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Abstract

This article aims to deeply explore the crucial role of semiconductor materials in the conversion of photovoltaic energy.
Firstly, the basic principle of photovoltaic energy conversion was introduced, including related concepts such as the
photovoltaic effect. Then, the core position of semiconductor materials in photoelectric conversion devices was elaborated
in detail, and the characteristics of different types of semiconductor materials (such as silicon-based semiconductors,
compound semiconductors, etc.) and their applications in typical photoelectric conversion equipment such as solar cells
were analyzed. Meanwhile, the influence mechanism of microscopic characteristics such as the band structure and carrier
transport of semiconductor materials on the photoelectric conversion efficiency was explored. The challenges currently
faced by semiconductor materials in the field of photoelectric energy conversion, such as cost and stability issues, were
also studied, providing theoretical support and research directions for further improving the efficiency of photoelectric
energy conversion.
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1. Introduction

With the continuous development of the global economy and the constant growth of the population, energy demand is
showing an increasingly upward trend. However, traditional fossil energy sources such as coal, oil and natural gas have
limited reserves and are non-renewable. Over-reliance on these energy sources not only leads to resource depletion but
also triggers a series of serious environmental problems, such as air pollution and global climate change caused by
increased greenhouse gas emissions. ! Therefore, the search for clean and renewable energy sources has become a major
challenge and urgent task facing the world today.

Solar energy, as an abundant and sustainable energy source, has many significant advantages. It is widely distributed and
almost everywhere, without geographical restrictions. It is inexhaustible and will not face the problem of depletion like
fossil energy. Moreover, it does not produce pollutants or greenhouse gases during use, making it environmentally friendly
(21 Tt is estimated that the solar radiation energy received by the Earth's surface is huge. The solar energy reaching the Earth
every hour is sufficient to meet the global energy demand for a year [3!. Therefore, the development and utilization of solar
energy are of great strategic significance for alleviating the energy crisis, protecting the environment and achieving
sustainable development.

Photovoltaic energy conversion technology is one of the core technologies in solar energy utilization. It can directly convert
solar energy into electrical energy to provide power for various electrical equipment. In the photoelectric energy conversion
system, semiconductor materials play a crucial role. Semiconductor materials possess unique physical and chemical
properties, such as band structure and photoconductive effect, which enable them to absorb photons and generate electron-
hole pairs, thereby achieving the conversion of light energy to electrical energy . Different types of semiconductor
materials have different characteristics, and their photoelectric conversion efficiencies and performances also vary.
Therefore, in-depth research on the role of semiconductor materials in the conversion of photovoltaic energy is of great
practical significance for developing efficient, stable and low-cost photovoltaic conversion devices and promoting the
development and application of solar energy technology.

In recent years, with the continuous development of disciplines such as materials science, physics and electronic
engineering, semiconductor materials have made remarkable progress in the field of photoelectric energy conversion. The
continuous emergence of new semiconductor materials, such as perovskite semiconductor materials and quantum
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dot semiconductor materials, has provided new ways to improve the photoelectric conversion efficiency ). Meanwhile,
the continuous innovation of device structures and fabrication processes, such as the application of tandem solar cell
technology and nanostructures, has further promoted the development of photovoltaic energy conversion technology [©1.
However, at present, semiconductor materials still face some challenges in the field of photoelectric energy conversion,
such as high cost, insufficient stability, and efficiency improvement bottlenecks, which require further in-depth research
to solve.

2. The Basic Principle of Photoelectric Energy Conversion
2.1 Photovoltaic Effect

The photovoltaic effect is the core principle of photovoltaic energy conversion. It refers to the phenomenon that when a
semiconductor material absorbs photons, electron-hole pairs are generated and separated and transferred under the action
of an internal electric field, thereby creating a potential difference at both ends of the semiconductor [”1. Specifically,
when light is shone on a semiconductor material, if the energy h v of the photon is greater than or equal to the bandgap
width Eg of the semiconductor, that is, hv=Eg, the photon will be absorbed, causing electrons in the valence band to
transition to the conduction band, forming an electron-hole pair. In a semiconductor PN junction, due to the different
carrier concentrations in the P region and the N region, an internal electric field is formed, and its direction points from the
N region to the P region. Under the action of the built-in electric field, electron-hole pairs separate. Electrons move towards
the N region and holes move towards the P region, thereby accumulating charges at both ends of the PN junction and
generating a photogenerated electromotive force. When the external circuit is connected, current will pass through,
achieving the conversion of light energy to electrical energy ©®l.

The discovery of the photovoltaic effect can be traced back to the 1830s when the French physicist Becquerel first observed
the photovoltaic phenomenon while studying the electrodes in an electrolyte. Subsequently, after years of research and
development, people gradually revealed the physical mechanism of the photovoltaic effect and applied it to the
manufacturing of solar cells. At present, the photovoltaic effect has become the foundation of solar photovoltaic power

generation and is widely applied in solar power stations of all scales and distributed photovoltaic power generation systems
[9]

2.2 Other Related Effects

In addition to the photovoltaic effect, there are also some other effects closely related to the conversion of photovoltaic
energy. For instance, the photoconductive effect refers to the phenomenon where the resistivity of semiconductor materials
changes under light exposure. When light shines on a semiconductor, electron-hole pairs are generated, increasing the
concentration of carriers and thereby raising the electrical conductivity of the semiconductor. The light conduction effect
has important applications in some photodetectors and light sensors. In addition, there is the photothermal-electric effect,
which is based on the principle that semiconductor materials absorb light energy to generate a temperature gradient and
then produce an electromotive force through the thermoelectric effect to achieve photoelectric conversion. However, in the
current field of photovoltaic energy conversion, the photovoltaic effect is the most important and widely applied principle.

3. Conversion Devices
3.1 The Relationship between the Basic Structure of Solar Cells and Semiconductor Materials

Solar cells are typical photoelectric conversion devices, and their basic structure usually includes PN junctions, electrodes,
and anti-reflection films, etc. The PN junction is the core of a solar cell, formed by P-type semiconductors and N-type
semiconductors through processes such as diffusion. In P-type semiconductors, the majority carriers are holes, while in N-
type semiconductors, the majority carriers are electrons. When the two combine to form a PN junction, a built-in electric
field will be formed at the junction. Electrodes are used to collect and discharge photogenerated current, while anti-
reflection films are used to reduce the reflection loss of light and improve the absorption efficiency of light. The
performance of semiconductor materials directly determines key indicators such as the photoelectric conversion efficiency,
stability and cost of solar cells. For instance, silicon-based solar cells are one of the most widely used solar cells at present.
They use silicon as the semiconductor material and have good stability and high conversion efficiency.

3.2 Application of Different Types of Semiconductor Materials in Solar Cells
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3.2.1 Silicon-based Semiconductor Materials

Silicon is one of the most abundant elements in the Earth's crust, and silicon-based semiconductor materials dominate the
field of solar cells. Monocrystalline silicon solar cells have a relatively high conversion efficiency, with a laboratory
conversion efficiency of over 25%. However, their production cost is relatively high, and they are mainly applied in
fields with high efficiency requirements and relatively low cost sensitivity, such as aerospace. The conversion efficiency
of polycrystalline silicon solar cells is slightly lower than that of monocrystalline silicon cells, generally ranging from 18%
to 22%, but the production cost is relatively low. It is currently the most widely used type of solar cell in the market.
Amorphous silicon solar cells have the advantages of simple preparation process, low cost and large-scale deposition.
However, their conversion efficiency is relatively low and they have problems such as photo-induced attenuation. They
are usually used in some fields where efficiency requirements are not high and cost is sensitive, such as power supplies
for small electronic devices like calculators and watches.

3.2.2 Compound Semiconductor Materials

Compound semiconductor materials such as gallium arsenide (GaAs), cadmium sulfide (CdTe), and copper indium gallium
selenide (CIGS) are also widely used in the field of solar cells. Gallium arsenide solar cells feature high conversion
efficiency and excellent radiation resistance, making them suitable for use in the aerospace field. Its conversion efficiency
can reach over 30%, but the high cost of raw materials and the complex preparation process limit its large-scale application
on the ground. Cadmium sulfide solar cells have the advantages of simple preparation process and low cost, and their
conversion efficiency is generally between 15% and 20%. However, cadmium is a toxic element and poses potential
hazards to the environment, which to some extent has affected its large-scale application. Copper indium gallium selenide
solar cells have the advantages of high light absorption coefficient, good stability and adjustable bandgap width, etc. Their
conversion efficiency can reach over 22%, and they are a thin-film solar cell technology with development potential.

3.2.3 Organic Semiconductor Materials

Organic semiconductor materials are a new type of semiconductor material that has emerged in recent years, featuring
good flexibility, solution processability, and low cost. Organic solar cells are based on the photoelectric conversion
principle of organic semiconductor materials and achieve the separation and transport of photogenerated carriers through
donor-acceptor structures. Although the conversion efficiency of organic solar cells is relatively low at present, generally
between 10% and 15%, they have broad application prospects in fields such as flexible electronic devices and wearable
devices. Researchers are constantly improving their conversion efficiency by developing new organic semiconductor
materials and optimizing device structures.

4. The Influence Mechanism of Microscopic Properties of Semiconductor Materials on Photoelectric
Conversion Efficiency

4.1 The Influence of Band Structure

The band structure of semiconductors is one of the key factors determining their photoelectric properties. The bandgap
width is an important parameter in the band structure of semiconductors, which determines the absorption range of light
by semiconductor materials. Only when the energy of a photon is greater than or equal to the bandgap width can it be
absorbed and generate electron-hole pairs. If the bandgap is too wide, only high-energy photons can be absorbed, and most
of the low-energy photons in the solar spectrum cannot be utilized, resulting in a decrease in light absorption efficiency. If
the bandgap is too narrow, although it can absorb more low-energy photons, the energy of the photogenerated carriers is
relatively low, and the separation and transmission capabilities under the action of the built-in electric field are weak, which
will also affect the photoelectric conversion efficiency. Therefore, choosing semiconductor materials with an appropriate
bandgap width is crucial for enhancing the photoelectric conversion efficiency. For instance, the bandgap width of silicon
is approximately 1.12eV, which has a good match with the solar spectrum. This is also one of the reasons why silicon-
based solar cells are widely used.

4.2 Carrier Transport Characteristics

In the process of photoelectric conversion, the effective separation and transmission of photogenerated carriers are the key
links to achieve efficient photoelectric conversion. The mobility, lifetime and other transport characteristics of carriers in
semiconductor materials directly affect the photoelectric conversion efficiency. High mobility means that
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carriers can be rapidly transported in semiconductor materials, reducing recombination losses and thereby increasing
photogenerated current. The longer the carrier lifetime, the lower the probability of recombination before being collected,
which is also conducive to improving the photoelectric conversion efficiency. To enhance the carrier transport
characteristics, researchers typically adopt measures such as optimizing the crystal structure of semiconductor materials,
reducing defect density, and introducing carrier transport layers. For instance, in organic solar cells, by designing a
reasonable donor-acceptor structure, the effective separation and transport of photogenerated carriers can be promoted,
thereby enhancing the efficiency of the device.

4.3 Surface and Interface Characteristics

The surface and interface characteristics of semiconductor materials also have a significant impact on the photoelectric
conversion efficiency. The existence of surface states and interface states can cause the recombination of carriers and
reduce the photogenerated current. In addition, factors such as the roughness and chemical composition of the surface and
interface can also affect the absorption and reflection of light, thereby influencing the photoelectric conversion efficiency.
To improve surface and interface properties, methods such as surface passivation and interface modification can be
adopted. For instance, depositing a layer of silicon nitride anti-reflection film on the surface of silicon solar cells not only
reduces the loss of light reflection but also passivates the silicon surface, minimizing the recombination of carriers caused
by surface states, thereby enhancing the efficiency of the cells.

5. Challenges Faced by Semiconductor Materials in the Field of Photoelectric Energy Conversion
5.1 Cost Issues

Although significant progress has been made in semiconductor materials and photoelectric conversion technology in recent
years, cost remains one of the main factors restricting their large-scale application. Take silicon-based solar cells as an
example. The production processes of monocrystalline silicon and polycrystalline silicon consume a large amount of
energy and raw materials, resulting in a relatively high cost of the cells. Compound semiconductor materials such as
gallium arsenide and copper indium gallium selenide have scarce raw materials and complex preparation processes, which
further increase the cost. Although organic semiconductor materials have the potential for low cost, their conversion
efficiency is currently relatively low, and further efficiency improvement is needed to achieve commercial application.
Therefore, reducing the production cost of semiconductor materials is the key to promoting the large-scale development
of photovoltaic energy conversion technology.

5.2 Stability Issues

Under the long-term influence of environmental factors such as light exposure and temperature changes, the performance
of semiconductor materials will gradually decline, affecting the stability and service life of photoelectric conversion
devices. For instance, amorphous silicon solar cells have the problem of photodegradation. Their conversion efficiency
drops significantly at the initial stage of sunlight exposure and then gradually stabilizes. The cadmium element in
compound semiconductor materials such as cadmium sulfide is toxic, posing potential hazards to the environment and may
also affect the long-term stability of batteries. The chemical stability of organic semiconductor materials is relatively poor
and they are prone to degradation under the influence of factors such as oxygen and moisture. Therefore, enhancing the
stability of semiconductor materials is one of the important research directions at present.

5.3 Bottlenecks in Efficiency Improvement

Although the conversion efficiency of solar cells is constantly improving at present, it still faces a bottleneck in efficiency
enhancement. The conversion efficiency of traditional silicon-based solar cells has approached its theoretical limit, and it
is rather difficult to further improve it. Although new semiconductor materials such as organic semiconductor materials
and perovskite semiconductor materials have high theoretical conversion efficiency potential, they still face many
problems in practical applications, such as stability and large-scale preparation. Therefore, developing new and highly
efficient semiconductor materials and innovative device structures to break through the bottleneck of efficiency
improvement is a research hotspot and difficulty in the field of photoelectric energy conversion.

6. Conclusion

Semiconductor materials play a core and crucial role in the conversion of photovoltaic energy. Different types of
semiconductor materials have their own characteristics, advantages and disadvantages, and have been widely used in
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photoelectric conversion devices such as solar cells. The microscopic properties of semiconductor materials, such as band
structure, carrier transport characteristics, and surface and interface properties, directly affect the photoelectric conversion
efficiency. However, at present, semiconductor materials still face challenges such as cost, stability and efficiency
improvement bottlenecks in the field of photoelectric energy conversion. In the future, new materials such as perovskite
semiconductor materials and quantum dot semiconductor materials, as well as new device structures and technologies like
tandem solar cells, will bring new development opportunities for the conversion of photovoltaic energy. By continuously
delving into the performance of semiconductor materials and the mechanism of photoelectric conversion, and developing
new and efficient semiconductor materials and innovative device structures, it is expected to further enhance the efficiency
of photoelectric energy conversion, promote the large-scale application of solar energy technology, and achieve the
sustainable development of clean energy.

In conclusion, semiconductor materials have broad prospects for development in the field of photoelectric energy
conversion. It requires the joint efforts of researchers, enterprises, governments and other parties to strengthen basic
research and technological innovation, solve the problems and challenges faced, and create a cleaner and more sustainable
energy future for mankind.
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