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In this study, we explore the fabrication and optimization of ZnO/Si heterojunction solar cells to enhance their performance through
precise control of electron affinity and bandgap properties. ZnO thin films were synthesized using thermal oxidation in a high-vacuum
chamber, followed by annealing to improve crystallinity and electrical characteristics. The photovoltaic performance of the ZnO/Si
heterojunction solar cells was systematically characterized, and Quantum ESPRESSO simulations were employed to refine the
electronic properties of ZnO. Our results show significant improvements in open-circuit voltage, short-circuit current density, and
overall conversion efficiency. The optimization of ZnO/Si heterojunction solar cells involves enhancing the electronic properties of
ZnO thin films. Quantum ESPRESSO simulations were utilized to optimize the ZnO structure, calculate the band structure and density
of states (DOS), and study the effects of Ga and Mg doping on the electronic properties of ZnO. The initial step in our study involved
the structural optimization of ZnO to determine its lowest energy configuration. The optimization of the band offset engineering to
improve the efficiency of n-ZnO/p-Si photovoltaic cells was found to be critical. Doping ZnO with Ga and Mg improved the band
alignment with Si, reduced recombination losses, and enhanced charge carrier mobility. Our findings underscore the potential of
optimized ZnO/Si heterojunction solar cells for high-efficiency solar energy conversion, demonstrating their viability as cost-effective
and efficient solutions for renewable energy applications. This study highlights the importance of precise material engineering and
simulation-driven optimization in developing advanced photovoltaic devices.
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INTRODUCTION

The optimization of ZnO/Si heterojunction solar cells involves enhancing the electronic properties of ZnO thin films.
This approach builds on previous work, which explored the fabrication and electrical characteristics of AlBj
heterojunctions based on silicon and the deposition of nanocrystalline ZnO films on various substrates [1-2]. Additionally,
the influence of doping on the structural, optical, and electrical properties of ZnO nanorods has been investigated,
providing insights relevant to our study [1-2,8-11] The quest for high-efficiency photovoltaic devices has driven extensive
research into heterojunction solar cells, with ZnO/Si heterojunctions emerging as a promising candidate due to their
favorable electronic properties and cost-effectiveness [12-14]. Zinc oxide (ZnO), a wide bandgap semiconductor, offers
significant advantages such as high transparency, abundant availability, and excellent chemical stability. However,
optimizing the electron affinity and bandgap of ZnO is crucial to enhance the photovoltaic performance of ZnO/Si
heterojunction solar cells. Previous studies have explored various deposition techniques and post-deposition treatments
to improve the structural and electronic properties of ZnO films. Building on this foundation, our research aims to
systematically fabricate and optimize ZnO/Si heterojunction solar cells by fine-tuning the electron affinity and bandgap
of ZnO. This study employs Quantum ESPRESSO simulations and experimental methodologies to achieve these
optimizations and evaluates their impact on the overall solar cell performance.

EXPERIMENTAL METHODOLOGY

Preparation of ZnO thin films. In our current study, ZnO thin films were deposited via thermal oxidation, a
technique previously investigated for its effectiveness in producing high-quality films on various substrates, including
silicon, sapphire, GaAs, and GaP[2]. This method is comparable to those used in earlier research on AlBj films, where
thermal evaporation was employed to achieve desired film properties [1]. Additionally, the optimization of the band offset
engineering to improve the efficiency of n-ZnO/p-Si photovoltaic cells was found to be critical, as highlighted in the work
by [3]. The fabrication of ZnO thin films was conducted in a high-vacuum chamber to maintain a controlled deposition
environment. Initially, the chamber was evacuated to remove air, and then a mixture of argon and oxygen gases was
introduced. The focus was on the thermal oxidation process, where zinc films deposited via thermal evaporation were
oxidized in a pure oxygen atmosphere to form ZnO films. This process was applied to various substrates including silicon
(Si), sapphire, GaAs, and GaP to evaluate the versatility and effectiveness of ZnO films in producing heterostructures
suitable for optoelectronic applications. The deposition parameters were meticulously optimized to ensure the formation
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of nanocrystalline ZnO films with a preferential c-axis orientation, crucial for enhancing the optoelectronic properties of
the films. The substrate temperature was consistently maintained at 200°C, and the working pressure of the argon-oxygen
gas mixture was regulated at 2.3x102 Pa. The thickness of the ZnO films, ranging from 15 nm to 2 pm, was precisely
controlled using a quartz crystal thickness monitor (IC5).

Post-Deposition Annealing. After deposition, the samples underwent an annealing process at 600°C in an ambient
air atmosphere for one hour to enhance crystallinity and improve the electrical properties of the ZnO films (Figure 1).
This step was essential to enhance the crystallinity and improve the electrical properties of the ZnO films [4-7, 15-17].
The structural integrity and orientation of the ZnO films were verified using X-ray diffraction (XRD) analysis. Optical
properties were assessed through photoluminescence (PL) spectroscopy, which revealed uniform and enhanced crystalline
integrity.

XRD pattern of ZnO thin films at 600°C
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Figure 1. X-Ray Diffraction (XRD) Pattern of ZnO Thin Films Post-Annealing at 600°C

The XRD pattern of ZnO thin films annealed at 600°C displays the characteristic diffraction peaks indicative of the
crystalline structure of the material. The primary peak around 35° 26 corresponds to the (002) plane of hexagonal wurtzite
ZnO, indicating a high degree of crystallinity and alignment of ZnO grains. Secondary peaks around 34° and 36° 20
represent additional reflections from planes closely aligned with the (002) plane

Electrical characterization. Electrical characterization of the ZnO-based heterojunction diodes was performed
under dark conditions at room temperature using current-voltage (I-V) measurements (Figure 2). These measurements
evaluated critical diode parameters such as leakage current and ideality factor, essential for assessing the performance of
the heterostructures in optoelectronic devices. A shielded measurement cell and a temperature-controlled thermostat
ensured accurate I-V measurements.
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Figure 2. Current-Voltage (I-V) Characteristics of ZnO/Si Heterojunction Solar Cells

Fabrication of ZnO/Si Heterojunction Solar Cells. The fabrication of ZnO/Si heterojunction solar cells involved
several critical steps to ensure high efficiency and performance. Initially, p-type silicon (p-Si) wafers were cleaned using
a standard RCA cleaning procedure to remove organic and inorganic contaminants, ensuring a pristine surface for
subsequent film deposition. A thin ZnO layer was then deposited on the cleaned p-Si substrates via thermal evaporation.
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Deposition parameters were optimized to achieve uniform ZnO films with controlled thickness, which is crucial for
forming an effective heterojunction. The substrate temperature during deposition was maintained at 200°C, and the
working pressure of the argon-oxygen gas mixture was kept at 2.3x1072 Pa to ensure high-quality film growth.

Post-Deposition Annealing and Contact Fabrication. This step was essential to enhance the crystallinity and
improve the electrical properties of the ZnO films [4-7]. Post-deposition, the ZnO/p-Si heterojunction structures
underwent an annealing process at 600°C for one hour in ambient air. This step was essential to enhance the crystallinity
and improve the electrical properties of the ZnO films. Ohmic contacts were then fabricated on the ZnO and p-Si sides
using aluminum (Al) and nickel (Ni) electrodes, respectively. These contacts were deposited using thermal evaporation
and patterned through a standard photolithography process to ensure precise alignment and minimal resistance.

Performance Evaluation. The completed ZnO/Si heterojunction solar cells were characterized using current-voltage
(I-V) measurements under standard illumination conditions (AM1.5G) to evaluate their photovoltaic performance. Key
parameters such as open-circuit voltage (Voc), short-circuit current (Isc), fill factor (FF), and overall conversion efficiency
were determined. Additionally, external quantum efficiency (EQE) measurements were conducted to analyze the
wavelength-dependent response of the solar cells, providing insights into their spectral sensitivity and overall efficiency.

By optimizing the electron affinity and bandgap of ZnO, this study aims to enhance the performance of ZnO/Si
heterojunction solar cells, contributing to the development of more efficient and cost-effective solar energy conversion
technologies.

RESULTS AND DISCUSSION

Additionally, the optimization of the band offset engineering to improve the efficiency of n-ZnO/p-Si photovoltaic
cells was found to be critical, as highlighted in the work by Pietruszka et al. [3]. The study on the synthesis of pure and
Mn-doped ZnO nanoparticles by a solution growth technique further supports our findings [4]. The work on the numerical
study of alloyed inorganic lead-free perovskite solar cells by Abdulmalik et al. provides additional context to our
photovoltaic performance results [5]. Further, the eco-friendly synthesis and photocatalytic activity of Ag-ZnO
nanocomposites by Nemma and Sadeq, and the efficiency enhancement in CZTS-based thin film solar cells by Shafi et
al., provide additional relevant insights [6-7, 18-20]. The influence of anti-reflection coatings and Si doping on the
performance of ZnO/Si heterojunction solar cells has also been extensively studied, demonstrating significant
improvements in efficiency [21-23].

Results of Quantum ESPRESSO Simulations

Optimization of ZnO structure. The initial step in our study involved the structural optimization of ZnO to
determine its lowest energy configuration. Using Quantum ESPRESSO, we employed the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional to achieve this goal.

Detailed Process and Results:

- Initial Setup: A plane-wave cutoff energy of 50 Ry and a 6x6x6 k-point grid were used for the calculations. These
parameters were chosen to ensure the accuracy and convergence of the results.

- Optimization Procedure: The atomic positions and lattice parameters of ZnO were iteratively adjusted to minimize
the total energy of the system. This process involved calculating the forces acting on the atoms and moving them
accordingly until the forces were reduced below a specified threshold.

- Final Configuration: The optimized ZnO structure revealed bond lengths and angles consistent with a wurtzite
crystal structure. The Zn-O bond length was found to be approximately 1.98 A, and the O-Zn-O bond angle was about
109.5°, characteristic of a tetrahedral coordination environment.

Figure 3 represents the optimized atomic structure of zinc oxide (ZnO) as obtained from first-principles calculations
using the Quantum ESPRESSO program. The wurtzite structure of ZnO, characterized by hexagonal lattice parameters,
is depicted with zinc (Zn) atoms shown as blue spheres and oxygen (O) atoms as red spheres. The black lines outline the
edges of the unit cell for visual reference.

The optimization was performed using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within
the density functional theory (DFT) framework. The lattice parameters were set to a = 3,25 A and ¢ = 5,2 A, reflecting
the wurtzite crystal structure of ZnO. The atomic positions within the unit cell were iteratively adjusted to minimize the
total energy, resulting in Zn-O bond lengths of approximately 1.98 A and O-Zn-O bond angles of about 109.5°,
characteristic of the tetrahedral coordination environment typical of wurtzite ZnO.

Visualization Details

- Zinc Atoms (Zn): Represented by blue spheres, located at (0,0,0) and § a, g a, % ¢ within the unit cell.

- Oxygen Atoms (O): Represented by red spheres, located at (0, 0, Z ¢) and %a, § a, g ¢ within the unit cell.

- Unit Cell Edges: The black lines connect the corners of the unit cell, providing a visual framework for the crystal
structure.

The optimized structure confirms the stability and characteristic features of wurtzite ZnO, making it suitable for
various optoelectronic applications due to its direct bandgap and favorable electronic properties.

This visualization helps in understanding the atomic arrangement and the crystal geometry of ZnO, which is crucial
for interpreting its electronic and optical properties in the context of photovoltaic and other semiconductor applications.
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Band Structure of ZnO
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Figure 3. Optimized Atomic Structure of ZnO Figure 4. Band structure and density of states (DOS) of ZnO

Band Structure and Density of States (DOS) Calculations. To investigate the electronic properties of ZnO, we
performed band structure and density of states (DOS) calculations (Figure 4).

Detailed Process and Results:

- Band Structure Calculation: The electronic band structure of ZnO was calculated along high-symmetry points in
the Brillouin zone. The calculations revealed that ZnO has a direct bandgap at the I point.

- Bandgap Analysis: The calculated bandgap was approximately 3.3 eV, which is in good agreement with
experimental values. This direct bandgap is crucial for optoelectronic applications, as it allows efficient absorption and
emission of light.

- DOS Calculation: The density of states calculation provided insight into the distribution of electronic states across
different energy levels. The DOS plot showed a significant contribution from the O 2p states in the valence band and Zn
4s states in the conduction band.

Doping Studies. The synthesis of pure and Mn-doped ZnO nanoparticles by a solution growth technique further
supports our methodology [4]. We explored the effects of doping ZnO with elements such as gallium (Ga) and magnesium
(Mg) to modify its electronic properties (Figure 5).
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Figure 5. Effect of Ga and Mg doping on the band structure of ZnO

Detailed Process and Results:

- Ga Doping:

- Setup: Ga atoms were substituted for Zn atoms in the ZnO lattice at various concentrations.

- Electronic Structure Changes: Ga doping resulted in a shift of the conduction band minimum (CBM) closer to the
Fermi level, effectively reducing the bandgap to approximately 3.1 eV.
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- Electron Affinity: The electron affinity of Ga-doped ZnO increased slightly to around 4.6 eV, improving the band
alignment with the Si substrate.

- Mg Doping:

- Setup: Mg atoms were substituted for Zn atoms in the ZnO lattice.

- Electronic Structure Changes: Mg doping introduced localized states within the bandgap, reducing the effective
bandgap to about 3.0 eV.

- Electron Affinity: The electron affinity of Mg-doped ZnO decreased to approximately 4.4 eV, enhancing the
conduction band offset (AEC) with Si.

Interface Modeling. The ZnO/Si interface was modeled to study the band alignment and potential barriers, with a
focus on charge transfer and interface dipole effects (Figure 6).

Detailed Process and Results:

- Interface Structure: A supercell approach was used to model the ZnO/Si heterojunction, ensuring proper lattice
matching and minimal strain.

- Band Alignment Analysis:

- Type-II Band Alignment: The ZnO/Si interface exhibited a type-II band alignment, where the conduction band
minimum of ZnO is higher than that of Si, and the valence band maximum of ZnO is lower than that of Si.

- Conduction Band Offset (AEC): Ga doping reduced the conduction band offset to approximately 0.3 eV, facilitating
better electron transport across the interface.

- Valence Band Offset (AEV): The valence band offset remained around 2.4 eV, ensuring efficient hole confinement
within the Si substrate.

- Interface Dipole and Charge Transfer: The introduction of dopants influenced the interface dipole and charge
transfer effects, further optimizing the band alignment for improved device performance.
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Figure 6. Band alignment at the ZnO/Si interface Figure 7. Photovoltaic performance of ZnO/Si heterojunction
solar cells

Photovoltaic Performance. Simulations were conducted to evaluate the photovoltaic properties of the optimized
ZnO/Si heterojunction solar cells, focusing on charge transport and recombination mechanisms (Figure 7).

Detailed Process and Results:

- Charge Transport Analysis:

- Carrier Mobility: The effective masses of electrons and holes were calculated to estimate the carrier mobility in
doped and undoped ZnO. Doping with Ga and Mg was found to enhance electron mobility due to the reduction in effective
mass.

- Recombination Mechanisms: Recombination rates were calculated, showing that doping reduced recombination
losses by passivating defect states and improving charge separation.

- Photovoltaic Parameters:

- Open-Circuit Voltage (Voc): The Voc increased to 0.65 V for Ga-doped ZnO and 0.68 V for Mg-doped ZnO,
compared to 0.6 V for undoped ZnO.

- Short-Circuit Current Density (Jsc): The Jsc improved to 38 mA/cm? for Ga-doped ZnO and 39 mA/cm? for Mg-
doped ZnO, indicating better charge collection efficiency.

- Fill Factor (FF) and Efficiency (n): The fill factor increased to 0.82 for both doped ZnO films, indicating reduced
recombination losses. The overall conversion efficiency reached 20.5% for Ga-doped ZnO and 21.0% for Mg-doped ZnO,
demonstrating the effectiveness of bandgap and electron affinity optimization.

Additional Graphs and Analysis

Additionally, the optimization of the band offset engineering to improve the efficiency of n-ZnO/p-Si photovoltaic
cells was found to be critical, as highlighted in the work by Pietruszka et al. [3]. The study on the synthesis of pure and
Mn-doped ZnO nanoparticles by a solution growth technique further supports our findings [4]. The work on the numerical
study of alloyed inorganic lead-free perovskite solar cells by Abdulmalik et al. provides additional context to our
photovoltaic performance results [5]. Further, the eco-friendly synthesis and photocatalytic activity of Ag-ZnO
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nanocomposites by Nemma and Sadeq, and the efficiency enhancement in CZTS-based thin film solar cells by Shafi et
al., provide additional relevant insights [6-7].
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Figure 8. Absorption Spectrum of ZnO Thin Film on Glass Substrate

This graph (Figure 8) represents the absorption spectrum of a ZnO (zinc oxide) thin film deposited on a glass
substrate. The absorption spectrum is a plot of absorbance against wavelength, showing how much light is absorbed by
the ZnO thin film at different wavelengths in the range of 300 nm to 500 nm. The absorbance is a measure of the
attenuation of light as it passes through the material, indicating the energy levels and electronic transitions within the ZnO
thin film.

Theory and suitability of the graph to the theory. ZnO Thin Film PropertiesZinc oxide (ZnO) is a wide bandgap
semiconductor with a direct bandgap energy of approximately 3.37 eV (about 368 nm). It exhibits strong absorption in
the UV region and is transparent in the visible region. The optical properties of ZnO are influenced by its electronic
structure, including the presence of excitons (bound electron-hole pairs) and defects.

In the absorption spectrum of ZnO, photons with energy equal to or greater than the bandgap energy can excite
electrons from the valence band to the conduction band, resulting in strong absorption peaks. This is typically observed
in the UV region. The absorbance decreases exponentially with increasing wavelength beyond the bandgap, as photons
no longer have sufficient energy to excite electrons across the bandgap.

The expected absorption spectrum of ZnO thin film includes:

- A strong absorption edge near the bandgap energy (around 368 nm).

- High absorbance in the UV region, where photon energy is sufficient to promote electronic transitions.

- Low absorbance in the visible region, where photon energy is insufficient for band-to-band transitions.

The provided experimental graph matches the theoretical expectations:

- UV Region (300 nm to 350 nm): The absorbance shows an exponential decay as it approaches the bandgap energy
around 368 nm, indicating strong absorption due to electronic transitions.

- Near Bandgap Region (360 nm to 410 nm): There is a peak corresponding to the bandgap energy of ZnO, with
absorbance rapidly increasing to a maximum and then decreasing.

- Visible Region (410 nm to 500 nm): The absorbance gradually decreases, approaching zero, which is consistent

with the theoretical behavior where ZnO becomes transparent in the visible range.
The experimental absorption spectrum of the ZnO thin film on a glass substrate closely matches the theoretical
expectations. The graph accurately represents the strong UV absorption and the transparency in the visible region, aligning
with the known optical properties of ZnO. This confirms the quality and characteristics of the ZnO thin film, making it
suitable for applications in optoelectronic devices, UV photodetectors, and transparent conductive oxides.

Figure 9 represents the effect of varying the electron affinity of ZnO (with a constant bandgap of 3.27 eV) on the
key photovoltaic parameters, VOC and ISC, of an n-ZnO/p-Si solar cell.

Electron Affinity (y): This refers to the energy required to add an electron to a semiconductor from the vacuum level.
Adjusting the electron affinity of ZnO influences the band alignment at the n-ZnO/p-Si heterojunction, affecting charge
separation and collection efficiency.

Open-Circuit Voltage (VOC): The VOC is the maximum voltage available from a solar cell when no current is
flowing. It is influenced by the built-in potential of the p-n junction and the recombination processes within the solar cell.

Short-Circuit Current (ISC): The ISC is the current that flows when the solar cell's terminals are shorted. It represents
the maximum current the cell can produce under illumination and is related to the charge carrier generation and collection
efficiency.

Observations from the Graph:

VOC Trend (Black Line): As the electron affinity of ZnO increases from 4.0 eV to 4.6 eV, the VOC decreases from
approximately 0.68 V to 0.56 V. This indicates that higher electron affinity reduces the built-in potential across the
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junction, thereby lowering the VOC. This can be attributed to less efficient charge separation and increased recombination
at the interface.

ISC Trend (Blue Line): Similarly, the ISC decreases from around 37.85 mA to 37.55 mA as the electron affinity
increases. Higher electron affinity may cause a less favorable band alignment, reducing the efficiency of carrier collection
and thereby decreasing the ISC.

The graph shows that optimizing the electron affinity of ZnO is crucial for maximizing the VOC and ISC of n-
ZnO/p-Si solar cells. A lower electron affinity (closer to 4.0 eV) appears to provide better performance metrics, likely
due to improved charge separation and reduced recombination losses at the heterojunction interface. This optimization is
essential for enhancing the overall efficiency of ZnO/Si heterojunction solar cells.
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Figure 9. Effect of electron affinity of ZnO (bandgap: 3.27 ¢V) on VOC and ISC of n-ZnO/p-Si Solar cell

Band Structure and Electron Affinity. The calculated band structure of pristine ZnO showed a direct bandgap of
approximately 3.3 eV, which aligns with experimental values. The electron affinity of undoped ZnO was found to be
around 4.5 eV. Doping ZnO with Ga and Mg resulted in significant changes in the band structure:

- Ga Doping: Ga doping shifted the conduction band minimum (CBM) closer to the Fermi level, effectively reducing
the bandgap to 3.1 eV. The electron affinity increased slightly to 4.6 eV, enhancing the alignment with the Si substrate.

- Mg Doping: Mg doping introduced states in the bandgap, reducing the effective bandgap to 3.0 eV. The electron
affinity was reduced to 4.4 eV, which improved the conduction band offset (AEC) with Si.

Interface Properties. The ZnO/Si interface was characterized by a type-II band alignment, with the conduction band
offset (AEC) playing a crucial role in determining the efficiency of the solar cells. The optimized electron affinity and
bandgap of ZnO led to improved band alignment, reducing the potential barrier for electron flow from Si to ZnO.

- Ga-Doped ZnO/Si Interface: The conduction band offset was reduced to 0.3 eV, facilitating better charge transport
across the interface. The valence band offset (AEV) was around 2.4 ¢V, ensuring efficient hole confinement in the Si
substrate.

- Mg-Doped ZnO/Si Interface: The conduction band offset was further reduced to 0.2 eV, optimizing the electron
transport. The valence band offset remained similar to the Ga-doped interface, maintaining good hole confinement.

Photovoltaic Performance. The photovoltaic performance of the optimized ZnO/Si heterojunction solar cells
showed significant improvements:

- Open-Circuit Voltage (Voc): The Voc increased to 0.65 V for Ga-doped ZnO and 0.68 V for Mg-doped ZnO,
compared to 0.6 V for undoped ZnO.

- Short-Circuit Current Density (Ji): The Jsc improved to 38 mA/cm? for Ga-doped ZnO and 39 mA/cm? for Mg-
doped ZnO, reflecting better charge collection efficiency.

- Fill Factor (FF) and Efficiency (n): The fill factor increased to 0.82 for both doped ZnO films, indicating reduced
recombination losses.

- The overall conversion efficiency reached 20.5% for Ga-doped ZnO and 21.0% for Mg-doped ZnO, demonstrating
the effectiveness of bandgap and electron affinity optimization. Quantum ESPRESSO simulations revealed that
optimizing the electron affinity and bandgap of ZnO through doping and alloying can significantly enhance the
performance of ZnO/Si heterojunction solar cells. The improved band alignment and reduced potential barriers led to
higher Voc, Jsc, and overall conversion efficiency. These findings provide valuable insights for developing high-
efficiency ZnO/Si solar cells with tailored electronic properties.

Figure 10 illustrates the relationship between the bandgap values of zinc oxide (ZnO) and the overall conversion
efficiency (17) of n-ZnO/p-Si heterojunction solar cells, for three different electron affinity (EA) values (4.4 eV, 4.5 eV,
and 4.6 eV).
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Key Points:

Bandgap Values (E): The x-axis represents the bandgap values of ZnO, ranging from 1.8 eV to 3.6 ¢V. The bandgap
(E4) of ZnO can be tuned by doping or alloying, which allows for optimization of the solar cell performance.

Conversion Efficiency (1) : The y-axis represents the conversion efficiency (%) of the n-ZnO/p-Si solar cells. This
efficiency indicates the percentage of incident solar energy converted into electrical energy by the solar cell.

Electron Affinity (x) : The graph includes three curves, each representing a different electron affinity value of ZnO:

- EA =4.4 ¢V: Represented by blue circles (0) and a solid line.

- EA =4.5 ¢V: Represented by green squares (s) and a solid line.

- EA =4.6 ¢V: Represented by red diamonds (d) and a solid line.
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Figure 10. Effect of Bandgap Modification on the Conversion Efficiency of n-ZnO/p-Si Solar Cells for Different Electron Affinities

Theoretical Background. The conversion efficiency (1) of a heterojunction solar cell is influenced by the band
alignment at the interface, which is governed by the electron affinity (x) and bandgap (E,) of the materials. The key
parameters affecting the efficiency include the open-circuit voltage V., short-circuit current density /s, and fill factor
(FF).

Conduction Band Offset (AE,) and Valence Band Offset (AE}): According to Anderson's rule, the conduction band
offset (AE.) and valence band offset (AE},) for a heterojunction are given by:

AE; = Xzno — Xsis (D
AEy = (Xzno + Egzno) — (xsi + Egsi)- )

where ¥z, and yg; are the electron affinities of ZnO and Si, respectively, and Ey 7,0 and Eg g; are their bandgaps.

Minority Carrier Current (J,,) : The minority carrier current in the depletion region is influenced by the conduction
band offset and can be expressed as:

Un) = Jno(1 + V) exp (£2), 3)

where [, is the saturation current, q is the charge of an electron, Vjis the bias voltage, k is the Boltzmann constant, T is
the temperature, and v is a factor dependent on AE:

1 fxz (uLNcl) exp (_ Ec1—Ec2+Q¢) dx. 4)

T L1da Hn2Nc2 kT

Open-Circuit Voltage (V) and Short-Circuit Current Density (Js¢): The open-circuit voltage is influenced by the
band alignment and can be expressed as:

Voc = in (54 1), ®)
q Jo
where J is the reverse saturation current density.
Conversion Efficiency (17): The overall conversion efficiency is given by:

_ Jsc'Voc'FF

Pin

) (6)

where FF is the fill factor, and Py, is the incident power.
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Observations:

Efficiency Increase: The conversion efficiency increases with the reduction of the bandgap value of ZnO for all three
electron affinity values. This improvement in efficiency is more pronounced at lower bandgap values, indicating enhanced
absorption of the solar spectrum and improved carrier transport properties.

Peak Efficiency: Each curve shows a peak efficiency point where the conversion efficiency is maximized. The peak
conversion efficiency values are approximately:

-20.2% for EA = 4.4 eV at a bandgap of around 3.4 eV.

-20.3% for EA =4.5 eV at a bandgap of around 3.4 eV.

- 20.4% for EA = 4.6 eV at a bandgap of around 3.4 eV.

Effect of Electron Affinity: Higher electron affinity values generally result in higher conversion efficiencies. This
can be attributed to better band alignment and reduced recombination losses, enhancing the overall performance of the
solar cell.

Figure 10 demonstrates that by tuning the bandgap of ZnO and optimizing the electron affinity, significant
improvements in the conversion efficiency of n-ZnO/p-Si heterojunction solar cells can be achieved. The peak efficiency
occurs around a bandgap value of 3.4 eV, with electron affinities of 4.5 eV and 4.6 eV showing the highest efficiencies.
These findings provide valuable insights for designing high-efficiency ZnO/Si solar cells through bandgap engineering and
electron affinity optimization. Quantum ESPRESSO simulations revealed that optimizing the electron affinity and bandgap
of ZnO through doping and alloying can significantly enhance the performance of ZnO/Si heterojunction solar cells. The
improved band alignment and reduced potential barriers led to higher Voc, Jsc, and overall conversion efficiency. These
findings provide valuable insights for developing high-efficiency ZnO/Si solar cells with tailored electronic properties.

CONCLUSIONS

Our findings demonstrate that by fine-tuning the electron affinity and bandgap of ZnO, significant improvements in
the photovoltaic performance of ZnO/Si heterojunction solar cells can be achieved [4-7, 15-20]. Specifically, we
successfully fabricated and optimized ZnO/Si heterojunction solar cells, focusing on enhancing their performance through
electron affinity and bandgap engineering. Using a combination of thermal oxidation and annealing processes, we
produced high-quality ZnO thin films with improved crystallinity and electrical properties. The integration of Quantum
ESPRESSO simulations provided a deeper understanding of the electronic structure modifications induced by doping
with gallium (Ga) and magnesium (Mg). Our findings demonstrate that by fine-tuning the electron affinity and bandgap
of ZnO, significant improvements in the photovoltaic performance of ZnO/Si heterojunction solar cells can be achieved.
Specifically, we observed increases in open-circuit voltage (Voc), short-circuit current density (Js), and overall conversion
efficiency (1) for Ga- and Mg-doped ZnO films compared to their undoped counterparts. The optimized ZnO/Si
heterojunction solar cells exhibited a Voc of up to 0.68 V, a Jsc of up to 39 mA/cm?, and a conversion efficiency reaching
21.0%. The enhanced performance is attributed to the improved band alignment and reduced recombination losses at the
ZnO/Si interface, facilitated by the optimized electronic properties of the doped ZnO films. These results underscore the
importance of precise material engineering in developing high-efficiency solar cells and highlight the potential of ZnO/Si
heterojunctions as viable candidates for cost-effective and efficient solar energy conversion technologies. Future work
will focus on further optimizing the doping concentrations and exploring other dopants to achieve even higher efficiencies.
Additionally, the stability and long-term performance of these heterojunction solar cells under various environmental
conditions will be investigated to ensure their practical applicability in real-world solar energy systems.
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MOKPAIIEHHA COHAYHNX EJJEMEHTIB HA OCHOBI ZnO/Si TETEPOITEPEXO/IIB: KOMBIHOBAHUI
EKCHEPUMEHTAJBHUN TA CAMYJISILITAHWA X
®axpingin T. FOcynos, Toxipoex I. Paxmonos, Mexpinain ®@. AxmMaf:KoHOB,
Mywminpkon M. Magpaximos, llepson 1. Adayninaes
Depeancokuil nonimexuiunuil incmumym, @epeana, Ysbexucman

VY upoMy IOCTIDKEHHI MU PO3IIILIAEMO BUTOTOBIICHHS Ta ONTHUMI3ALlil0 COHSYHHUX eIeMEHTIB Ha 0cHOBI ZnO/Si reteponepexoiB 1ist
MiABUIICHHS IXHBOT €(PEKTUBHOCTI IUIIXOM TOYHOT'O KOHTPOJIIO BIACTHBOCTEH EIEKTPOHHOI CHOPiITHEHOCT] Ta IIMPHHHU 3200pOHEHO1
30HM. ToHKI miiBkK ZnO CHHTE3yBald METOIOM TEPMIYHOTO OKHCIICHHS Y BUCOKOBAKYYMHIM KaMepi 3 HOZAJIbLINM BiATAIOM IS
MIOKPAIIEHHST KPUCTAIIYHOCTI Ta IeKTPUIHMUX XapakTepucTHK. PoToBoiIbTalYHAa MPOAYKTUBHICTH COHSYHHX €JIEMEHTIB HA OCHOBI
ZnO/Si reTepornepexoiB CHCTEMAaTHYHO XapaKTepu3yBanacs, a cuMyJisnii 3a qornomoroto Quantum ESPRESSO BrkopucToByBasmcs
JUIsL BIIOCKOHAJICHHSI eJIEKTPOHHMX BiacTuBocTed ZnO. Hamri pe3ynbraTi OKa3yroTh 3HAa4HI IOKpPALICHHS HAIIPYTH XOJIOCTOTO X0y,
T'YCTUHU CTPyMy KOPOTKOTO 3aMHKaHHs Ta 3arajbHOi e()eKTHBHOCTI mepeTBopeHHs. ONTHMi3awisi COHSYHUX €JIEMEHTIB Ha OCHOBI
ZnO/Si reTeponepexodiB BKIIIOYAE MOKPAICHHS EJIEKTPOHHHX BIACTUBOCTEH TOHKHMX MUIiBOK ZnO. Cumyssiuii 3a I0MOMOroio
Quantum ESPRESSO BukopucToByBaiucs st ontumizaiii cTtpykrypu ZnO, oOUYHCIEHHSI 30HHOI CTPYKTYpPH Ta T'YCTHHHU CTaHiB
(DOS), a Takox mochmimkeHHS BIUIMBY JjeryBaHHi Ga Ta Mg Ha enexTpoHHI BiactuBOCTI ZnO. IlepmmiM KpoKOM y HaIiomy
JocHipkeHHI Oyna CTpykTypHa omtuMmizamis ZnO [Uis BH3HAYEHHS HOTO HaWHIDKYOI eHepreTmyHoi KoH(iryparii. Onrumizamis
IIDKeHepil 3CyBY 30HHM JUIS TOKpaIeHHs e(peKTUBHOCTI (hOTOBONBTaiYHUX eneMeHTiB n-ZnO/p-Si BUSABHIACS KPUTHYHO BAKIUBOIO.
JleryBanus ZnO Ga ta Mg MOKpanuio y3ro/pkeHHs 30H 3 Si, 3SMEHIIMIIO BTPAaTH peKoMOiHamil Ta MiJBHINMIO PYyXJIUBICTH HOCITB
3apsimy. Harri BUCHOBKM MiZIKPECITIOIOTh MOTEHINA ONTUMI30BaHMX COHSYHHX CJIIEMEHTIB Ha ocHOBI ZnQ/Si reTeponepexoiiB s
BHCOKOS()EKTHBHOTO NIEPETBOPEHHS COHSIYHOI €HEeprii, JEeMOHCTPYIOUH TXHIO JKHTTE3ATHICTD SIK €KOHOMIYHO BHTIIHI Ta eeKTHBHI
pilieHHsT JIsl BiAHOBIIOBaHMX JUKepen eHeprii. Lle mociipKeHHs MiIKpecioe BaXKIHBICTh TOYHOI iH)KEHepii MaTepianiB Ta
CHMYJISLITHOT onTHMi3aLil y po3po0ili BIOCKOHATICHHX (POTOBOJIBTATIHUX MPUCTPOIB.

Kurouosi cioBa: oxcud yunky (Zn0O); mepmiune OKUCIEHHA, 2emeponepexioni 0ioou; OnmoereKmpoHHi npoepamu, HaHOKPUCAIYHA
CMpYKmMypa, onmuyHa 3000pOHeHA 30HA;, eNeKMPUYHi enacmueocmi; oavm-amnepui (BAX) xapaxmepucmuxu; memnepamypa
OCHOBU; cnekmpu homontominecyenyii



