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Abstract: Owing to its potential to significantly improve photovoltaic performances of solar cells, zinc 

oxide nanoparticles (ZnO NPs) thin films have attracted significant interest from researchers working 

towards enhancing the performance of organic solar cells. In the present study, ZnO NPs thin films 

were synthesized by spin coating. The structural and morphological properties of the ZnO NPs thin 

films were characterized using various techniques, including X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and UV-visible spectroscopy. XRD analysis revealed the crystalline 

structure of the ZnO NPs thin films, while SEM images showed a surface morphology with a particle 

size distribution of approximately 36 nm. Analyses showed that the ZnO NPs thin films exhibited 

excellent crystallinity, uniform surface morphology, and a direct bandgap energy of approximately 3.30 

eV. The photovoltaic performance of organic solar cells with a thin ZnO NPs film was tested, and the 

results showed a significant improvement in short-circuit current density (Jsc) and power conversion 

efficiency (PCE) compared to chemically prepared ZnO NPs. Investigations are underway on ZnO thin 

films with meticulously controlled micro-scale morphology, which are considered promising 

alternatives to indium tin oxide (ITO) films for various photovoltaic applications. 
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1. Introduction 

Recent studies have highlighted a significant increase in global electricity demand, 

driven by factors such as economic growth, the electrification of transportation, and the 

expansion of energy-intensive industries such as data centers, the paper industry, the cement 

industry, and the basic metal industry [1-2]. This surge in demand has raised concerns about 

the reliance on traditional, non-renewable energy sources, which are limited, have negative 

environmental impacts, and are becoming increasingly expensive [3,4]. In light of these 

challenges, researchers and policymakers are actively investigating alternative solutions, with 

a particular focus on clean energy sources. Solar energy has emerged as the most promising 
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renewable energy resource, capable of meeting a substantial portion of the growing electricity 

demand [5-7]. 

Transparent Conducting Oxides (TCOs) are of great importance in the fabrication of 

solar cells and devices. TCO thin films have attracted substantial research interest in recent 

years due to their widespread use in various optoelectronic devices, such as touchscreens, liquid 

crystal displays, solar cells, and light-emitting diodes [8,9]. Materials for use as TCOs are 

required to exhibit both high electrical conductivity and high optical transparency in the visible 

region. Indium tin oxide (ITO) is the most commonly used TCO due to its excellent 

transparency to visible light and high electrical conductivity [10,11]. However, one of the 

major drawbacks of ITO is its high cost, the insufficiency of indium, its principal constituent 

element [12,13], and its toxicity. Additionally, the optical and electrical properties of ITO can 

degrade when exposed to a hydrogen plasma environment [14-16]. As a result, there is a 

growing concern to find appropriate alternatives that will eradicate these shortcomings without 

compromising efficiency. 

Recently, doped ZnO thin films with Ga, In, and Al, for TCO, have been thoroughly 

investigated to replace ITO thin films for applications in optoelectronics devices, including 

solar cells. Zinc oxide (ZnO) is a remarkable semiconductor material that has garnered 

considerable interest across various industries because of its distinct properties and wide range 

of applications. Unlike traditional semiconductor materials, ZnO offers a unique combination 

of characteristics that make it a highly desirable choice in the realm of solar cells [17-20], 

optoelectronics [21-23], sensor and biomedical [24-26] applications, and has been suggested 

as appropriate for use in optical waveguides [27,28] 

In the present study, we synthesized and characterized ZnO thin films using the spin-

coating technique. This method was chosen for its numerous benefits, including operation at 

low temperatures, straightforward coating of extensive areas, and suitability for creating porous 

films and uniform multi-component oxide films. These ZnO thin films with controlled 

microscale morphology are investigated as potential replacements for ITO in various 

photovoltaic applications. 

2. Materials and Methods 

2.1. Materials. 

Matricaria chamomilla L. plants (chamomile flower) were collected around the campus 

of the Federal University Health Sciences, Ila-Orangun (FUHSI), Osun State, Nigeria. Zinc 

acetate dihydrate (99 % purity) was purchased from Malaysia and was used without further 

purification. Before the experimental procedure, all glassware and apparatus were washed with 

a freshly prepared Piranha etch, followed by distilled water of 18.2 MΩ.cm resistivity, after 

which they were dried in the oven. For the collection of the extract, Whatman filter paper Grade 

I was used. Distilled water was used for the entire duration of the experiment to avoid any 

contamination from Impurities. The extract was then stored in a sterile container at -20 °C until 

further analysis. 
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2.2. Methods. 

2.2.1. Preparation of Matricaria chamomilla L. plants (chamomile flower).  

The collected leaves of the chamomile flower were cleaned with distilled water to 

remove impurities. The leaves were then dried in an oven to eliminate all moisture. 

Subsequently, 40 g of the dried leaves were ground into a fine powder using a pestle and mortar. 

The crushed leaves were boiled in 100 mL of deionized water for approximately 2 hours at 

50℃ until the water turned green and then brown, as depicted in Figure 1a. The mixture was 

allowed to cool to room temperature for 10-15 minutes before filtering the extract through 

Whatman filter paper. The aqueous extract was stored at room temperature for future use. 

2.2.2. Green synthesis of zinc oxide nanoparticles. 

The synthesis of zinc oxide nanoparticles (ZnONPs) was carried out using the co-

precipitation method. An aqueous solution of zinc acetate (0.02 M) was prepared by adding 

0.02 g of zinc acetate to 50 mL of distilled water and stirring vigorously for 15 minutes. 

Afterward, different ratios of plant extract (1.0 mL, 2.0 mL, 3.0 mL, and 4.0 mL) were added 

to the zinc acetate dehydrate solution. Next, 2.0 M of NaOH solution was added to the mixture 

to form a white aqueous solution, which was then stirred for 2 hours. The residue was then 

washed with distilled water and ethanol to remove impurities, followed by calcination in a 

furnace at 300 °C for 4-5 hours. The resulting product was a brownish powder, which was 

identified as ZnONPs. 

2.2.3. Characterization of zinc oxide nanoparticles. 

The synthesized ZnONPs were analyzed for structure, optical properties, and 

morphology using X-ray diffraction (XRD), a UV-visible spectrophotometer, Fourier 

transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). XRD was 

used to determine the crystalline structure of the nanoparticles, and the UV-Visible 

Spectrophotometer was used to analyze their optical properties. The FTIR provided 

information on the functional groups present in the nanoparticles, and the SEM was used to 

examine their size and shape. After these characterizations, the prepared ZnONPs were studied 

for potential photovoltaic applications. 

3. Results and Discussion 

3.1. Optical properties. 

The UV-visible spectroscopy analysis of the prepared zinc oxide nanostructure sample 

at room temperature in Figure 1 revealed that the sample absorbs radiation in the UV region, 

specifically between 200-400 nm, while the visible spectrum radiation is transmitted. The sharp 

absorption peak at around 361.75 nm is an indication of the excitonic characteristics of the zinc 

oxide nanostructure at room temperature. This result highlights the potential of the prepared 

zinc oxide nanostructure in enhancing light absorption and carrier generation in solar cells.  

The bandgap energy of the ZnO nanoparticles was calculated by extrapolating the curve 

between the frequency (ν) and the optical absorption coefficient (α) using equations 1 to 3, as 

revealed in Figure 2. The resulting band gap energy was approximately 3.3 eV, confirming the 

semiconducting nature of the ZnO nanoparticles and their suitability for photovoltaic 
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applications. These findings suggest that the ZnO nanoparticles have the potential to be used 

in solar cells for converting solar energy into electrical energy. 

 
Figure 1. UV-visible absorption spectra of zinc oxide nanoparticles. 

 
Figure 2. Extrapolation curve for the bandgap of prepared ZnO nanoparticles. 

The absorption coefficient (α) and the optical band gap (Eg) of the thin film were 

determined by Equations 1-3 [29–31]; 

𝛼 = 2.303(
𝐴

𝑡
)   (1) 

Where A is absorbance, and t is the thickness. The absorption coefficient α and the 

extinction coefficient k are related by the equation  

𝑘 =
𝑎𝜆

4𝜋
   (2) 

Where λ is the wavelength. 

The equation relates the optical band gap energy Eg and absorption coefficient α  

(𝛼ℎ𝑣)2 = ℎ𝑣 − 𝐸𝐺   (3) 

where h = Planck’s constant = 6.626 x 10-34 Joules sec. c is the speed of light = 3.0 x 

108 meters/sec. where 1 ev =1.6 x 10-19 Joules. 

3.2. SEM analysis. 

The SEM images in Figure 3a reveal that the particles are spherical and granular. 

Higher-resolution SEM imaging reveals particle agglomeration, which may be due to aging. 

The size distribution of the prepared Zinc Oxide nanoparticles, as shown in Figure 3b, is well 

fit by a Gaussian distribution, indicating a very uniform distribution throughout the solution. 

3.3. XRD analysis. 

The ZnO nanoparticles (ZnONPs) were analyzed using X-ray diffraction (XRD) with a 

D8 Advance Bruker AXS instrument. The XRD pattern in Figure 4 shows the diffraction 

analysis of the ZnNPs in powder form, covering angles from 10° to 90º. Notable diffraction 

peaks were observed at Bragg’s angles of 32.37°, 35.53°, 36.12°, 47.4°, 56.2°, 62.55°, 67.3°, 

and 69.1°, corresponding to the crystallographic planes (100), (002), (101), (102), (110), (103), 
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(112), and (201) respectively. This XRD pattern provided insights into the orientation and 

crystalline structure of the ZnONPs. To determine the phase speciation, the obtained XRD 

pattern was compared with the International Center for Diffraction Data (ICDD) reference data 

for Zn.  

  
(a) 

 
(b) 

Figure 3. (a) SEM image of zinc oxide nanoparticles at different resolutions; (b) The calculated size 

distribution of green-synthesized zinc oxide nanoparticles with a Gaussian fit. 

 

 
Figure 4. XRD patterns of zinc oxide nanoparticles.  

This comparison confirmed the successful synthesis of ZnONPs through the green 

synthesis method, resulting in the formation of crystalline wurtzite hexagonal structures. The 

crystallite size (D) of the ZnONPs was calculated using the Scherrer equation from the (101) 

peak in the XRD graph, providing valuable information on the average crystallite size of the 

synthesized ZnONPs. These results are consistent with recent research by {Formatting 
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Citation}, who reported the synthesis of hexagonal wurtzite ZnO nanoparticles via a 

hydrothermal method. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
    (4) 

 

where  is the x-ray wavelength,  = the Bragg diffraction angle, and  = the FWHM 

of the peak appearing at the diffraction angle. The calculated average size of the ZnONP was 

found to be approximately 36 nm. This value is consistent with the expected size range for 

nanoparticles and indicates the successful synthesis of ZnONP with a narrow size distribution. 

3.4. Effect of spin-coater speed (rpm) on the thickness of ZnONP-based polymer solar cells. 

The investigation focused on the effect of spin-coater revolutions per minute (rpm) on 

the thickness of the ZnO film deposited on a glass substrate. By examining the ZnO 

nanoparticles buffer layer created at various rotation speeds, we analyzed the absorption peaks 

as depicted in Figure 5. It was observed that an optimal rpm of 1500 best enhances conditions 

for improved photovoltaic performance. 
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Figure 5. Absorbance of ZnO nanoparticle thin films at different rpm. 

The effect of varying thermal annealing temperature on the UV-Vis characteristics of 

Zinc Oxide nanoparticle-based buffer layer films was investigated across a temperature range 

of 50℃ to 300℃ (Figures 6-9). The study revealed that an annealing temperature of 300℃ 

yielded optimal conditions for achieving maximum absorbance, transmittance, and reflectance 

in the films, as depicted in Figures 7-9. This temperature setting is crucial for maximizing 

device performance by ensuring superior optical properties and electron-transfer efficiency 

within the thin-film structure. 

The study found that thermal annealing enhances the quality of film deposition and the 

crystallinity of ZnO nanoparticles in the buffer layer, which, in turn, improves the efficiency 

of the solar cell by increasing the transmission of photo-generated electrons to the anode. This 

is achieved by optimizing the optical properties of the film, including its absorbance, 

transmittance, and reflectance. The optimal annealing temperature for achieving the best 

maximum absorbance, transmittance, and reflectance was found to be 300℃, which is in close 

agreement with a previous study that the surface morphology of ZnO nanostructures deposited 

on a quartz substrate was highly uniform when the optimum preparation conditions (400℃) 

[33]. This temperature setting is crucial for maximizing the performance of the device by 
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ensuring superior optical properties and electron transfer efficiency within the thin film 

structure. 
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Figure 6. Post-thermal annealing on the absorbance spectra. 
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Figure 7. Effect of thermal annealing on absorbance spectra. 
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Figure 8. Effect of thermal annealing on transmittance spectra. 
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Figure 9. Effect of thermal annealing on reflectance spectra. 

3.4. The optimization of processing parameters for enhancing the electrical properties of zinc 

oxide buffer layer thin-film devices. 

The ZnO film was subjected to annealing at varying temperatures and durations to 

optimize the processing parameters. The performance of the ZnO nanoparticles buffer layer 

device under different processing conditions is presented in Table 1. It has been established 

that the optimal spin-coating speed for achieving the best performance was 1500 rpm, and the 

device exhibited significant improvements across various annealing conditions and times with 

this speed compared to devices with other speeds. 

For example, the device annealed at 300℃ for 1 hour exhibited a current (I) of 9.48 

mA/cm2, voltage (V) of 0.45V, maximum power of 4.266, resistance of 2.93 Ω/cm2, and sheet 

resistance of 296.7 Ω/cm2. Similarly, the device annealed at 400 ℃ for 10 minutes displayed a 

current (I) of 9.40 mA/cm2, voltage (V) of 0.44V, maximum power of 3.324, resistance of 2.76 

Ω/cm2, and sheet resistance of 294.4 Ω/cm2. Furthermore, the device annealed at 300℃ for 30 

minutes showed a current (I) of 9.50 mA/cm2, voltage (V) of 0.46V, maximum power of 4.37, 

resistance of 2.16 Ω/cm2, and sheet resistance of 291.8 Ω/cm2, indicating remarkable 

improvements in the thin film organic solar cells. 

Table 1. Performance characteristics of ZnO buffer layer thin film with different spin-coating speeds, annealing 

time, and annealing temperatures. 

Speed of zinc 

(rpm) 

Annealing 

condition 
Time (sec) V (v) I (mA/cm2) Power (w) R (Ω/cm2) 

Rsh 

(Ω/cm2) 

1500 100℃ 1hr 0.50 9.23 3.79 3.97 436 

1500 100℃ 45 min 0.52 9.45 3.96 4.23 422 

1500 100℃ 30 min 0.51 9.40 3.82 3.36 431 

1500 200℃ 1hrs 0.53 8.99 3.86 4.81 301 

1500 200℃ 45 min 0.52 8.98 3.86 4.45 313 

1500 200℃ 30 min 0.52 9.01 3.72 4.61 347 

1500 300℃ 1hr 0.65 9.48 4.36 2.95 346 

1500 300℃ 45 min 0.63 9.50 4.37 2.26 293 

1500 300℃ 30 min 0.60 9.40 3.35 2.70 296 

3.5. Photovoltaic performance. 

The typical I-V characteristics of devices incorporating green-synthesized zinc oxide 

nanoparticles are depicted in Figure 10. The average short-circuit current density (Jsc), open-

circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) values for each 

device are presented for comparison purposes. It is noteworthy that the buffer layer device 
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utilizing chemically prepared zinc oxide exhibits a Jsc of 0.690 mA/cm2, a Voc of 0.580 V, 

and FF of 0.812, yielding a PCE of 3.580 %. This lower performance can be attributed to the 

high leakage current resulting from the low work function of the buffer layer device with 

chemically prepared zinc oxide. In contrast, the device employing green synthesized zinc oxide 

demonstrates a Jsc of 0.750 mA/cm, a Voc of 0.740 V, and FF of 0.895, resulting in a PCE of 

4.320 %. These results indicate that the green-synthesized zinc oxide film can serve as an 

effective substitute for the buffer layer, leading to improved device performance and, 

consequently, enhanced overall performance of organic solar cells. 

 
Figure 10. Current – Voltage (I–V) characteristic curve of nanoparticle-based polymer solar cell. 

Table 2. I–V characteristics parameters of nanoparticle-based polymer solar cell. 

Thin film devices Isc (mA/cm2) Voc (V) Fill factor PCE (%) 

ITO film 0.690 0.580 0.812 3.580 

Green ZnONP 0.790 0.740 0.895 4.320 

4. Conclusions 

In this study, ZnONP has been successfully synthesized using the spin coating method. 

Examination under SEM revealed the prepared film to be homogeneous. It was also revealed 

that thermal annealing improved the quality of the deposited film. Optical analyses reveal a 

promising prospect for the applications of ZnONPs in photovoltaic systems. 
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