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Abstract.  

The influence of Mn on the structural and optical characterization of ZnO/Mn/ZnO    multilayer 

thin films has been systematically investigated.  Thin film samples with Mn layer thickness 

between 0-80nm were prepared by using a combination of atomic layer deposition (ALD) for 

ZnO, and direct current magnetron sputtering (DC) for Mn interlayer. The addition of Mn   

between the ZnO layers alters the electronic structure and defect distribution of the system, 

leading to observable changes in optical response. The thickness, morphology and optical 

response of the thin films under study were examined via X-Ray reflectivity (XRR), focused on 

the ion beam (FIB) cross-sectioning, scanning electron microscope (SEM). XRR analysis 

revealed an increase in surface roughness of the films and Mn layer density with higher Mn 

thickness, indicating improved Mn layer compactness, while FIB and SEM analysis confirmed 

the thickness and showed relatively sharp interfaces.  From the measured transmittance and 

reflectance (T& R) spectra, a decrease in the refractive index n and the valence and surface 

electron energy loss functions (VELF and SELF), while an increase in the extinction coefficient 

k, dielectric constants (𝜀1 and 𝜀2 ) ,and optical and electrical conductivity (σopt) and (σelec)), 

highlighting the tunability of the optical properties with Mn interlayer thickness.  The 

comprehensive analysis of the optical parameters derived confirms that controlled Mn interlayer 

provides an effective strategy for tuning the electronic and optical properties of ZnO/Mn/ZnO 

multilayers, making them promising candidates for advanced optoelectronic and photonic 

applications. 

Keywords: ZnO/Mn/ZnO multilayer, Transition metal, Dielectric function, Transport properties. 

  

1. Introduction 
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ZnO-based multilayer structure has attracted significant attention due to their remarkable optical 

transparency, wide band gap, and versatility in optoelectronic applications [1-5]. The 

incorporation of transition metal interlayers has emerged as an effective strategy to tailor the 

structural and optical behavior of ZnO-based multilayer systems [6-10].  
Among various transition metals, manganese (Mn) plays a crucial role in modifying the 

morphology and optical response of ZnO due to its multiple oxidation states and strong 

interaction with ZnO layers. The variation of Mn layer thickness within ZnO/Mn/ZnO system 

plays a decisive role in controlling grain size, surface roughness and defect density which 

directly influences the optical constants and band gap energy [11-14].   

Therefore, doping ZnO with Mn provides a strategy for engineering its optical 

characteristics without compromising its structural integrity. Understanding the correlation 

between Mn content (layer thickness), morphological evolution and optical response is essential 

for optimizing these structures for advanced photonics, light-harvesting, sensing devices, and 

optoelectronic applications. The optical constants, refractive index (n) and extinction coefficient 

(k), extracted from transmittance (T) and reflectance (R) measurements, were used to determine 

the complex dielectric function of the prepared films [15-18]. The dielectric response provides 

direct insight into changes in the electronic structure induced by dopant incorporation [19,20]. 

From the dielectric function, the optical and electrical conductivity, the valence and surface 

electron energy loss functions (VELF and SELF) were evaluated, allowing their sensitivity to 

Mn incorporation to be accurately assessed [21-22]. In addition, high quality, uniform and 

precise Mn incorporation into the ZnO/Mn/ZnO multilayer structure, can be achieved through 

optimized atomic layer deposition (ALD) and DC magnetron sputtering [23-30]. 
       Despite the significant progress achieved in ZnO-based multilayer thin films, a systematic 

understanding of how Mn interlayer thickness influences the structural characteristics and the 

resulting optical constants and derived optical parameters remain limited. In particular, 

comprehensive studies that correlate structural evaluation with dielectric, optical conductivity, 

energy-loss functions and related optical parameters in ZnO/Mn/ZnO multilayer structures are 

still scarce. Therefore, the present work systematically investigates ZnO/Mn/ZnO multilayer thin 

films with different Mn interlayer thickness were deposited by atomic layer deposition and DC 

magnetron sputtering. Their structural ,morphological, and optical properties were systematically 

investigated, and the n, k dielectric constants 𝜀1 and 𝜀2 and consequently optical and electrical 

conductivity (σopt) and (σelec) and (VELF and SELF) were evaluated to provide a deeper 

understanding of the effect of Mn interlayer thickness on the optical behavior of the multilayer 

system. 
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The precise control over layer thickness enables a clear correlation between Mn addition 

and the observed modifications in n, k dielectric constants ε1 and 𝜀2 and consequently optical 

and electrical conductivity (σopt) and (σelec) and (VELF and SELF) behavior. 

2. Experimental procedure. 

We have prepared glass/ZnO(80nm)/Mn (X nm)/ZnO(80nm) samples with X=0, 20, 40, 60, 80 

nm. The samples were prepared by atomic layer deposition, ALD (Beneq TFS-200) and by DC 

magnetron sputtering. First, 80 nm ZnO was grown on the glass substrate by ALD. Subsequently, 

the sample was removed from ALD and loaded into the DC magnetron sputtering system to 

prepare the Mn layer (except for the sample without Mn layer). Afterwards the samples were 

reloaded into ALD and another 80 nm ZnO layer was deposited on top. Please note that the ZnO 

layer of the sample without Mn layer was also prepared in two steps. The Mn layer was prepared 

using Ar plasma with a work pressure of 6·10-1 Pa, the deposition rate was 0.1nm/s. The base 

pressure of the chamber was 6·10-5 Pa. The ZnO layers were prepared at 200 ºC using water 

(H2O) and diethylzinc (DEZ) precursors. The H2O and DEZ pulses were 300 ms long, while the 

purge time was 3 s in all cases. In total, 444 cycles were used to grow 80 nm ZnO. Further 

details can be found in ref.  [30]. Fig.1 illustrates the schematic diagram showing the step-by-

step preparation workflow. 
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Fig. 1: Schematic drawing for the steps used for preparing the ZnO/Mn/ZnO with different Mn 
interlayers. 

Grazing incidence X-ray diffraction (GIXRD) measurements were performed using a Rigaku 

Smartlab Diffractometer in the range of 25 – 80°. X-ray reflectivity (XRR) measurements were 

also performed to obtain layer thickness, density and roughness information. Rigaku SmartLab 

Studio II software was used to evaluate (fit) the XRR and GIXRD results.   Focused Ion Beam 

Scanning Electron Microscopy (FIB-SEM) measurements using a Thermo Scientific Scios 2 

DualBeam apparatus was also used to check thickness and continuity of the films. A SemiLab 

SE-2000 spectroscopic ellipsometer was also used to determine the thickness of the prepared 

films. The transmittance and reflectance spectra were recorded by using a double beam 

spectrophotometer (UV-3101PC Shimadzu). The thin film samples in this study will be labelled 

as ZnO, ZM20Z, ZM40Z, ZM60Z and ZM80Z corresponding to the nominal glass/ZnO(80nm)/Mn 

(X nm)/ZnO(80nm) structure with X=0, 20, 40, 60, 80 nm, respectively. 
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3.Results and discussion.  

3.1 Morphological Evaluation in ZnO induced by Mn Addition Via XRR, FIB and SEM.  

The GIXRD patterns were recorded to determine the crystallinity of the samples, providing 

insight into the effect of the Mn interlayer on the film structure. Fig.2 presents the XRD pattern 

of the ZnO/Mn/ZnO multilayer films and pure ZnO.   
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Fig.2 The XRD patterns of the five different samples of pure ZnO & ZnO/Mn/ZnO system, 
marking the Mn diffraction peaks. 

 Additional diffraction peaks appearing between 2q = 45°-50° and 60°-65°, are not characteristic 

in pure ZnO wurtzite phase, and indicate the contribution of Mn interlayer. XRR curves were 

obtained to provide information about the layer thickness, surface/interface roughness and 

density of each layer in the ZnO/Mn/ZnO structure compared to that of pure ZnO, giving insight 

into the influence of Mn interlayer.  Fig.3 shows the obtained reflectivity curves together with 

their fitness.  The fitting parameters are summarized in Table.1. 
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Fig.3 Intensity curves of ZnO/Mn/ZnO multilayers with different thicknesses of Mn interlayers 

 

The results reveal that the Mn interlayer significantly influences the structural parameters.   It 

can be seen that increasing the thickness of the Mn interlayer results in increasing Mn layer 

density. 
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Table.1 summarizes the X-ray reflectivity (XRR) results including the layer thickness, surface 
roughness, and film density of the prepared structures in comparison with pure ZnO. 

In order to elucidate how the Mn interlayer modifies the microstructure of the ZnO/Mn/ZnO, 

cross-sectional SEM images were taken after milling with focused ion beam (FIB). The FIB 

cross-sectional analysis shown in Fig.4(a-e) confirmed the uniformity of the multilayer structure 

and revealed clear interfaces between ZnO and Mn. 

                                      Parameters 

          

                Samples 

Thickness 

[nm] 

Total film 

thickness [nm] 

Roughness 

[nm] 

Density 

[gm/Cm3] 

ZnO Pure 159.5 159.5 3.6±૙. ૞ 5.4±૙. ૚ 

 

ZM20Z 

ZnO top 79  

181 

3.0±૙. ૞ 5.6±૙. ૚ 
Mn 21 3.4±૙. ૞ 6.0±૙. ૚ 

ZnO bottom 81 2.3±૙. ૞ 5.7±૙. ૚ 

 

ZM40Z 

ZnO top 82  

199 

3.5±૙. ૞ 5.7±૙. ૚ 
Mn 36 3.2±૙. ૞ 6.4±૙. ૚ 

ZnO bottom 81 2.1±૙. ૞ 5.6±૙. ૚ 

 

ZM60Z 
ZnO top 87  

224 

3.8±૙. ૞ 5.5±૙. ૚ 
Mn 55.5 2.5±૙. ૞ 6.6±૙. ૚ 

ZnO bottom 81.5 2.0±૙. ૞ 5.8±૙. ૚ 

 

ZM80Z 

ZnO top 88.5  

239.5 

3.9±૙. ૞ 5.5±૙. ૚ 
Mn 70 3.0±૙. ૞ 6.7±૙. ૚ 

ZnO bottom 81 2.0±૙. ૞ 5.5±૙. ૚ 
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Fig.4(a-e) FIB micrographs of pure ZnO and the four ZnO/Mn/ZnO samples, showing the 
difference morphology and layer structure after the addition of Mn layer. (a) ZnO, (b) ZM20Z, 

(c) ZM40Z, (d) ZM60Z, (e) ZM80Z. 

From the FIB micrographs of pure ZnO and the four ZnO/Mn/ZnO samples, the images highlight 

changes in grain structure, interface sharpness and layer uniformity resulting from the addition of 

Mn layer to the ZnO multilayer architecture. The total thickness and individual layer dimension 

of the ZnO/Mn/ZnO stack were accurately determined, showing good agreement with the (XRR) 

results.  Top-view SEM images of the sample surface were also taken as seen in Fig.5(a-e). 
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Fig.5 (a-e) SEM images of pure ZnO and the four ZnO/Mn/ZnO samples, showing the variations 
in surface morphology after the addition of Mn interlayer. (a) ZnO, (b) ZM20Z, (c) ZM40Z, 

(d) ZM60Z, (e) ZM80Z. 

The SEM micrographs in Fig.5(a-e) highlight the structural changes and surface features 

associated with the addition of Mn layer. The progressive increase in Mn modifies the growth 

kinetics of the upper ZnO layer by introducing additional nucleation centers and interfacial 

strain. Thin Mn layers slightly increase surface roughness, whereas thicker Mn layers promote 

grain coalescence as observed in ZM60 Z and, ZM80Z. The enhanced roughness seen in the SEM 

images is consistent with XRR results and contributes to the reduced optical transmittance “seen 

in Fig.6(a) “through increased light scattering. The increase in density and roughness with 

increasing Mn interlayer thickness that the Mn interlayer thickness indicates that the Mn 
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interlayer modifies the growth behavior of the ZnO layers, leading to a denser structure and a 

rougher surface, consistent with previous reports on transition -metal- modified ZnO films. 

3.2 Correlation of Optical and Dielectric Response of Mn Interlayer in ZnO. 

The optical behavior of Mn- ZnO system is strongly influenced by the modification of electronic 

structure and defect states introduced by the Mn ions [31]. The Mn interlayer between the ZnO 

layers generates additional energy levels within the band gap, increasing free-carrier 

concentration, and introduces lattice distortion. Therefore, studying the variation of transmittance 

(T) and reflectance (R) with Mn layer thickness provides important insight into how dopant-

induced defects, band structure modifications, and morphological changes influence the optical 

response of ZnO/Mn/ZnO system. Fig.6(a&b) illustrates the effect of Mn interlayer on the (T) 

and (R) of the ZnO/Mn/ZnO system, showing a clear decrease in (T) and a corresponding 

increase in (R) as the Mn concentration increases.   
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Fig.6 (a&b) Transmittance and Reflectance for ZnO/Mn/ZnO thin film system. 

 The transmittance exhibits a non-monotonic trend with increasing Mn interlayer thickness. It 

decreases at Mn20nm, reaches a maximum   value at Mn40nm, and then decreases again at 

higher Mn thickness, indicating that the optical response is governed by the competition between 

absorption, reflection, and the evolution of the multilayer microstructure. The simultaneous 

increase in (R) and the decrease in (T) by increasing the Mn content is mainly due to higher 

defect levels and increase in surface roughness as seen in Table.1. The refractive index (n) and 

the extinction coefficient (k), play an important role in selecting the appropriate materials that are 

suitable for the fabrication of particular optoelectronic applications. The values of the refractive 

index n, and the extinction index or the absorption index k of ZnO, ZM20Z, ZM40Z, ZM60Z and 

ZM80Z thin films, can be calculated by using Murmann’s exact equations for reflectance (R) and 

transmittance (T) by using and applying these equations [32-36]: 

ࡾ = ࢼࢋ ࡭ + ࢼ−ࢋ ࡮ + ૛ ࡯ ࢙࢕ࢉ ࢻ + ૝ ࡰ ࢔࢏࢙ ࢼࢋ ࡱࢻ + ࢼ−ࢋ ࡲ + ૛ ࡳ ࢙࢕ࢉ ࢻ + ૝ ࡴ ࢔࢏࢙  (૚)              ࢻ

ࢀ = ૚૟ ࢔૙࢔) ࢍ࢔૛ + ࢼࢋ ࡱ(૛ࡷ + ࢼ−ࢋ ࡲ + ૛ ࡳ ࢙࢕ࢉ ࢻ + ૝ ࡴ ࢔࢏࢙  (૛)              ࢻ

Where: -  ࡭ = ࢔)] − ૙)૛࢔ + ࢑૛][(࢔ + ૛(࢙࢔ + ࢑૛] 
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࡮ = ࢔)] − ૛(࢙࢔ + ࢑૛][(࢔ + ૙)૛࢔ + ࢑૛] ࡯ = ૛࢔) + ࢑૛)(࢔૙૛ + (૛࢙࢔ − ૛࢔) + ࢑૛)૛ − ૛࢙࢔૙૛࢔ − ૝࢔૙࢑࢙࢔૛ ࡰ = ࢙࢔)ࡷ − ૛࢔)(૙࢔ + ࢑૛ + ࡱ (࢙࢔૙࢔ = ࢔)] + ૙)૛࢔ + ࢑૛][(࢔ + ૛(࢙࢔ + ࢑૛] ࡲ = ࢔)] − ૙)૛࢔ + ࢑૛][(࢔ − ૛(࢙࢔ + ࢑૛] ࡳ = ૛࢔) + ࢑૛)(࢔૙૛ + (૛࢙࢔ − ૛࢔) + ࢑૛)૛ − ૛࢙࢔૙૛࢔ − ૝࢔૙࢑࢙࢔૛ ࡴ = ࢙࢔)ࡷ + ૛࢔)(૙࢔ + ࢑૛ −  (࢙࢔૙࢔

Here, ns is the refractive index of substrate and no is the refractive index of air. Murmann’s exact 

eqs (1) and (2) are solved simultaneously to obtain the accurate values of n and k using a special 

iterative computer program.  Fig.7(a&b) presents the variation of n and k to illustrate the effect 

of Mn interlayer on the ZnO/Mn/ZnO system. 
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Fig.7 (a&b) The refractive index and the extinction coefficient of the ZnO/Mn/ZnO system.  

The observed increase in both n and k correlates with the measured transmittance and reflectance 

spectra. The reduction in (T) and the increase in (R) with the Mn content can be attributed to the 

combined effects of enhanced absorption and refractive index, demonstrating that Mn interlayer 

significantly modifies the optical performance of ZnO. The observed increase in both the 

refractive index (n) and the extinction coefficient (k) is consistent with the measured 

transmittance and reflectance spectra. The decrease in (T) and the increase in (R) with increasing 

Mn interlayer thickness are attributed to the combined effects of enhanced optical absorption and 

higher refractive index. The increase in n is associated with enhanced electronic polarizability 

whereas the increase in k reflects strong optical absorption induced by Mn interlayer. These 

results indicate that the Mn interlayer effectively modifies the optical response of the 

ZnO/Mn/ZnO multilayer system, leading to significant changes in its dielectric properties [30]. 

The noticeable modification in the optical constants’ n and k with the addition of Mn layer 

between the ZnO layers directly influences the dielectric functions as well as the dielectric 

response of the material The real part of the dielectric constant (𝜀1) associated with stored optical 

energy increases due to enhanced polarizability, while the imaginary part (𝜀2), related to 

absorption and energy loss. This may also be attributed to the increase in absorption resulting 
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from defect states induced by Mn as mentioned earlier. The real and imaginary parts of the 

dielectric constants have been evaluated by the following formulas [37]. ࢿ૚ = ૛࢔ −  ૛               (3)ࡷ

૛ࢿ   = ૛(4)                      ࢑࢔ 
  Fig.8(a&b) shows the distinction of the dielectric constants of ZnO/Mn/ZnO system with Mn 

 (0, 20 , 40 , 60 and 80 nm) versus photon energy hν. 
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Fig.8 (a&b) The dielectric constants (ࢿ૚ and ࢿ૛ ) of ZnO/Mn/ZnO system.  

As observed, the optical dielectric constants (ࢿ૚ and ࢿ૛ ) exhibits a systematic increase with 

increasing Mn interlayer thickness over the entire investigated energy range. The ZnO sample 

shows the lowest dielectric response, while ZM80Z displays the highest values. The optical 

dielectric constant with Mn thickness, with ZM60Z and ZM80Z exhibiting a pronounced 

enhancement around 3.3-4.0 eV and higher photon energies’, indicating strong electronic 

polarization and interband transition induced by the Mn interlayer.  The increase in the refractive 

index and dielectric constants with increasing Mn interlayer thickness is not only associated with 

enhanced carrier density and electronic polarizability but also with the combined effects of the 

increased film density , and microstructural evolution ,,leading to the observed enhancement in 

the optical constants.   This increase can be also attributed to the modification of the electronic 

structure and increased carrier density induced by Mn interlayers. Similar behavior has been 

reported for Mn-doped ZnO thin films, where transition metal doping enhances the optical 

response and dielectric response and dielectric polarization of ZnO [38,39].  The above feature 

originates from the strong optical transitions near the fundamental band edge. The optical 

conductivity (σopt), and electrical conductivity (σelec) are key parameters for understanding the 

influence of transition-metal on the electronic structure and charge transport mechanism of ZnO-

based multilayer system. Optical conductivity provides direct inside into band structure while 

electrical conductivity reflects changes in carrier concentration. In ZnO/Mn/ZnO structures, Mn 
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interlayer plays a crucial role in tailoring these properties. Therefore, a combined analysis of 

(σopt) and (σelec) offers comprehensive framework for elucidating the impact of Mn content on the 

structural- electronic- optical correlation of the system under study. The evaluation of (σopt) and 

(σelec) in terms of dielectric parameters enables a consistent and physically meaningful 

interpretation of charge transport and optical transitions, particularly in multilayer semiconductor 

systems such as ZnO/Mn/ZnO. Using experimentally extracted optical constants n and k, the 

complex dielectric functions are calculated. The (σopt) and (σelec)  are then determined from the 

dielectric response of the material according to the following equations [40-41 ]: ࢚࣌࢖࢕. = .ࢉࢋ࢒ࢋ࣌ ૛ ࣕ૙                                                                              (૞ )ࢿ ࣓ =  ૚ ࣕ૙                                                                              ( ૟ )ࢿ ࣓

 The resulting conductivity spectra are presented in Fig.9 (a&b). 
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Fig.9 (a&b) The optical and electrical conductivity of ZnO/Mn/ZnO system. 

The observed increase in optical and electrical conductivity with increasing Mn content is 

attributed to enhanced carrier density of the Mn layer (density increases from 6 g/cm3 to 6.7 

g/cm3) as seen in Table.1, and the interaction arising from Mn layer interlayer into the layer 

structure. The broad hump observed in the optical and electrical conductivities spectra around 

3.05 – 4.0 eV is associated with near-band -edge transitions of ZnO coupled   with Mn-related 

charge transfer. We can also correlate the observed increase in σopt and σelec, with increasing Mn 

content in the ZnO/Mn/ZnO multilayer Furthermore, the possible development of preferred 

orientation in the top ZnO layer resulting from Mn interlayer between the ZnO layers leads to 

stronger optical transitions and higher σopt. The valence and surface electron energy loss 

functions (VELF and SELF) were evaluated to provide further insight into the electronic 

excitation and energy dissipation mechanisms beyond the conventional dielectric function. These 

parameters are particularly important for ZnO/Mn/ZnO multilayers because they provide 

complimentary information that cannot be obtained from the dielectric constants alone and are 

relevant for assessing the suitability of these multilayers in optoelectronic and photonic 

applications. Both quantities are derived from the complex dielectric constants as given in the 

following equations [41]: 
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ࡲࡸࡱࢂ = ૚૛ࢿ૛ࢿ + ૛૛ࢿ                                                                                           (ૠ  ) 

ࡲࡸࡱࡿ = ૚ࢿ)૚ࢿ + ૚)૛ + ૛૛ࢿ                                                                             ( ૡ ) 

 

In ZnO/Mn/ZnO multilayer structure, the addition of Mn alters the optical constants, and 

dielectric parameters, leading to noticeable changes in the energy loss spectra as seen in Fig.10 
(a&b) 
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Fig10(a&b) The energy loss spectra of the ZnO/Mn/ZnO thin film system. 

The VELF and SELF spectra show a systematic reduction in intensity with increasing Mn 

interlayer thickness, reflecting a suppression of bulk and surface plasmon excitations. With 

increasing Mn interlayer thickness, the VELF and SELF decrease systematically, whereas the n, 

k and the dielectric constants and both optical and electrical conductivities increase. This inverse 

behavior indicates that Mn interlayer enhances the electronic polarizability and dielectric 

response of the ZnO/Mn/ZnO multilayer, facilitating stronger light-matter interaction and more 

efficient charge transport. The simultaneous increase in optical and electrical conductivity 

reflects enhanced photon absorption and carrier response, while the reduction in VELF and 

SELF suggests lower electron energy dissipation, confirming the beneficial role of Mn in 

improving the optical and electronic performance of the multilayer structure.   

4.Conclusion. 

Mn- ZnO thin film samples were prepared, and their structural, morphological, optical, and 

dielectric properties were systematically investigated. The structural and surface characteristics 

were examined using X-Ray reflectivity (XRR) and X-Ray Diffraction (XRD), scanning electron 

microscopy (SEM), and focused ion beam (FIB) analysis, which confirmed the formation of 

uniform thin films with well-defined surface morphology and layer thickness. The observed 

variation in the optical parameters with increasing Mn content in the ZnO/Mn/ZnO system 
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indicates significant modification of the electronic structure. The increase in (n and k) can be 

attributed to enhanced polarizability, increased defect states and improved light-matter 

interaction induced by Mn interlayer. The simultaneous increase in dielectric constants (𝜀1 and 𝜀2), optical conductivity (σopt) and electrical conductivity (σelec), together with the reduction in 

VELF and SELF ,demonstrates that Mn interlayer modifies not only the optical response, but 

also the fundamental electronic interactions within the ZnO/Mn/ZnO multilayer. These correlated 

changes reveal a direct relationship between interfacial engineering and electronic structural 

evolution providing new insight into how Mn interlayer governs not only the optical constants 

but also the carrier dynamics and energy dissipation mechanism. Such a comprehensive 

correlation extends beyond the existing literature, providing a deeper understanding of the 

electronic structure evaluation beyond that reported in previous studies.   Overall, these results 

demonstrate that Mn interlayer significantly influences electronic interactions and energy loss 

mechanism of the ZnO -based system, offering an effective route for tuning its structural, optical 

and electrical properties for potential optoelectronic and photonic applications. 

Acknowledgement. 

This work took its present from based on the agreement made between Faculty of Education, Ain 

Shams University "Coordinator and Supervisor Prof. Dr. Suzan S.Fouad and the Faculty of 

Science and technology, University of Debrecen " Coordinator and Supervisor Prof. Dr. Zoltan 

Erdelyi. This work was supported by Project No. 2025-1.2.1-HU-RIZONT-2025-00006 has been 

implemented with the support provided by the National Research, Development and Innovation 

Fund of the Ministry of Culture and Innovation, financed under the 2025-1.2.1-HU-RIZONT 

funding program. 

Author contributions. 
M.Nabil:- Prepared all the figures, calculated the different parameters in the final form and 

responsible for the correspondence, S.S. Fouad, G.L.Katona, E. Baradács:- The idea and the 

writing and the revision.   Janos J. Tomán, G. Vecsei , Z.Erdélyi - Prepared and supervising all 

the characteristics.  

Data Policy and Data Availability Statements. 
All data generated or analyzed during this study are included in this published article. 

Competing interest. 
The authors declare that they have no conflict of interest. 

Supplementary information. 



21 
 

Not Applicable.  

Compliance with Ethical Standards. 
Not Applicable. 

 

References.  

1. S. S. Fouad, , M. Nabil, B. Parditka, A. M. Ismail, E. Baradács, H. E. Atyia, and Zoltán 
Erdélyi. "Assessing, surface morphology, optical, and electrical performance of ZnO thin film 
using ALD technique." Journal of Nanoparticle Research 25, no. 8 (2023): 172. 

2. Mohamed, Mansour, Emad K. Jaradat, Abdullah S. Alshammari, and A. Sedky. "Enhanced 
optical, dielectric and ferromagnetic properties in ZnO/M nanocomposites for advanced device 
applications." Scientific Reports 15, no. 1 (2025): 40353. 

3. Zaka, Hanaa, Bence Parditka, Zoltán Erdélyi, H. E. Atyia, Pankaj Sharma, and Suzan Salad 
Fouad. "Investigation of dispersion parameters, dielectric properties and opto–electrical 
parameters of ZnO thin film grown by ALD." Optik 203 (2020): 163933. 

4. Fawad, Muhammad, Nabeel Maqsood, Ahmad Nawaz, Bilal Islam, Malik Daniyal Zaheer, and 
Kateřina Skotnicová. "Synthesis, characterization, and enhanced optical and dielectric properties 
of pure and Ni-doped ZnO nanoparticles for advanced electronic applications." Results in 
Engineering 26 (2025): 104824. 

5. Chen, Wenning, Kelvian T. Mularso, Bonghyun Jo, and Hyun Suk Jung. "Indoor light energy 
harvesting perovskite solar cells: from device physics to AI-driven strategies." Materials 
Horizons 12, no. 11 (2025): 3691-3711. 

6. Saadi, H., Z. Benzarti, P. Sanguino, Y. Hadouch, D. Mezzane, K. Khirouni, N. Abdelmoula, 
and H. Khemakhem. "Improving the optical, electrical and dielectric characteristics of ZnO 
nanoparticles through (Fe+ Al) addition for optoelectronic applications." Applied Physics A 128, 
no. 8 (2022): 691. 

7. Belkhaoui, Chadia, Nissaf Mzabi, and Hichem Smaoui. "Investigations on structural, optical 
and dielectric properties of Mn doped ZnO nanoparticles synthesized by co-precipitation 
method." Materials Research Bulletin 111 (2019): 70-79. 

8. Aadnan, Imane, Omar Zegaoui, Abderrahim El Mragui, Ikram Daou, Hamou Moussout, and 
Joaquim CG Esteves da Silva. "Structural, optical and photocatalytic properties of Mn Doped 
ZnO nanoparticles used as photocatalysts for Azo-dye degradation under visible 
light." Catalysts 12, no. 11 (2022): 1382. 

9. Kaur, Daljeet, Amardeep Bharti, Tripti Sharma, and Charu Madhu. "Dielectric properties of 
ZnO‐based nanocomposites and their potential applications." International Journal of 
Optics 2021, no. 1 (2021): 9950202. 



22 
 

10. Kant, Ravi, Divya Sharma, Aarchin Bansal, and Rima Singh. "Structural, optical and 
dielectric properties of Al/Mn doped ZnO nanoparticles, a comparative study." Materials 
Technology 36, no. 9 (2021): 513-520. 

11. An, Hong, Yongfeng Qian, Lin Zhang, Zhiyu Zhang, Hu Huang, and Jiwang Yan. 
"Fabrication and functional characteristics of micro/nano structures on the RB-SiC surface 
through nanosecond pulsed laser irradiation." Ceramics International 49, no. 22 (2023): 36276-

36288. 

12. Zhang, Ke, Yu Shen, Yunsheng Li, and Wenrui Zhang. "Synthesis of ZnO@ In2O3 

heterojunction with unique hexagonal three-dimensional structure for ultra-sensitive ethanol 
detection." Materials Science in Semiconductor Processing 143 (2022): 106523. 

13. An, Hong, Yongfeng Qian, Zhiyu Zhang, Hu Huang, and Jiwang Yan. "Experimental 
investigation on microstructure, mechanical and optical properties of RB-SiC ablated by 
nanosecond pulsed laser in nitrogen atmosphere." Composites Part A: Applied Science and 
Manufacturing 185 (2024): 108377. 

14. Shah, Wiqar Hussain, Azeema Alam, Hafsa Javed, Khadija Rashid, Akhtar Ali, Liaqat Ali, 
Akif Safeen et al. "Tuning of the band gap and dielectric loss factor by Mn doping of Zn1-xMnxO 
nanoparticles." Scientific Reports 13, no. 1 (2023): 8646. 

15. Tarasov, Andrey P., Charus M. Briskina, Valery M. Markushev, Ludmila A. Zadorozhnaya, 
and Ivan S. Volchkov. "Morphology and random lasing of (110)-oriented ZnO 
nanowalls." Optical Materials 102 (2020): 109823. 

16. Kaur, Manpreet, Vishesh Kumar, Prabhsharan Kaur, and Rakesh Sharma. "Effect of synthesis 
methods on dielectric performance of ZnO nanoparticles." Materials Technology 37, no. 9 
(2022): 1156-1167. 

17. Belkhaoui, Chedia, Ramzi Lefi, Nissaf Mzabi, and Hichem Smaoui. "Synthesis, optical and 
electrical properties of Mn doped ZnO nanoparticles." Journal of Materials Science: Materials in 
Electronics 29, no. 8 (2018): 7020-7031. 

18. Zehar, Elhachemi, Abdallah Ouerdane, Boualem Chetti, and Ali Çoruh. "Improving optical 
and morphological properties of Mn-doped ZnO via Ar ion sputtering followed by high-

temperature UHV annealing." Materials Science-Poland 41, no. 2 (2023): 325-338. 

19. Li, Xu, Xinghua Zhu, and Kangxin Jin. "Study on structural and optical properties of Mn-

doped ZnO thin films by sol-gel method." Optical Materials 100 (2020): 109657. 

20. Cueva, A., and A. Carretero. "Comparison of the optical properties of different dielectric 
materials (SnO2, ZnO, AZO, or SiAlNx) used in silver-based low-emissivity coatings. Coatings. 
2023; 13: 1709." doi. org/10.3390/coatings13101709 Academic Editor: Chen Tei-Chen 
Received 11 (2023). 

21. Ahsan, Hafiz Muhammad, Kanhya Lal, Murtaza Saleem, Ghulam M. Mustafa, Muhammad 
Ahmad Khan, Ahmed S. Haidyrah, and Shahid Atiq. "Tuning the dielectric behavior and energy 



23 
 

storage properties of Mn/Co co-doped ZnO." Materials Science in Semiconductor 
Processing 134 (2021): 105977. 

22. Ahsan, Hafiz Muhammad, Kanhya Lal, Murtaza Saleem, Ghulam M. Mustafa, Muhammad 
Ahmad Khan, Ahmed S. Haidyrah, and Shahid Atiq. "Tuning the dielectric behavior and energy 
storage properties of Mn/Co co-doped ZnO." Materials Science in Semiconductor 
Processing 134 (2021): 105977. 

23. Lekoui, Fouaz, Rachid Amrani, KM Abbas Turqui, A. W. Aboudaoud, Slimane Lafane, 
Amina Benalia, Elyes Garoudja et al. "Investigation of annealing environment effect on the 
structural, morphological, and linear/nonlinear optical properties of nanostructured Mn-doped 
ZnO thin films." Inorganic Chemistry Communications 176 (2025): 114209. 

24. Muhammad, Adil, Muhammad Sajid, Muhammad Nouman Khan, Muhammed Sheraz, Awais 
Khalid, Pervaiz Ahmad, Satam Alotibi et al. "Optimization of physical and dielectric properties 
of Co-doped ZnO nanoparticles for low-frequency devices." Plos one 18, no. 11 (2023): 
e0287322. 

25. Kundara, Santosh Kumar, Manish Kumar Verma, Rahul Bidiyasar, Kanhaiya Chawla, Nathu 
Lal, Chhagan Lal, Balram Tripathi, Narendra Jakhar, Mohamed H. Mahmoud, and M. Shaheer 
Akhtar. "Tailoring the structural, optical and electrical properties of Mn doped ZnO thin films for 
gas sensing response." Science of Advanced Materials 15, no. 6 (2023): 772-780. 

26. Céspedes, Eva, J. Garcia-Lopez, Mar García-Hernández, A. De Andrés, and Carlos Prieto. 
"Correlation between Mn oxidation state and magnetic behavior in Mn/ZnO multilayers prepared 
by sputtering." Journal of Applied Physics 102, no. 3 (2007).  

27. Kant, Ravi, and Ranvir Singh Panwar. "Integrating the structural, optical and dielectric 
behaviour of Al/Ti co-doped ZnO nanoparticles for optoelectronic applications." Physica B: 
Condensed Matter (2025): 417783. 

28. Khan, Imran, Shakeel Khan, and Wasi Khan. "Temperature-dependent dielectric and 
magnetic properties of Mn doped zinc oxide nanoparticles." Materials science in semiconductor 
processing 26 (2014): 516-526. 

29. Saleh, Adnan Mahmud. "Improvement of the optical properties of Zn-doped MnO 
nanocomposites thin films." Passer Journal of Basic and Applied Sciences 5, no. 2 (2023): 348-

355. 

30. Devi, P. Geetha, and A. Sakthi Velu. "Synthesis, structural and optical properties of pure ZnO 
and Co doped ZnO nanoparticles prepared by the co-precipitation method." Journal of 
Theoretical and Applied Physics 10, no. 3 (2016): 233-240. 

31. Gallegos, María V., Miguel A. Peluso, Horacio Thomas, Laura C. Damonte, and Jorge E. 
Sambeth. "Structural and optical properties of ZnO and manganese-doped ZnO." Journal of 
Alloys and Compounds 689 (2016): 416-424. 

32. S. S. Fouad, , A. E. Bekheet, E. Barádacs, M. Nabil, G. Vecsei, G. katona, and Z. Erdélyi. 
"Synthesis and characterization of iron interlayers as modulators of optical and dielectric 



24 
 

performance in ZnO thin films." Journal of Materials Science: Materials in Electronics 37, no. 4 
(2026): 294. 

33.  A.M. Ibrahim, Some physical properties of vacuum deposited Cd0. 5 Zn0. 5 Te ternary solid 

solution. Vacuum 49(1), 5–8 (1998) 

34.  E.A.A. El-Shazly, I.T. Zedan, K.F. Abd El-Rahman, Determination and analysis of optical 

constants for  thermally evaporated PbSe thin films. Vacuum 86(3), 318–323 (2011) 

35.Mermin, N. David. "Lindhard dielectric function in the relaxation-time 
approximation." Physical Review B 1, no. 5 (1970): 2362. 

36. Kamath, Adithya S., Kaustubh Banerjee, and Lakshmi Mohan. "A Dual Approach Involving 
Empirical Charecterization and DFT Calculation to Elucidate the Impact of Mn Doping on ZnO 
Nanoparticles." Proceedings of the Asian Research Association 1, no. 1 (2024): 126-138.  

37. Muhammad, Adil, Muhammad Sajid, Muhammad Nouman Khan, Muhammed Sheraz, Awais 
Khalid, Pervaiz Ahmad, Satam Alotibi et al. "Optimization of physical and dielectric properties 
of Co-doped ZnO nanoparticles for low-frequency devices." Plos one 18, no. 11 (2023): 
e0287322. 

38. Zaid, M., Y. Altowairqi, S. S. Majid, Anand Somvanshi, Mohammad Shariq, Syed Kashif Ali, 
S. S. Ashraf, Afroz Khan, and Naseem Ahmad. "Comparative structural, optical, and dielectric 
studies of Zn1− x Mn x/2A x/2O (A= Ni, Co and x= 0.24) nanoparticles." Applied Physics A 128, 
no. 11 (2022): 1002. 

39. Zeng, Cheng, Norah Salem Alsaiari, Muhammad Jawwad Saif, M. Junaid Dilshad, Tahir 
Mahmood Akhtar, Muhammad Isram, Adnan Ali et al. "Modulation of dielectric and antibacterial 
properties of Zn0.5Mn0.5O nanoparticles by post growth annealing method." Heliyon 10, no. 16 
(2024). 

40. Gallegos, María V., Miguel A. Peluso, Horacio Thomas, Laura C. Damonte, and Jorge E. 
Sambeth. "Structural and optical properties of ZnO and manganese-doped ZnO." Journal of 
Alloys and Compounds 689 (2016): 416-424. 

41.  Belkhaoui, Chedia, Ramzi Lefi, Nissaf Mzabi, and Hichem Smaoui. "Synthesis, optical and 
electrical properties of Mn doped ZnO nanoparticles." Journal of Materials Science: Materials in 
Electronics 29, no. 8 (2018): 7020-7031. 

 

 

 



    𝜀 1


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


    𝜀 2


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


    𝜀 1


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  𝑹 =   𝑨     𝒆  𝜷 + 𝑩     𝒆  − 𝜷 + 𝟐   𝑪   𝒄 𝒐 𝒔 ⁡  𝜶 + 𝟒   𝑫   𝒔 𝒊 𝒏 ⁡  𝜶  𝑬     𝒆  𝜷 + 𝑭     𝒆  − 𝜷 + 𝟐   𝑮   𝒄 𝒐 𝒔 ⁡  𝜶 + 𝟒   𝑯   𝒔 𝒊 𝒏 ⁡  𝜶                             ( 𝟏 )


  


  𝑨 =  [    ( 𝒏 −   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 +   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]


  𝑩 =  [    ( 𝒏 −   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 +   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]


  𝑪 =  (   𝒏  𝟐 +   𝒌  𝟐 )  (   𝒏  𝟎  𝟐 +   𝒏  𝒔  𝟐 ) −    (   𝒏  𝟐 +   𝒌  𝟐 )  𝟐 −   𝒏  𝟎  𝟐   𝒏  𝒔  𝟐 − 𝟒   𝒏  𝟎   𝒏  𝒔   𝒌  𝟐


  𝑪 =  (   𝒏  𝟐 +   𝒌  𝟐 )  (   𝒏  𝟎  𝟐 +   𝒏  𝒔  𝟐 ) −    (   𝒏  𝟐 +   𝒌  𝟐 )  𝟐 −   𝒏  𝟎  𝟐   𝒏  𝒔  𝟐 − 𝟒   𝒏  𝟎   𝒏  𝒔   𝒌  𝟐


  𝑫 = 𝑲 (   𝒏  𝒔 −   𝒏  𝟎 ) (   𝒏  𝟐 +   𝒌  𝟐 +   𝒏  𝟎   𝒏  𝒔 )


    𝜀 2


  𝑫 = 𝑲 (   𝒏  𝒔 −   𝒏  𝟎 ) (   𝒏  𝟐 +   𝒌  𝟐 +   𝒏  𝟎   𝒏  𝒔 )


  𝑬 =  [    ( 𝒏 +   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 +   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]


  𝑬 =  [    ( 𝒏 +   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 +   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]


  𝑭 =  [    ( 𝒏 −   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 −   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]


  𝑭 =  [    ( 𝒏 −   𝒏  𝟎 )  𝟐 +   𝒌  𝟐 ]  [    ( 𝒏 −   𝒏  𝒔 )  𝟐 +   𝒌  𝟐 ]


  𝑮 =  (   𝒏  𝟐 +   𝒌  𝟐 )  (   𝒏  𝟎  𝟐 +   𝒏  𝒔  𝟐 ) −    (   𝒏  𝟐 +   𝒌  𝟐 )  𝟐 −   𝒏  𝟎  𝟐   𝒏  𝒔  𝟐 − 𝟒   𝒏  𝟎   𝒏  𝒔   𝒌  𝟐


  𝑮 =  (   𝒏  𝟐 +   𝒌  𝟐 )  (   𝒏  𝟎  𝟐 +   𝒏  𝒔  𝟐 ) −    (   𝒏  𝟐 +   𝒌  𝟐 )  𝟐 −   𝒏  𝟎  𝟐   𝒏  𝒔  𝟐 − 𝟒   𝒏  𝟎   𝒏  𝒔   𝒌  𝟐


  𝑯 = 𝑲 (   𝒏  𝒔 +   𝒏  𝟎 ) (   𝒏  𝟐 +   𝒌  𝟐 −   𝒏  𝟎   𝒏  𝒔 )


  𝑯 = 𝑲 (   𝒏  𝒔 +   𝒏  𝟎 ) (   𝒏  𝟐 +   𝒌  𝟐 −   𝒏  𝟎   𝒏  𝒔 )


    𝜀 1


   ε 1


    𝜀 2


    𝜺  𝟏 =   𝒏  𝟐 −   𝑲  𝟐


    𝜺  𝟐 = 𝟐 𝒏 𝒌


    𝜺  𝟏


    𝜺  𝟐


    𝜺  𝟏


    𝜺  𝟐


    𝝈  𝒐 𝒑 𝒕 . = 𝝎     𝜺  𝟐     𝝐  𝟎                                                                                                                                                             ( 𝟓   )


    𝝈  𝒆 𝒍 𝒆 𝒄 . = 𝝎     𝜺  𝟏     𝝐  𝟎                                                                                                                                                             (   𝟔   )


    𝝈  𝒆 𝒍 𝒆 𝒄 . = 𝝎     𝜺  𝟏     𝝐  𝟎                                                                                                                                                             (   𝟔   )


    𝜀 2


  𝑽 𝑬 𝑳 𝑭 =     𝜺  𝟐    𝜺  𝟏  𝟐 +   𝜺  𝟐  𝟐                                                                                                                                                                                     ( 𝟕     )


  𝑺 𝑬 𝑳 𝑭 =     𝜺  𝟏    (   𝜺  𝟏 + 𝟏 )  𝟐 +   𝜺  𝟐  𝟐                                                                                                                                                         (   𝟖   )


  𝑺 𝑬 𝑳 𝑭 =     𝜺  𝟏    (   𝜺  𝟏 + 𝟏 )  𝟐 +   𝜺  𝟐  𝟐                                                                                                                                                         (   𝟖   )


    𝜀 1


    𝜀 2


  ± 𝟎 . 𝟓


  ± 𝟎 . 𝟏


  ± 𝟎 . 𝟓

