiO2, it was 0.23 Å/s. After completing the 
deposition process, the samples were allowed to cool 
for 15 min before the chamber was vented to atmos-
pheric pressure.

The multilayers were characterized analytically 
post-deposition. XRD measurements were con-
ducted to analyze the structural properties of the 
thin films using a Bruker D8 ADVANCED diffrac-
tometer. The instrument was equipped with Cu Kα 
radiation (λ = 1.5406 Å) and operated at a scanning 
speed of 2°  min−1 with a step size of 0.02°. The 2θ 
scanning range was set from 10° to 90°, allowing for 
a comprehensive analysis of the crystalline phases 
and structural characteristics of the thin films. This 
setup enabled the identification of lattice parameters, 
crystallite size, and phase composition, providing 
detailed insights into the structural properties of the 
samples. Moreover, AFM measurements were per-
formed to evaluate the surface smoothness of the 
monolayer and bilayer films at the nanometer scale. 

AFM measurements were conducted using a Bruker 
Icon atomic force microscope (Germany) operating 
in tapping mode, with NSC15/Al-BS cantilevers at a 
scan rate of 0.295 Hz. In addition, optical transmit-
tance measurements were conducted to characterize 
the thin films’ optical properties (absorbance, trans-
mittance, and band gap) using a double-beam UV–vis-
ible spectrophotometer (Jasco V-760, USA), covering 
a wavelength range of 300 to 2000 nm. Furthermore, 
the PL measurements were performed using a Jasco 
FP-6500 spectrofluorometer (Japan), equipped with a 
150 Watt Xenon arc lamp as the excitation source. The 
slit bandwidth for both the excitation and emission 
monochromators was fixed at 5 nm, ensuring precise 
wavelength control and minimizing spectral overlap. 
All measurements were performed at room tempera-
ture (RT) under consistent geometrical conditions to 
ensure reproducibility and accuracy.

3 �Results and discussion

3.1 �Morphological properties

Figure 1 presents AFM images of single-layer and 
bilayer ZnO/TiO2 films with the same overall thick-
ness. Figure 1 shows a uniform distribution of spheri-
cal particles on both the single-layer ZnO and TiO2 
films. In contrast, the bilayer exhibits small spherical 
particles on the surface, with particle size increas-
ing as the thickness of the top ZnO layer increases. 
Table 1 provides the measured surface roughness (Ra 
in nm) and adhesion force (in mN) derived from the 
topographic images. The results show that the surface 
roughness of the single-layer ZnO and TiO2 films is 
lower compared to that of the ZnO/TiO2 bilayer. The 
surface roughness was measured to be 4.56 nm for 
the ZnO single layer and 4.71 nm for the TiO2 single 
layer, while the surface roughness of the ZnO/TiO2 
bilayer was approximately 8 nm. The roughness at the 
interface between the two layers may contribute to the 
increased surface roughness of the bilayer, influenc-
ing the overall surface profile. In addition, stress at 
the interface, arising from mismatches between adja-
cent layers, may further contribute to the increase in 
surface roughness [59]. Furthermore, adhesion force 
measurements revealed that the critical load required 
to peel the ZnO thin film from the substrate was 
50 mN, while for TiO2, it was only 10 mN. As sum-
marized in Table 1, the adhesion force for the bilayer 
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increased with ZnO thickness, ranging from 25 mN 
for a 20 nm ZnO/60 nm TiO2 bilayer to 35 mN for a 
50 nm ZnO/30 nm TiO2 bilayer. The higher adhesion 
force for ZnO compared to TiO2 can be attributed 
to ZnO’s higher surface energy and lower stiffness, 
which enhance its adhesion to the bottom layer and 
substrate [60]. In addition, the wurtzite structure of 

ZnO may provide a better lattice match with the sub-
strate, contributing to stronger adhesion.

3.2 �Structural properties

The XRD patterns of single-layer and bilayer ZnO/
TiO2 films deposited on a glass substrate are shown 
in Fig. 2, with a total film thickness of approximately 
80 nm. The results reveal that the single ZnO layer 
is semi-crystalline, exhibiting a diffraction peak at 
31.67˚ corresponding to the (100) plane of ZnO, and a 
very weak diffraction peak at 33.8° for the (002) plane. 
According to the standard JCPDS card (36–1451), these 
peaks confirm the hexagonal wurtzite crystal struc-
ture, with the c-axis oriented parallel to the substrate 
surface. The average crystallite size for the ZnO (100) 
plane is approximately 52 nm, calculated using the 
Scherrer equation [61]:

Fig. 1.   2D AFM topogra-
phy images (15 × 15 µm2) 
of 80 nm TiO2, 80 nm ZnO, 
20 nm ZnO/60 nm TiO2, and 
50 nm ZnO/30 nm TiO2 thin 
films

Table 1   Band-gap energy (Eg), surface roughness (Ra), and 
adhesion force (mN) of ZnO/TiO2 thin films

Samples Eg (eV) Ra (nm) Adhesion 
force (mN)

80 nm ZnO 3.21 4.56 50
50 nm ZnO/30 nm TiO2 3.27 8.46 35
20 nm ZnO/60 nm TiO2 3.36 8.12 25
80 nm TiO2 3.32 4.71 10
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where D is the average crystallite size, K is the Scher-
rer constant (approximately 0.9), λ is the X-ray wave-
length, β is the full-width at half-maximum (FWHM), 
and θ is the diffraction angle (Bragg angle).

The XRD pattern of the single TiO2 layer exhibits 
an amorphous structure (Fig. 2), consistent with the 
findings of Sagidolda et al. [62], who reported an 
amorphous structure for TiO2 thin films deposited by 
RF magnetron sputtering with a thickness of approxi-
mately 125 nm. In contrast, the ZnO/TiO2 bilayer films 
show an amorphous structure when the top ZnO layer 
is thin (20 nm), with a very weak diffraction peak 
at 33.8° for the (002) ZnO plane that becomes more 
prominent as the top ZnO layer thickness increases to 
50 nm. The amorphous nature of the bilayer ZnO/TiO2 
films is likely attributed to the thinness of the ZnO top 
layer and the stress at the interface between the bilay-
ers. In addition, the amorphous TiO2 bottom layer may 
hinder the crystal growth of ZnO [63].

3.3 �Optical properties

Figure 3 illustrates the transmittance spectra of four 
samples: TiO2 single layer, ZnO single layer, 20 nm 
ZnO/60 nm TiO2, and 50 nm ZnO/30 nm TiO2. The 
sharp decline in transmission in the UV region can 
be explained by the optical band gap. Figure 3 also 

(1)D =

K�

�cos�
,

shows a clear redshift in the absorption edge with 
increasing ZnO thickness, which aligns with the 
band-gap values as summarized in Table 1. Notably, 
the transparency of the 80 nm ZnO film is greater 
than that of the 80 nm TiO2 film. This difference can 
be attributed to the semi-crystalline structure of ZnO, 
in contrast to the amorphous structure of TiO2, which 
may enhance light scattering and absorption, thereby 
reducing transmittance. The AFM images also reveal 
that the bilayer has a rougher surface compared to 
the single layers of ZnO and TiO2, which may con-
tribute to the reduced light transmission. This reduc-
tion in transmittance could be attributed to light scat-
tering caused by the rough surface morphology and 
the amorphous structure of the bilayer films. When 
compared to the single-layer ZnO film, the bilayer 
exhibits lower transmittance. Previous studies have 
shown that thin films with smoother surfaces and 
fewer grain boundaries tend to have higher transmit-
tance in the visible range [64, 65]. Y. Chen et al. [66] 
observed that as the ZnO layer on TiO2 increased 
in thickness, the transmittance spectra decreased in 
the 500–800 nm range, followed by an increase in 
transmittance from 400 to 500 nm. These findings 
are consistent with the present data. It is likely that 
the rougher surface and higher grain boundary den-
sity of the films lead to increased optical scattering, 
which reduces the transmittance around 500 nm [66]. 
Moreover, Fig. 4 shows the variation of the absorp-
tion coefficient across the wavelength range of 300 to 

Fig. 2   XRD patterns of single-layer ZnO, single-layer TiO2, and 
bilayer ZnO/TiO2 thin films

Fig. 3   Transmittance spectra of single-layer ZnO, single-layer 
TiO2, and bilayer ZnO/TiO2 thin films
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2000 nm for single layers of both ZnO and TiO2, as 
well as for the ZnO/TiO2 bilayer. All samples have an 
overall thickness of approximately 80 nm. It can be 
observed that the absorption coefficient increases as 
the thickness of the TiO2 layer increases. The absorp-
tion coefficient was determined using Lambert’s law, 
expressed by the following equation [67]:

where α is the absorption coefficient, t is the thin-film 
thickness, and T is the transmittance spectrum of thin 
film.

All samples exhibit sharp absorption edges in the 
350–400 nm range. Furthermore, as seen in Fig. 4, the 
absorption edge shifts toward longer wavelengths as 
the thickness of the top ZnO layer increases. This shift 
is attributed to a change in the band gap of the bilayer 
samples. The bilayer samples also show a reduction 
in the wavelength range associated with a decrease in 
the absorption coefficient before reaching the sharp 
absorption edge. This behavior may be linked to an 
increase in defects at the interface between the two lay-
ers [68]. In addition, all synthesized bilayer ZnO/TiO2 
thin films exhibit significantly stronger and broader 
UV–visible absorption compared to the single-layer 
films, consistent with the findings reported by Lingx-
ing Shi et al. [69]. The optical band-gap energy (Eg) 
of the samples was determined under the assumption 
that they behave as direct band-gap semiconductors, 

(2)� =

1

t

ln

1

T

,

as shown in Fig. 5. Tauc’s equation, (αhυ)2 = β(hυ−Eg) 
[70], was used to analyze the absorption data. This 
involved plotting (αhν)2 on the y-axis against the inci-
dent photon energy (hν) on the x-axis. The band-gap 
value was determined by extrapolating the linear 
portion of the plot to the x-axis [71]. The results of 
the Eg calculations are summarized in Table 1. The 
band-gap energy values for the single-layer ZnO and 
the single-layer TiO2 are 3.21 eV and 3.32 eV, respec-
tively. Numerous previous studies have investigated 
the energy band gap for ZnO and TiO2. For instance, 
El-Hossary et al. [7] demonstrated that the energy 
band gap of ZnO varies between 3.14 and 3.35 eV, 
depending on changes in film thickness and surface 
morphology. Similarly, El-Moula et al. [72] reported 
that the Eg for TiO2 ranges from 3.12 to 3.49 eV, influ-
enced by the thickness of the Cu metal layer between 
the top and bottom TiO2 thin films. Other studies have 
shown that the band gap of ZnO is approximately 
3.2–3.37 eV, depending on the crystal quality of the 
films [73]. For bilayer films, the results indicate an 
increase in the energy band gap from 3.27 eV to 3.36 
eV as the thickness of TiO2 increases. This change in 
the energy band gap may be attributed to the struc-
tural transition from the semi-crystalline structure 
of ZnO to the amorphous structure of TiO2 [74]. In 
addition, the interaction between the two layers, ZnO 
and TiO2, promotes interfacial carrier transfer due to 
their matching band edge configurations. This trans-
fer increases the concentration of carriers in both the 

Fig. 4   Absorption coefficient of single-layer ZnO, single-layer 
TiO2, and bilayer ZnO/TiO2 thin films across a range of wave-
lengths

Fig. 5   Optical band gap (Eg) of single-layer ZnO, single-layer 
TiO2, and bilayer ZnO/TiO2 thin films, determined from the 
Tauc’s equation
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conduction and valence bands, which influences the 
electronic structure and subsequently alters the energy 
band-gap value. Moreover, the average grain size of 
composite samples plays a crucial role in determining 
their electronic properties by influencing charge trans-
port, interfacial effects, defect density, and polariza-
tion mechanisms [75]. The grain size can significantly 
impact the band gap, particularly in semiconductor 
materials and composites. Smaller grain sizes typically 
lead to an increase in the band gap due to quantum 
size effects and the higher surface-to-volume ratio, 
which results in more localized electronic states [76, 
77]. Therefore, optimizing grain size is essential for 
tailoring the electronic, dielectric, and functional prop-
erties of materials for specific applications. Abdel-Galil 
et al. [78] reported a slight increase in the optical band 
gap of ZnO from 3.2 eV to 3.218 eV. They attributed 
this rise in Eg to the combined effects of increased sur-
face roughness and decreased crystallinity, which led 
to a higher density of defects. Research has shown 
that both oxygen excess and deficiency significantly 
influence electrical parameters, such as resistivity and 
both dc- and ac-band gaps. Trukhanov et al. demon-
strated that oxygen deficiency in La0.7Ba0.3MnO3−γ 
(0 ≤ γ ≤ 0.30) can modify its magnetic and electrical 
behavior, a phenomenon also relevant to ZnO/TiO2 
bilayer [79]. These findings are in good agreement 
with the results obtained in the present study.

3.4 �Photoluminescence properties

The PL spectra at RT for single-layer ZnO, single-
layer TiO2, and bilayer ZnO/TiO2 thin films are 
shown in Fig. 6. All films exhibit PL emission peaks 
within the 400–550 nm range. Notably, the spectra 
display a strong violet emission at 420 nm, along 
with weaker emissions at 461 nm and 467 nm. Both 
single-layer ZnO and bilayer 50 nm ZnO/30 nm TiO2 
thin films show a strong violet emission at 420 nm 
and a green emission at 544 nm. The PL spectra of 
pure ZnO and 50 nm ZnO/30 nm TiO2 thin films con-
sist of a violet emission band and a broad visible 
emission band. Typically, UV emission is associated 
with the recombination of excited electrons and is 
influenced by the wavelength of the excitation light 
[80]. In contrast, visible luminescence is primar-
ily attributed to structural defects, including zinc 
vacancies, oxygen vacancies, interstitial zinc, and 
interstitial oxygen, which are linked to deep-level 
emissions [81]. Interestingly, the violet emission at 

420 nm is significantly more intense than the green 
emission at 544 nm. In addition, the PL spectra of 
single-layer TiO2 and 20 nm ZnO/60 nm TiO2 thin 
films were measured under identical excitation 
intensity, and violet luminescence at approximately 
420 nm was still observed. This leads to the con-
clusion that the violet emission is not solely due to 
amorphous or crystalline TiO2 films. Several expla-
nations have been proposed for violet emission. For 
example, violet luminescence at 420 nm has been 
attributed to an electron–hole plasma state under 
high excitation [82], while emission at 414 nm is 
associated with shallow defects under weak exci-
tation intensity [83]. Cao et al. [84] suggested that 
violet emission arises from exciton recombination 
between electrons localized at shallow zinc donor 
levels and holes in the valence band. However, in 
their experiments, the violet luminescence band was 
not prominent at RT. In contrast, Lingxing Shi et al. 
[69] proposed that violet luminescence may originate 
from radiative defects associated with interface traps 
at grain boundaries, resulting from radiative tran-
sitions between these defect levels and the valence 
band. Furthermore, the appearance of green emis-
sion in the bilayer 50 nm ZnO/30 nm TiO2 film is 
attributed to a reduction in the crystalline structure 
(amorphous nature) and a decrease in Zn content. 
Intrinsic defects, particularly oxygen vacancies and 
oxygen interstitials, are significant contributors to 
the green and yellow regions of the PL spectra in 

Fig. 6   Photoluminescence spectra of single-layer ZnO, single-
layer TiO2, and bilayer ZnO/TiO2 thin films, showing the emis-
sion characteristics at RT
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ZnO [85]. Zhou et al. [86] suggested that the pos-
sible presence of Zn(OH)2 on the surface could 
also contribute to the green emission. In addition, 
the enhanced UV emission observed in the 20 nm 
ZnO/60 nm TiO2 sample can be explained by two fac-
tors: (1) the surface passivation effect caused by cap-
ping TiO2 particles, and (2) fluorescence resonance 
energy transfer (FRET) between the band edge tran-
sitions of TiO2 and ZnO [87]. FRET involves the non-
radiative transfer of photon energy from an excited 
donor to an acceptor located in close proximity. For 
FRET to occur, the absorption spectrum of the accep-
tor must overlap with the fluorescence spectrum of 
the donor, and the transition dipole orientations of 
the donor and acceptor must have a parallel com-
ponent [87]. The transmittance spectra of the films 
revealed that the band gaps of TiO2 and ZnO are 
comparable, and their luminescence spectra over-
lap significantly, suggesting the possibility of FRET. 
When the ZnO/TiO2 bilayer films are irradiated with 
UV light, photo-induced electrons (e−) can transfer 
from the conduction band (CB) of TiO2 to that of 
ZnO [88]. Simultaneously, holes (h+) migrate from 
the valence band (VB) of TiO2 to that of ZnO. This 
charge carrier accumulation broadens the band gap 
of the bilayer films, which aligns with the transmit-
tance results. Furthermore, this process increases the 
probability of electron–hole recombination lumines-
cence. Specifically, energy is efficiently transferred 
to ZnO after the excitation of electron–hole pairs in 
TiO2 via the resonance effect, leading to a significant 
enhancement of the band edge emission of ZnO. As 
a result, the UV emission intensity increases with 
the thickness of the TiO2 layer, peaking at the 20 nm 
ZnO/60 nm TiO2 film. In conclusion, the structural 
transition from crystalline to amorphous reduces 
the intensity of PL emission and decreases the elec-
tron–hole recombination rate. This structural change 
in the bilayer samples promotes enhanced elec-
tron–hole separation, significantly improving their 
photocatalytic activity [89, 90].

4 �Conclusion

This study investigated the structural, morphologi-
cal, and optical properties of ZnO/TiO2 bilayer thin 
films deposited via pulsed DC magnetron sputtering. 
The bilayer films exhibited approximately double the 
surface roughness compared to single-layer films, 

while the adhesion force decreased with increasing 
TiO2 thickness, from 50 mN (80 nm ZnO) to 10 mN 
(80 nm TiO2). XRD analysis revealed a semi-crystal-
line hexagonal wurtzite structure for ZnO and an 
amorphous phase for TiO2. Optical characterization 
showed a redshift in the absorption edge as the ZnO 
thickness increased and a rise in the optical band gap 
with thicker TiO2, which can be attributed to structural 
changes and interfacial interactions. Photolumines-
cence spectroscopy revealed a strong violet emission 
at 420 nm, with UV emission intensity peaking for the 
20 nm ZnO/60 nm TiO2 configuration. These findings 
highlight the enhanced optical properties of ZnO/TiO2 
bilayer thin films, suggesting their potential for opto-
electronic applications.

Future research will focus on optimizing the prop-
erties of ZnO/TiO2 bilayer films for specific optoelec-
tronic applications. In particular, the effects of vary-
ing deposition parameters, such as sputtering power, 
pressure, and substrate temperature, on film morphol-
ogy, crystallinity, and optical properties will be further 
explored. In addition, the role of interfacial interac-
tions between ZnO and TiO2 will be studied in greater 
detail, with an emphasis on their impact on charge 
transport and recombination dynamics.
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