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1. Introduction   

The development of heterostructure materials has 

revolutionized high-performance optoelectronic 

devices. [1], including photodetectors, solar cells, and 

light-emitting diodes. Hybrid multi-junction 

heterostructures, composed of alternating layers of 

metals, semiconductors, and nanostructured 

interfaces [2], offer unique pathways to engineer 

electronic band structures, enhance charge 

separation, and optimize light absorption across a 

wide spectral range[3, 4]. 

A B S T R A C T 

The study designs a vertically stacked Ag:ZnO/CuO/PS/Si hybrid heterojunction to 

enhance optoelectronic performance through material synergy and Ag doping. ZnO, 

CuO, and Ag structures were analyzed; the Ag:ZnO layer was doped at 3%, 5%, and 

7% and deposited on porous silicon. Structural tests showed average crystallite sizes of 

25.20 nm (Ag), 31.42 nm (CuO), and 35.16 nm (ZnO). AFM revealed the smoothest 

surface at 3% Ag (Sq = 19.11 nm), while 5% and 7% were less smooth. Optical band 

gaps showed quantum confinement: 2.37 eV (Ag), 3.57 eV (CuO), 3.71 eV (ZnO). The 

device with 7% Ag achieved the highest efficiency (0.3125) and Pmax (27.60 μW). The 

5% sample had 0.1027 efficiency and 9.09 μW Pmax, and 3% had 0.0964 and 8.68 μW. 

Results indicate lower doping yields smoother surfaces reducing recombination, while 

higher Ag content improves optical response and transport, boosting photovoltaic 

performance.  
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In this context, combining silver (Ag), zinc oxide 

(ZnO), copper oxide (CuO), porous silicon (PS), and 

crystalline silicon (Si) into a single vertically aligned 

multi-layered heterostructure is highly beneficial 

[5].Each component offers distinct functional 

advantages. Ag functions as a highly conductive 

electrode and enhances plasmonic effects. ZnO, a 

wide-bandgap n-type semiconductor with excellent 

optical transparency and electron mobility, acts as an 

efficient electron transport layer [6, 7]. CuO, a p-type 

narrow-bandgap semiconductor, offers strong 

absorption in the visible range and supports hole 

transport. [8]. Porous silicon provides a high surface 

area, facilitating effective interface coupling and light 

trapping, while bulk silicon serves as a foundational 

photonic substrate. [9, 10]. Reducing bulk silicon 

dimensions to nanoparticles (PS) leads to marked 

changes in optical, electrical, and electronic 

properties [11, 12]. 

This combination contributes to increasing interfacial 

engineering, carrier dynamics, and photonic 

interactions can be precisely tuned. Multi-junction 

architectures based on such diverse materials can 

achieve enhanced photogeneration efficiency through 

built-in electric fields at each interface, enabling 

charge carrier separation and directional transport 

with minimized recombination losses [13, 14]. 

Despite their individual use in optoelectronic 

research, their integration into a unified, functionally 

graded, and vertically aligned stack remains largely 

unexplored [15]. This work aims to design, fabricate, 

and characterize such a hybrid structure using cost-

effective deposition techniques. The focus will be on 

investigating structural, morphological, optical, and 

electrical characteristics, emphasizing understanding 

interfacial behavior and performance implications for 

optoelectronic applications.[16, 17]. 

This study contributes to the growing field of hybrid 

nanostructured junctions and paves the way for 

developing next-generation photonic and electronic 

systems. 

Naderi et al. [18] formulated the new epitaxial 

bottom-up deposition technique of nanostructured 

ZnO thin film on porous silicon substrates. The 

experiment involved improving optoelectrical 

performances by incorporating porous silicon and 

nanostructured ZnO as a source for photovoltaic 

applications. The findings showed a significant 

enhancement of the produced devices' light 

absorption efficiency and electrical conductivity. 

This study will develop green energy sources in an 

innovative way of solar cell production using 

nanomaterials. 

Alrasheedi, N.H. [19], conducted a study titled "The 

Effects of Porous Silicon and Silicon Nitride 

Treatments on the Electronic Qualities of 

Multicrystalline Silicon for Solar Cell Applications." 

The study examined the synergistic effect of using 

porous silicon and silicon nitride layers on a 

multicrystalline silicon substrate in solar cells. The 

properties of untreated wafers (reflectance of about 

40%, carrier lifetime of approximately 8 

microseconds) were compared to those with SiN 

treatment (reflectance of about 7%, carrier lifetime of 

roughly 71 microseconds) and a combination of 

SiN₆  and PSi. The PSi+SiN₁  showed the best 

performance with around 3% reflectance, a carrier 

lifetime of about 1041 microseconds, an auxiliary 

length of 676 micrometers, and a recombination 

velocity of 1.6 cm/sec. This result highlights the 

effectiveness of incorporating porous silicon for 

surface passivation to enhance solar cell efficiency. 

Hasani, E [20].  studied the SCAPS-1D simulation to 

design the ZnO/CuO/Cu 2Se heterojunction solar 

cells utilizing systematic parameter tuning of the 

layer thicknesses and doping concentrations. The 

Cu2Se layer enhanced light-harvesting rates 

compared to the conventional binary structures in the 

near-infrared area. Finer analysis suggested the best 

configurations that can be used to get better power 

conversion efficiencies through band alignment 

engineering. This was a theoretical foundation for 

generating future generation high-performance 

characteristics of eco-friendly thin-film solar cells 

The novelty of this work is the strategic design and 

manufacture of a vertically-oriented multi-junction 

hybrid heterostructure comprising Ag-doped ZnO, 

CuO, porous silicon and crystalline silicon layer. 

Contrary to past works that explored these materials 

either separately or in combinations, this study 

carefully looks into incorporation of these materials 

and their graded silver doping (3% 5% 7%) into a 

single unified multilayered structure and studies their 

influence on optoelectronic properties. It is helpful to 

mention that pulsed laser ablation and use of silver 

nanoparticles as well as their inclusion in ZnO host 

systems can be utilized to implement localized 

surface plasmon resonance (LSPR) enhancement 

processes that have not been explored in many light-

based PS-based systems. In addition, the 

morphological (AFM, SEM), structural (XRD), and 

optical (UV-Vis, Tauc) investigations make it 

possible to understand the relationship between the 

level of doping, surface texture, and photovoltaic 

effect comprehensively. The current research points 

to a new direction of controlling the interface to 

optimize the solar conversion efficiency in hybrid 
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devices utilizing material synergy and plasmonic 

engineering. 

2. Materials and Methods  

    This study employed a multi-step experimental 

protocol to design and fabricate a vertically integrated 

multi-junction hybrid heterostructure composed of 

Ag-doped ZnO, CuO, porous silicon (PS), and 

crystalline silicon (Si) (Ag: ZnO/CuO/PS/Si) layers. 

The methodology comprises five main stages: 

2.1. Synthesis of Nanomaterials 

Copper Oxide (CuO) Nanoparticles were 

synthesized via a simple wet chemical precipitation 

method by reacting 0.2 M copper (II) chloride 

(CuCl₂ ) with 1 M sodium hydroxide (NaOH) at 

70 °C under magnetic stirring. The resulting 

precipitate was filtered and redispersed to ensure 

homogeneity [21]. 

Zinc Oxide (ZnO) Nanoparticles were 

prepared similarly by reacting zinc nitrate 

hexahydrate Zn(NO₃ )₂ ·6H₂ O with NaOH under 

identical conditions, producing a white ZnO 

precipitate [22]. 

Silver Nanoparticles (AgNPs) were fabricated 

using the pulsed laser ablation method (PLA), in 

which a 1000 mJ Nd: YAG laser at 8 Hz irradiated a 

high-purity silver target submerged in deionized 

water, producing a colloidal Ag solution [23]. 

2.2. Preparation of Hybrid Thin Film Solutions 

ZnO was mixed with AgNPs in different weight 

ratios (ZnO: Ag = 97:3, 95:5, and 93:7) using a vortex 

mixer to ensure uniform dispersion. 

CuO, ZnO, and ZnO: Ag mixtures were prepared 

for spray deposition. 

 

2.3. Substrate Preparation 

 

Glass Substrates: They are cleaned with 

deionized water and ethanol and treated in an 

ultrasonic bath before drying and heating at 150 °C. 

Silicon Substrates: n-type single-crystal Si 

wafers were etched using a photo-electrochemical 

etching (PEE) process in an HF-ethanol solution 

under illumination, creating porous silicon (PS) 

layers to enhance light trapping and interfacial 

surface area [24]. 

2.4. Thin Film Deposition 

Thin films were sequentially deposited on glass 

and porous silicon substrates at 150 °C using thermal 

spray pyrolysis. 

 First, CuO was deposited on PS/Si. 

 Second layers consisted of pure ZnO or 

ZnO: Ag solutions (in three different Ag 

concentrations). 

 The final structure was capped with Ag 

electrodes using silver paste to complete 

the sandwich configuration: 

 ZnO/CuO/PS/Si 

 (3%Ag:ZnO)/CuO/PS/Si 

  (5%Ag:ZnO)/CuO/PS/Si 

  (7%Ag:ZnO)/CuO/PS/Si 

2.5. Structural and Optical Characterization 

The structural properties of the prepared thin 

films were examined using X-ray diffraction (XRD, 

Shimadzu XRD-6000) to identify the crystal phases 

and assess crystallinity. Surface morphology and 

grain distribution were investigated through Field 

Emission Scanning Electron Microscopy (FE-SEM) 

and Atomic Force Microscopy (AFM), providing 

insights into the nanoscale topography and uniformity 

of the films. Fourier Transform Infrared 

Spectroscopy (FTIR, Shimadzu 8400S) analyzed 

functional groups and chemical bonding. Optical 

properties, including absorbance, transmittance, and 

bandgap energy, were evaluated using UV-Vis 

spectrophotometry. Electrical and photovoltaic 

performance was assessed by measuring current–

voltage (I–V) characteristics under dark and 

illuminated conditions (100 mW/cm² using a 100 W 

halogen lamp at 30 cm). Key parameters such as 

open-circuit voltage (Voc), short-circuit current (Isc), 

maximum power (Pmax), fill factor (FF), and 

conversion efficiency (η) were extracted to determine 

the effectiveness of the fabricated hybrid solar cells. 

3. Results and discussion  

3.1 X-ray Diffraction (XRD) 

    The crystalline structure and phase purity of the 

synthesized Ag, CuO, and ZnO nanoparticles were 

examined using X-ray diffraction (XRD). The 

resulting diffractograms and crystallographic 

parameters are summarized in Figures 1, 1,2, and 3, 

as well as Tables 1, 1,2, and 3. 
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3.1.1 Silver Nanoparticles (Ag) 

    The XRD pattern of silver nanoparticles, shown in 

Figure 1, displays prominent diffraction peaks at 2θ = 

38.10°, 64.40°, and 77.30°, corresponding to the 

(111), (220), and (311) planes, respectively, of face-

centered cubic (FCC) silver, in accordance with the 

standard ICDD card No. 04-0783. The high intensity 

of the (111) peak indicates preferred orientation along 

this crystallographic plane. Additionally, the 

crystallite size was determined using the Debye-

Scherrer equation [25]. 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
                                                           (1) 

where D is the crystallite size, K is the shape factor 

(0.94 for spherical structures), λ is the X-ray 

wavelength, β is the full width at half maximum 

(FWHM) of the diffraction peak, and θ is the Bragg 

angle [13, 26-28]  

The calculated crystallite sizes with a mean value of 

25.20nm, indicating nanoscale crystallinity as shown 

in Table 1. 
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Figure 1.  XRD pattern of Ag nanoparticles 

Table 1.  Crystallite size calculations for Ag based 

on peak broadening 

2   θ 

(Deg.) 

FWHM 

(Deg.) 

Crystallit

e size 

(nm) 

Average 

Crystallit

e size 

(nm) 

38.10 0.35 24.01 

25.20 
44.30 0.35 24.51 

64.40 0.35 26.82 

77.40 0.40 25.45 

3.1.2 Copper Oxide Nanoparticles (CuO) 

    The XRD pattern for CuO, shown in Figure 2, 

displays characteristic peaks at 2θ = 32.50°, 38.70°, 

and 53.50°, which correspond to the (110), (002), and 

(202) planes of monoclinic CuO, confirming the 

presence of single-phase CuO (ICDD card No. 45-

0937). The broad peaks indicate a nanocrystalline 

structure. The calculated crystallite sizes based on 

FWHM values are summarized in Table 2, with an 

average of 31.42 nm. 
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Figure 1 . XRD pattern of CuO nanoparticles 

 

Table 2.  Crystallite size calculations for CuO 

3.1.3 Zinc Oxide Nanoparticles (ZnO) 

 Figure 3 shows the XRD pattern of ZnO 

nanoparticles. Sharp and strong peaks at 2θ = 31.77°, 

36.25°, 56.60°, and 67.96° correspond to the (100), 

(101), (110), and (112) planes, respectively, of 

hexagonal wurtzite ZnO, matching ICDD card No. 

36-1451. The lack of secondary phases indicates high 

purity. The crystallite sizes calculated for the ZnO 

sample are listed in Table 3, with an average size of 

2θ 

(Deg.) 

FWHM 

(Deg.) 

Crystallit

e size 

(nm) 

Average 

Crystallit

e size 

(nm) 

32.50 0.25 33.10 

31.42 

35.50 0.26 32.08 

38.70 0.27 31.18 

48.70 0.28 31.14 

53.50 0.29 30.68 

58.30 0.30 30.32 
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35.16 nm, slightly larger than those of Ag and CuO, 

possibly due to ZnO’s thermal stability and larger 

grain growth during synthesis conditions. 
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Figure 2. XRD pattern of ZnO nanoparticles 

 

Table 3.  Crystallite size calculations for ZnO 

2θ 

(Deg.) 

FWHM 

(Deg.) 

Crystallit

e size 

(nm) 

Average 

Crystallit

e size 

(nm) 

31.77 0.35 23.60 

24.95 

34.42 0.38 21.89 

36.25 0.35 23.88 

47.54 0.34 25.53 

56.60 0.35 25.78 

62.86 0.35 26.60 

67.96 0.35 27.37 

3.2 E-SEM analysis results  

    The surface morphology and particle size 

distribution of the synthesized nanomaterials were 

analyzed using Field Emission Scanning Electron 

Microscopy (FE-SEM) at magnifications of 70,000× 

and 135,000×. The results closely match the 

crystallite sizes estimated from X-ray diffraction 

(XRD), confirming the nanoscale nature of the 

materials. Figure 4 shows the morphology of silver 

(Ag) nanoparticles. The particles appear relatively 

spherical and show some degree of agglomeration. 

The average grain size measured was approximately 

25.57 nm, which is in good agreement with the 

crystallite size obtained from XRD analysis (≈25.20 

nm, Table 1).  

 
 

 
 

Figure 3. FE-SEM Images of Ag Nanoparticles 

Figure 5 shows the surface morphology of the CuO 

sample, which is more granular and porous than Ag. 

The nanoparticle sizes fall within the 35.52 nm range, 

and the fine, nearly spherical granules indicate good 

dispersion. These observations are in agreement with 

the XRD results (Figure 2), which confirmed 

monoclinic CuO with an average crystallite size of 

31.42 nm (Table 2). The relatively uniform 

distribution of particles further supports the 

homogeneity of the CuO thin film, which is critical 

for enhancing charge transport in heterojunction 

configurations. 
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Figure 4. FE-SEM Images of CuO Nanoparticles 

      Figure 6 shows that the ZnO nanostructure 

exhibits a dense, polyhedral morphology with clear 

grain boundaries. The measured particle size is 

approximately 26.26 nm, which complements the 

average crystallite size obtained from XRD (≈24.95 

nm, Table 3). The well-defined grain formation and 

tight packing are consistent with the highly 

crystalline wurtzite phase identified by sharp XRD 

peaks at (100), (002), and (101) orientations Figure 3. 

This morphological coherence supports efficient 

optical absorption and electron transport, essential for 

optoelectronic applications. 

 

 
 

 
Figure 5. FE-SEM Images of ZnO Nanoparticles 

The FE-SEM analysis confirmed the 

nanostructured nature of Ag, CuO, and ZnO 

materials, with 25–35 nm particle sizes. These 

findings agree with XRD-derived crystallite sizes, 

validating the successful synthesis of uniform 

nanocrystalline films suitable for integration into 

hybrid heterojunction solar cell architectures. 

3.3 AFM Topography and Surface Roughness 

Analysis  

    Atomic Force Microscopy (AFM) was conducted 

to evaluate the 3D surface morphology and quantify 

the nanoscale roughness of Ag, CuO, and ZnO thin 

films over a 2.0 × 2.0 µm² scan area. The height 

distributions, surface roughness (Sq), and peak 
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topographies are compared in light of crystallite and 

particle size data from XRD and FE-SEM. 

3.3.1 Silver (Ag) Thin Film 

    The AFM image in Figure 7 reveals distinct 

protrusions with Z-heights up to ~99 nm. The surface 

exhibits a granular, moderately rough texture with a 

measured root mean square roughness (Sq) of 19.11 

nm. In the leveled image Figure 8, the grain peaks 

become more uniformly distributed across the 

surface, while the histogram Figure 9 indicates a peak 

frequency around 100 nm with minor dispersion. 

These results confirm the presence of discrete, 

moderately rough nanostructures. This is consistent 

with the FE-SEM data showing average particle sizes 

~25.6 nm and XRD-derived crystallite size of ~25.20 

nm, indicating that the Ag layer consists of 

polycrystalline grains forming surface protrusions 

that enhance surface plasmon behavior. 

 

 
Figure 6. 3D AFM surface plot of Ag nanoparticles 

over a 2 × 2 μm² scan area, showing grain peaks up 

to 99 nm in height. 

 
Figure 7. Leveled AFM Image (Z-Height up to ~162 

nm) 

 
Figure 8. Height Distribution Histogram of 

Nanoparticles 

3.3.2 Copper Oxide (CuO) Thin Film 

     The CuO film, shown in Figure 10, displays a 

relatively more uniform and densely packed surface 

morphology. The maximum vertical height reaches 

~41 nm, with an Sq value of 9.397 nm, the lowest 

among the three films. The leveled surface, Figure 11, 

confirms this smooth topography, and the histogram, 

Figure 12, shows most Z-values concentrated around 

60–65 nm. 

This smoother morphology strongly agrees with 

the XRD data (crystallite size ≈ 31.42 nm) and SEM 

images, which showed evenly dispersed grains. The 

low roughness suggests that CuO forms a compact, 

continuous film with minimal agglomeration — a 

desirable characteristic for charge transport layers in 

optoelectronic devices. 

 

 
Figure 9. 3D AFM surface plot of Ag nanoparticles 

over a 2 × 2 μm² scan area, showing grain peaks up 

to 40 nm in height 
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Figure 10. Leveled AFM Image (Z-Height up to 

~81.42 nm) 

 
Figure 11. Height Distribution Histogram of 

Nanoparticles 

3.3.3 Zinc Oxide (ZnO) Thin Film 

The ZnO surface exhibits a significantly higher 

surface roughness. Figure 13 illustrates an uneven, 

highly textured surface with peak heights up to 167 

nm. The SQ value for ZnO was measured at 79.49 

nm, the highest among all samples. The leveled AFM 

image, Figure 14, further emphasizes the variation in 

surface elevation, while the histogram, Figure 15, 

shows a broad Z-max distribution extending up to 

~600 nm. This pronounced roughness suggests the 

formation of clustered ZnO grains or vertical 

columnar growth, which aligns with the highly 

crystalline XRD pattern Figure 3 and FE-SEM 

images showing dense grain boundaries. While high 

roughness may enhance light scattering and 

absorption in optoelectronic devices, it could also 

influence the uniformity of subsequent layers in 

multi-junction architectures. 

 

Figure 12.  3D AFM surface plot of Ag nanoparticles 

over a 2 × 2 μm² scan area, showing grain peaks up 

to 167nm in height 

 
Figure 13. Leveled AFM Image (Z-Height up to 

~635.5 nm) 

 
Figure 14. Height Distribution Histogram of 

Nanoparticles 

3.4 Optical Band Gap Analysis Based on Tauc 

Plots 

    The optical band gap energies (Eg) of Ag, CuO, 

and ZnO thin films were evaluated using Tauc plots 

derived from UV-Vis absorption spectra. The plots 

represent the relationship between (αhν) 2 and photon 

energy (hν), assuming direct allowed electronic 

transitions. The linear portion of each curve was 

extrapolated to intersect the energy axis, revealing the 

corresponding optical band gap. 

 Figure 16 shows the UV-Vis absorption spectrums of 

three different nanoparticles: silver nanoparticle 

(Ag), copper oxide nanoparticle (CuO) and zinc oxide 

nanoparticle (ZnO). These spectra are recorded 

between 200 and 1000nm. The black, red and blue 

curves are Ag, CuO and ZnO, respectively. 

Each of the three materials has a strong absorption in 

the ultraviolet range (200300 nm), a sharp slope as the 

wavelength goes longer, a characteristic of 

semiconductors with a large band gap, and that of 

metallic nanoparticles experiencing surface plasmon 

resonance (Ag). The deep UV region with a 
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maximum absorbance has interband electronic 

transitions or a plasmonic excitation. 

Ag spectrum (black) contains a sharper, more intense 

peak in the UV range, possibly because of localized 

surface plasmon resonance (LSPR), a familiar 

characteristic of noble metal nanoparticles. Red CuO 

and blue ZnO are semiconducting oxides, which 

exhibit high absorbances in the UV range due to 

intrinsic band-to-band transitions.[29]. 

Beyond 400 nm, the absorbance decreases to 

insignificance in all samples, which shows that the 

samples are transparent in the visible and near-IR 

wavelengths. Comparative spectral behaviour 

indicates that Ag has different plasmonic 

characteristics, whereas ZnO and CuO follow 

transitions related to the band gap, which can be 

further calculated through Tauc analysis to acquire 

the optical band gap. 
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Figure 15.  The experimental optical absorbance 

curve of silver nanoparticles  

(Ag – CuO and ZnO NPs) 

 

Figure 17 presents the Tauc plot for silver (Ag) 

nanoparticles. A distinct linear region is observed, 

and the extrapolation of this region yields an optical 

transition energy of approximately 2.37 eV. Although 

silver is a metallic material and does not exhibit a 

conventional band gap, this value represents 

interband transitions arising from electronic 

excitations between the d-band and the sp-conduction 

band. The appearance of this feature is influenced by 

the nanostructured nature of the film, where quantum 

confinement and surface plasmon resonance effects 

significantly modify the optical behaviour. These 

phenomena are typical in Ag nanostructures and are 

strongly supported by complementary structural data 

(e.g., XRD and AFM), indicating fine particle 

distribution and nanoscale morphology. 
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Figure 16. Tauc plot of Ag thin film showing an 

optical band gap of 2.37 eV due to interband 

transitions in nanostructured silver. 

     The Tauc plot depicted in Figure 18 clearly shows 

that a straight line exists, which, on further extension, 

intersects the graph of energy at 3.57 eV. This value 

is ascribed to the quantum size effect in the 

nanocrystalline films, and is significantly higher than 

the standard bulk range of CuO. An increase in band 

gap energy indicates that either very small-sized 

crystals exist or that surface and interface states 

interact with the material due to the nanoscale film 

production method. The structural characterizations, 

including the 31.4 nm crystal size deduced by XRD, 

and low surface roughness by the AFM (Sq = 9.397 

nm), support the interpretation that quantum 

confinement and smoothness of the film are also 

involved in the optical properties seen. 
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Figure 17. Tauc plot of CuO thin film indicating a 

band gap of 3.57 eV, attributed to quantum 

confinement effects. 

 

As shown in Figure 19, the ZnO film exhibits an 

optical band gap of 3.71 eV, notably larger than the 

standard bulk value (~3.3 eV). This blue shift is 

commonly associated with quantum confinement in 

nanocrystalline ZnO and surface defects or strain. 
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The AFM analysis revealed a relatively high surface 

roughness (Sq = 79.49 nm), and the XRD results 

confirmed a wurtzite crystal structure with a 

crystallite size of ~35.2 nm, which together support 

this optical behavior. 
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Figure 18. Tauc plot of ZnO thin film showing a 

band gap of 3.71 eV, reflecting nanocrystalline 

behavior and surface effects 

 

A comparative Tauc plot on the optical absorption 

behavior of Ag (green), CuO (red), and ZnO (yellow) 

thin films is presented in Figure 20. The optical 

transition energies are estimated at 2.37eV, 3.57eV 

and 3.71eV corresponding to Ag, CuO and ZnO, 

respectively. Such deviations of the typical bulk 

behavior emphasize the significant role of nanoscale 

structuring, quantum size effects and effects of the 

interfaces. The information shows that the three 

materials have altered optical characteristics when 

deposited as nanostructured films. As such, the 

materials are promising candidates for UV 

photodetectors, plasmonics, and optics. The fact that 

the obtained optical data and the 

structural/morphological analyses are almost entirely 

in agreement confirms the high quality of the 

obtained films and the possibility of tuning the films. 
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Figure 19. Combined Tauc plots of Ag, CuO, and 

ZnO films highlighting their enhanced optical band 

gaps 

The optical transition energies determined 

experimentally (Ag: 2.37 eV, CuO: 3.57 eV, ZnO: 

3.71 eV) show some noticeable deviation of the 

measured values when compared to the bulk material, 

proving to a large extent that quantum confinement 

and surface effects are playing a significant role 

together with the nanoscale structural characteristics 

of the samples. These findings agree with previous 

outcomes of structural (XRD), morphological (SEM, 

AFM) and surface roughness characterizations, 

substantiating that well-characterized nanostructured 

films with customizable optical properties have been 

prepared. 

3.5 Photovoltaic Performance Analysis of Ag-

Doped Hybrid Junctions (3%, 5%, 7%) 

     Figure 21 shows a series of Ag/(ZnO: 

Ag)/CuO/PS/Si/Ag hybrid heterojunction solar cells 

that were fabricated and characterized, with a focus 

on the effect of varying silver doping levels (3%, 5%, 

and 7%) within the ZnO matrix on the overall 

photovoltaic behavior. Comprehensive current–

voltage (I–V) measurements under standard 

illumination conditions were performed, and the 

results were analyzed in terms of key performance 

indicators, including short-circuit current (Isc), open-

circuit voltage (Voc), maximum power point (Vm × 

Im), fill factor (FF), and efficiency (η). 

The results indicate that the device doped with 7% Ag 

delivered the highest overall photovoltaic efficiency 

(η = 0.3125), along with a fill factor of 45.09%, a 

maximum voltage of 2300 mV, and a photocurrent of 

12 μA at the maximum power point. This superior 

performance is attributed to enhanced charge carrier 

separation and collection facilitated by localized 

surface plasmon resonance (LSPR) effects from the 

higher concentration of metallic Ag nanoparticles. 

These particles effectively increase the local 

electromagnetic field, leading to stronger light–

matter interaction and improved photon harvesting. 

In contrast, the 5% Ag-doped device showed a more 

moderate efficiency of 0.1027 and a reduced fill 

factor of 15.88%, indicating a suboptimal balance 

between morphological smoothness and carrier 

transport properties. The 3% Ag sample, which 

demonstrated the smoothest surface morphology 

observed in AFM analysis (Sq = 19.11 nm), presented 

a fill factor of 32.26% and efficiency of 0.0964. 

Although smoother surfaces are known to reduce 

recombination sites and facilitate better charge 

extraction, the relatively lower current and voltage 

output suggest that insufficient plasmonic 
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enhancement limited the device’s ability to generate 

and collect charge carriers efficiently. 

 Table 4 shows the photovoltaic characteristics of 

solar cells with different percentage concentrations of 

silver (Ag) of 3%, 5% and 7%. Those parameters are 

short-circuit current (Isc), open-circuit voltage (Voc), 

current at maximum power (Im), voltage at maximum 

power (Vm), fill factor (FF), and conversion 

efficiency ( 𝜂). With 3% Ag, the cell has an Isc of 

24.0 mA and a Voc of 1121 mV, which yields a fill 

factor of 32.26 % and a low efficiency of 0.0964 %. 

Raising the concentration of Ag to 5 percent reduces 

the Isc to 21.0 μA and increases the Voc to 2770 mV 

and the Vm to 1010 mV, but the fill factor is lower, 

15.88%. The efficiency increases a little to 0.1027% 

although FF is less. Surprisingly, the 7% Ag-doped 

sample also provides the overall best performance 

record, having a Voc of 3300 mV, Im of 120, and Vm 

of 2300 mV, thus a considerably high fill factor of 

45.09% and a conversion efficiency of 0.3125%. This 

implies that higher contents of Ag boost the 

performance of the devices in utilizing solar energy, 

particularly at 7 percent doping, which probably 

occurs because of dynamic charges and decreased 

recombination losses within the device structure. 

 

Table 4.  Voc, Isc, Pmax, FF, and efficiency of solar 

cells with 3%, 5%, and 7% Ag doping. The 3% Ag 

device shows the best performance 

Sample 
Isc 

(μA) 

Voc 

(mV) 

Im 

(μA) 

Vm 

(mV) 

FF 

(%) 
η 

3% Ag 24.0 1121 9 93 32.26 0.0964 

5% Ag 21.0 2770 9 1010 15.88 0.1027 

7% Ag 18.9 3300 12 2300 45.09 0.3125 

 

 
A: I–V curve for 3% Ag-doped hybrid junction 

 

 
B: P–V curve for 3% Ag-doped hybrid junction 

 

 
C: I–V and P–V curves for the 3% Ag-doped solar 

cell, showing Isc, Voc, and maximum power point 

(Pm) 

 

 
D: I–V curve for 5% Ag-doped hybrid junction 
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E :P–V curve for 5% Ag-doped hybrid junction 

 
F: I–V and P–V curves for the 5% Ag-doped solar 

cell, highlighting Isc, Voc, and maximum power 

point (Pm) 

 
G: I–V curve for 7% Ag-doped hybrid junction 

 
H :P–V curve for 7% Ag-doped hybrid junction 

 

 
I: The I–V and P–V curves for the 7% Ag-doped 

solar cell indicate Isc, Voc, and maximum power 

point (Pm) 

Figure 20. Electrical and power output behavior of 

the fabricated hybrid solar cells with Ag-doped ZnO. 

The 3% Ag-doped structure consistently 

outperformed the 5% and 7% samples in all key 

photovoltaic metrics 

4. Conclusions  

      Integrating ZnO, CuO, and Ag into a hybrid 

heterojunction on porous silicon significantly 

improved the optoelectronic characteristics of the 

fabricated devices. Among the tested structures, the 

7% Ag-doped sample delivered the best photovoltaic 

performance with an efficiency of 0.3125, attributed 

to more substantial plasmonic effects, higher current 

generation, and optimized charge transport. The 5% 

Ag-doped device showed moderate performance 

(0.1027) due to a balance between morphology and 

electronic structure, while the 3% Ag-doped sample 

exhibited the smoothest surface and an efficiency of 

0.964. These outcomes underscore the importance of 

optimizing doping levels to mitigate recombination 

and surface defects while leveraging localized surface 

plasmon resonance (LSPR) to enhance light 

absorption. The findings support the potential of Ag-

doped ZnO/CuO-based heterojunctions for 

developing efficient and scalable optoelectronic 

devices. 

 

Nomenclature  

Ag Silver 

AgNPs Silver Nanoparticles 

α Absorption coefficient 

CuO Copper(II) oxide 

D Crystallite size (nm) 

Eg Optical band gap energy (eV) 

FF Fill Factor (%) 
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Nomenclature  

Ag Silver 

FWHM (β) 
Full Width at Half Maximum (of 

XRD peak) 

hν Photon energy (eV) 

I–V Current–Voltage 

Isc Short-circuit current (μA) 

Im 
Current at maximum power point 

(μA) 

K 
Scherrer constant (shape factor, 

typically 0.94) 

LSPR 
Localized Surface Plasmon 

Resonance 

NaOH Sodium hydroxide 

Pmax Maximum output power (μW) 

PLA Pulsed Laser Ablation 

PS Porous Silicon 

Sq 
Root Mean Square Surface 

Roughness (nm) 

Si Silicon 

UV-Vis Ultraviolet-Visible Spectroscopy 

Vm 
Voltage at maximum power point 

(mV) 

Voc Open-circuit voltage (mV) 

XRD X-ray Diffraction 

ZnO Zinc Oxide 

λ 
X-ray wavelength (typically 1.5406 

Å for Cu-Kα) 

θ Bragg angle (°) 
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