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Abstract 

This work reports on the feasibility of using molybdenum-doped zinc oxide (MZO) thin films as transparent conductive electrode 

(TCE) material in optoelectronic applications, especially in solar cells. MZO films were deposited by RF magnetron sputtering 

in the thickness range of 100-500 nm and their electrical, optical, and structural properties were systematically studied. The 

results indicated that the electrical conductivity increased with the increase in film thickness, while the sheet resistance decreased; 

the 500 nm MZO film had the least resistance, which was about 362.4 Ω/sq. The optical measurements presented an average 

transmittance of about 77–84% in the visible range, with minor variations attributed to graphene integration in hybrid 

MZO+Graphene structures. The bandgap energy of MZO films decreased from 3.29 eV to 3.21 eV with increasing thickness, 

indicating the transition from quantum confinement toward bulk-like properties. SEM and EDXS analyses confirmed successful 

doping with molybdenum and gave insight into the surface morphology and chemical composition of the films. While MZO 

films with improved electrical and optical performances were reported when compared to undoped zinc oxide (ZnO), the hybrid 

structures showed a high sheet resistance due to inherent characteristics of graphene. The presented work demonstrates the MZO 

films as potential alternatives for more conventional TCE materials like indium tin oxide (ITO), considering their cost and 

availability issues, as well as their structure-related shortcomings. 
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1 Introduction 

In silicon-based solar cells, one of the primary cost-

increasing factors is the amount of material used (~180 µm). 

The main reason thin-film technology is widely studied is 

the significantly reduced material usage (2–10 µm) 

compared to Si-based solar cells. Another major cost factor 

in Si-based solar cells is the transparent conductive 

electrode (TCE) material, indium tin oxide (ITO) [1]. ITO 

thin films exhibit low thickness and sheet resistance while 

maintaining high optical transparency in the visible region. 

Despite its advantages, ITO has some inherent issues. The 

main drawbacks include the lack of a uniform crystalline 

structure and a high density of structural defects. In its 

amorphous form, substitutional reactions between +3 

valence indium and +4 valence tin do not occur, and the film 

structure contains high levels of impurities. Consequently, 

the carrier density and mobility remain quite low, which 

significantly limits cell efficiency (Mazur vd., 2010). In 

addition to ITO, zinc oxide-based TCEs are used to a limited 

extent. Structural defects and high sheet resistance in zinc 

oxide (ZnO) require various structural enhancement 

methods for solar cell applications. Chemical doping has 

facilitated the use of ZnO-based TCEs in such applications. 

Aluminum-doped zinc oxide (AZO), molybdenum-doped 

zinc oxide (MZO), and gallium-doped zinc oxide (GZO) are 

particularly employed in optoelectronic applications such as 

sensors, transistors, and thin-film solar cells [2-5]. 

Molybdenum (Mo)-doped ZnO (MZO) films have 

recently emerged as popular TCE materials. Like gallium, 

molybdenum enables stable doping due to its ionic radius 

(0.062 nm), which is close to that of Zn. Molybdenum, in 

its 4+ or 6+ oxidation states, integrates into the Zn structure 

and contributes two or four electrons to ZnO's conduction 

band, thereby enhancing electrical conductivity. Studies on 

MZO films report resistivity values in the range of 

approximately 10−3-10−4 ohm-cm [6]. Despite these 

promising features, MZO films also present challenges, 

primarily low oxidation resistance [7]. Moreover, the 

electrical properties of MZO films can vary depending on 

the production method. Research continues on parameters 

such as doping ratios, temperature effects, and film 

thickness in MZO structures [8, 9]. In general, the 

disadvantages of TCEs include structural defects and the 

limited carrier density at similar levels. To address these 

issues, graphene—a carbon-based material often referred to 

as a "miracle material"—stands out as one of the best 

candidates. Graphene, defined as the first two-dimensional 

material synthesized with a hexagonal honeycomb lattice, 

was isolated in 2004 by Novoselov and colleagues using 

mechanical exfoliation. It quickly became a focus of interest 

due to its exceptional properties, including high strength (1 

TPa Young’s modulus), excellent electrical conductivity, 

and high optical transparency (97%). These combined 

properties make graphene applicable in a wide range of 

fields [10]. Graphene is utilized in solar cells, fuel cells, 

sensors, transistors, and many other electronic and 
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optoelectronic applications. Notably, it offers a strong 

alternative to ITO, which is commonly used as a transparent 

conductive electrode in solar cells [11]. The brittle nature of 

ITO, its limited natural reserves, and its significantly lower 

carrier density compared to graphene highlight the 

importance of integrating graphene as a TCE. In summary, 

while the growth parameters for MZO have been optimized, 

this study presents research on hybrid TCEs combining 

graphene. 

2 Material and method 

All films were deposited using an RF power source and 

a single target. Before initiating the deposition process, the 

sputtering system was evacuated to a pressure below 

1.6x10⁻⁶ Torr after placing the substrates. High-purity argon 

(Ar, 99.999%) gas was then introduced into the system to 

generate the plasma required for sputtering, preparing the 

system for the deposition process. Each TCE film was 

deposited by applying 50 W of power. MZO films with 

thicknesses of 100, 200, 300, 400, and 500 nm were 

deposited on glass substrates. This approach allowed the 

investigation of the effect of film thickness on the electrical 

and optical properties of the TCE layer. The CVD system 

used for graphene synthesis comprises three zones and six 

gas flow control units. Polycrystalline copper substrates 

with a thickness of 25 µm were utilized, sourced from Alfa 

Easer. Methane (CH₄, 99.9995% purity) served as the 

carbon source, while hydrogen (H₂, 99.9999% purity) acted 

as the decomposition agent. The gas flow parameters for 

single-layer graphene synthesis were previously optimized 

in our studies [12]. To transfer graphene from the metal 

substrate to a desired surface, the "wet transfer" method, 

which employs a polymer support, was used. Initially, the 

graphene on the copper substrate was coated with 

poly(methyl methacrylate) (PMMA) using a spin-coating 

device to protect its surface. The copper substrate was then 

dissolved in an ammonium persulfate ((NH₄)₂S₂O₈) 

solution, releasing the graphene+polymer structure from the 

metal surface. This structure was rinsed multiple times in 

deionized water baths to remove residual impurities. The 

graphene was subsequently transferred onto a chosen 

substrate. After the transfer, the substrate was heated on a 

hot plate at approximately 50-60°C for 3 minutes to remove 

excess water from the structure, followed by heating at 80°C 

for 5 minutes. Finally, the polymer layer used during the 

transfer process was removed from the graphene surface 

using acetone. 

 

Table 1. Growth process of MZO 

Growth Process 

Base Pressure 1.6x10-6 Torr 

Growth Pressure 3x10-3 Torr 

RF Power 50 Watt 

Deposition Rate 0.2 Å/s 

Temperature RT 

 

3 Results and discussion 

MZO films were growth at varying thicknesses (100–500 

nm). A significant factor in the improved electrical 

properties of MZO films compared to ZnO is the four-

valence difference between Mo⁶⁺ and Zn²⁺. The presence of 

Mo as a dopant contributes additional electrons to electrical 

conductivity, enhancing the electrical properties of ZnO-

based MZO films and making them suitable for TCE 

applications. Sheet resistance measurements of 

MZO+Graphene films showed an increase in resistance 

compared to MZO films alone (Table 2). Similar to AZO 

films, the sheet resistance of MZO films being higher or 

comparable to that of graphene leads to an increase in the 

overall sheet resistance of the MZO+Graphene structure. 

Despite this, the decrease in sheet resistance with increasing 

MZO film thickness was also observed in MZO+Graphene 

films. The measurements revealed that MZO films have 

lower sheet resistance compared to AZO films. This 

indicates that different dopants significantly influence the 

electrical properties of ZnO-based films. As the film 

thickness increases, the sheet resistance of MZO films 

decreases, which is accompanied by an improvement in 

crystal quality. This contributes to an increase in carrier 

concentration, thereby enhancing the electrical properties 

[13]. For example, a 100 nm MZO film exhibits a sheet 

resistance of 819 ohm/sq, while a 500 nm MZO film has a 

resistance of 362 ohm/sq. The sheet resistance continued to 

decrease for films of all thicknesses up to 500 nm. 

 

 
Table 2.  The sheet resistance, optical transmission, and bandgap values of MZO films. 

 MZO 

 MZO MZO+Graphene MZO MZO+Graphene MZO 

Thickness (nm) 
Sheet Resistance 

(ohm/sq) 
Sheet Resistance (ohm/sq) 

Transmission 

(%) 

Transmission 

(%) 

Eg 

(eV) 

100 751.98 1051 81 83 3.29 

200 643.26 843.6 79 81 3.28 

300 588.9 730 78 78 3.27 

400 498.3 589.8 80 76 3.24 

500 362.4 434.2 80 80 3.21 
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Figure 1. The optical transmission values of MZO and MZO+Graphene films. 

MZO films exhibit average optical transmittance values 

ranging between 77% and 84% in the visible region. It is 

observed that graphene coating causes partial increases and 

decreases in transmittance values; however, these variations 

are considered within the margin of error. Nevertheless, in 

MZO+Graphene films, an improvement in optical 

transmittance values was generally noted beyond a 

wavelength of 700 nm. This can be attributed to the material 

used in the hybrid TCE structure being graphene. Graphene's 

low absorption values beyond 700 nm contribute positively 

to the optical transmittance values in the hybrid structures. 
The band gap is an important characteristic of 

semiconductors, and it determines their electrical and optical 

properties. The optical properties of the MZO films growth 

on glass substrate were determined by using the bandgap 

values calculated from the absorption coefficient obtained by 

the transmittance spectra of the samples. The bandgap 

energy values of the samples were calculated by measuring 

the transmittance spectra with an ellipsometer (J.A. 

Woollam-VASE) system in our research center. The 

absorption coefficients of the samples were calculated using 

the Lambert-Beer law [14] with the measured transmittance 

values at room temperature in the range of 200-1200 nm and 

the thicknesses of the MZO films. 
 

α = 
1

𝑑
ln
1

𝑇
 (1) 

 
The absorption coefficient (α) in Equation (1) represents 

the absorption coefficient, d represents the thickness of the 

sample, and T represents the optical transmittance. Using the 

calculated absorption coefficients with Equation (1), the 

bandgap energy values of the MZO films were calculated 

using Equation (2), where Eg is the bandgap energy, A is the 

constant, ℎ𝑣 is the photon energy, and n is the nature of the 

transition, which takes the value of 1/2 for direct bandgap 

semiconductors [15]. 
 

(αℎ𝑣)2=A(ℎ𝑣 - Eg)n (2) 

 
The optical band gap MZO films shows a slight 

decreasing trend as the film thickness increases. At 100 nm, 

the band gap is 3.29 eV, and as the thickness increases, it 

gradually decreases, reaching 3.21 eV at 500 nm. This 

reduction in band gap can be attributed to several factors. 

First, in very thin films, quantum confinement effects are 

more pronounced, which leads to a wider band gap. As the 

film thickness increases, these quantum effects diminish, 

allowing the material to approach bulk-like properties where 

the band gap is generally smaller. Additionally, thicker films 

tend to have fewer strain effects, as they may relax more 

compared to thinner films, which can contribute to a slight 

narrowing of the band gap. The defect density, often higher 

in thinner films, can also lead to localized states within the 

band gap, which reduces as the film thickens, resulting in a 

more stable electronic structure and a smaller band gap. This 

behavior reflects the transition from quantum confinement to 

bulk-like properties, which is typical for semiconductor thin 

films. As shown in the Figure 2, graphene coating does not 

appear to have an impact on the bandgap energy. An 

observed decrease in bandgap energy occurs with increasing 
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film thickness (Table 1). Similarly, studies in the literature 

have also demonstrated the effect of film thickness on 

bandgap energy [16-17]. Fundamentally, with increasing 

film thickness, grain boundaries expand, and the crystal 

structure improves accordingly. This can be correlated with 

the changes observed in the bandgap energy. 

 

 

Figure 2. Band gap for the 100 nm MZO film. 

 

The SEM and EDXS measurements of the optimized 

thickness MZO films have been performed (Table 2). Based 

on the obtained SEM-EDXS results, information regarding 

the surface microstructures and chemical compositions of the 

films has been gathered. These techniques provide valuable 

insights into the morphology, grain size, surface uniformity, 

and the distribution of elements within the films. SEM 

imaging helps to visualize the surface structure, while EDXS 

analysis allows for the precise determination of the elemental 

composition, confirming the successful doping of 

molybdenum and the overall material consistency. This 

analysis is crucial for understanding the relationship between 

the film's structural characteristics and its electrical and 

optical properties. It has been observed that the presence of 

Mo atoms within the structure of MZO films is at a very low 

level. This can be explained by either the inability of Mo 

atoms to incorporate into the structure during sputtering or 

the lack of sufficient sensitivity in the EDXS measurements. 

 

Table 3. Chemical compositions of MZO film. 

TCE 

Atomic Ratio (%) 

O Zn Mo 

100nm MZO 62.55 37.37 0.08 

 

The SEM surface images of the 100 nm MZO film are 

shown in Figure 3, providing insights into the 

morphological characteristics of the film. As observed, the 

surface exhibits a uniform and dense structure, indicating 

good coverage and homogeneity. This suggests that the 

deposition process resulted in a consistent film formation 

without significant defects or irregularities. 

However, the grain boundaries in the SEM images appear 

less defined, and the individual grains are not prominently 

visible. This can be attributed to two primary factors. First, 

the relatively low thickness of the film (100 nm) limits the 

growth of larger grains, as thinner films typically have 

smaller grain sizes due to the limited material available for 

crystallization. Second, the absence of thermal treatment, 

such as annealing, prevents further recrystallization and 

grain growth. Thermal processes are known to enhance 

grain boundary mobility, allowing grains to coalesce and 

grow, leading to a more distinct grain structure. 

 

 

Figure 3. SEM surface images of MZO thin film 

 

When the electrical and optical properties of MZO films 

were examined, it was determined that 050 nm MZO film 

exhibited better properties compared to other films. In this 

sense, it was determined that the most suitable film 

thickness for MZO films to be used as TCE in solar cell 

applications was 100 nm. 

4 Conclusion  

MZO films showed enhanced electrical and optical 

properties with increasing film thickness, such as lower sheet 

resistance, higher carrier concentration, and better crystal 

quality. The reduction in bandgap energy with increasing 

film thickness was explained by quantum confinement 

effects and structural improvements. The incorporation of 

graphene into MZO structures led to significant changes in 

optical transmittance, especially in the near-infrared region. 

Although the addition of graphene slightly increased sheet 

resistance compared to pure MZO films, its low absorption 

characteristics enhanced optical transmittance beyond 700 

nm. This suggests the synergistic possibility of hybrid TCE 

structures in applications that demand both high 

transparency and electrical conductivity. 

The study also underlines the importance of optimizing 

parameters related to film thickness, doping levels, and 

deposition methods for achieving maximum performance. 

Notwithstanding the challenges in achieving uniform Mo 

doping, besides variability in electrical properties arising out 

of production methods, MZO+Graphene structures present 

an encouraging alternative to traditional TCEs like ITO. 

More research is required for addressing the challenges, 

refining the fabrication techniques, and exploring scalability 

for industrial applications. This will help develop further 

understanding of hybrid TCEs and create pathways for their 

incorporation into next-generation optoelectronic devices, 
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such as solar cells, for which issues of cost, efficiency, and 

material sustainability will remain pressing. 
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