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Abstract:
In the era of information, people’s lives are inseparable from electronic equipments. Semiconductors are key materials 
for manufacturing electronic equipment, which can be applied in multiple fields such as integrated circuits, solar cells, 
and so on. However, pure semiconductors have a single property, which are difficult to meet the design and usage 
requirements of different electronic devices. To solve the problem, introducing heteroatoms for modification to make 
them have more suitable performance will be a good way. Good semiconductor performance generally relies on precise 
control of the doping process. Different types of semiconductor materials typically require specific doping techniques to 
improve its performance. Adding small amounts of heteroatoms to pure semiconductors can significantly improve their 
conductivity by forming p/n junctions or achieving specific functions. Doping technology has been widely used in the 
semiconductor manufacturing industry. It is of great significance for the manufacturing of chips, photovoltaics and other 
devices. At present, there are still many shortcomings in doping technology. It may come across the semiconductor 
structure failure caused by doping, or difficulty in meeting performance requirements for use. Thereofore, continuous 
research and improvement are still needed. This paper reviewed the applications and the doping techniques of various 
semiconductor materials including two-dimensional semiconductors and organic semiconductors. In addition, it also 
provides prospects for their related applications and development.
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1. Introduction
Semiconductors, a material whose conductivity is between 
conductors and insulators, play a significant role in the ap-
plication of photoelectricity, communication, healthcare, 
and other fields. Since its appearance, semiconductor ma-
terials have undergone generation after generation of im-
provements. In the 1950s, silicon and germanium devel-
oped into the first generation of semiconductor materials. 
However, the narrow bandgap, low electron mobility, and 
breakdown electric field of silicon materials limited their 
applications. Later, the second generation of semiconduc-
tors, mainly compound semiconductors, was born, which 
had better performance than the first generation. After 
entering the 21st century, wide bandgap semiconductors 
have become the third generation of semiconductors and 
have been widely used. At present, semiconductor is still 
a research hotspot. The two-dimensional semiconductor 
materials, organic semiconductor materials, and semicon-
ductor nanocomposites, which will be discussed in this 
paper, are all new semiconductor materials under study. 
New semiconductor materials exhibit more outstanding 
performance in conductivity and stability. However, pure 
semiconductors are difficult to show performance that 

meets usage requirements. Therefore, doping techniques 
are needed for modification.
In order to enhance the conductivity of semiconductors 
and improve efficiency, dopants are usually added to 
semiconductors. Doping is a method of introducing a 
small amount of heteroatoms into the semiconductor to 
alter its electrical properties. These heteroatoms replace or 
occupy the positions of some atoms in the semiconductor 
lattice, thereby changing its performance. Introducing 
dopants can activate neighbour electrons and holes, there-
by forming p-type or n-type semiconductors. Adding P, As 
with 5 valence electrons to Si semiconductor can produce 
n-type semiconductor, while adding B, Ga with 3 va-
lence electrons can produce p-type semiconductor. Those 
doped semiconductors can generate different properties 
and junctions, which can be applied in various electronic 
devices such as diodes, transistors, solar cells, and so on. 
For example, p-type semiconductor doping can increase 
the energy transfer efficiency of perovskite solar cells by 
30% [1]. Different types of semiconductors may fit differ-
ent doping processes, and many semiconductor materials, 
especially two-dimensional materials, still lack efficient 
doping methods. This is largely due to the damage caused 
by doping processes to the materials and structural distor-
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tion [2]. The doping methods widely used in the silicon 
industry, ion implantation and thermal diffusion, gener-
ally have problems. For example, some doping methods 
have limited applicability in some systems [3]. Therefore, 
exploring how to achieve doping in new semiconductor 
materials which include two-dimensional semiconductor 
materials, organic semiconductor materials, and semicon-
ductor nanocomposites materials, has important research 
value. In this paper, the doping techniques, research status, 
and mechanisms of new semiconductors will be reviewed. 
Afterwards, the advantages and disadvantages of different 
doping techniques will be compared. Moreover, the future 
development directions of this area will also be discussed.

2. Doping of Two-dimensional Semi-
conductor Materials
Two-dimensional material means layered materials with 
the thickness as small as the nanometer scale in one di-
rection They can also stand for planar materials where 
electrons can only move in two directions. A typical 
two-dimensional material is graphene, which can be used 
in batteries and catalysis. In 2004, the scientific research 
team of Manchester University used tape to mechanically 
separate graphene monomer. From then on, two-dimen-
sional materials represented by graphene have developed 
rapidly. Many two-dimensional materials have electronic 
transfer properties and can be used to make semiconduc-
tor materials. After doping, they will form p/n type semi-
conductors, which are widely used in many fields such 
as communication, chips, and optoelectronic devices [4]. 
However, doping may also damage the crystal structure 
of semiconductors and cause material failure. It is cru-
cial to seek suitable doping methods in two-dimensional 
semiconductors. Understanding the doping mechanism of 
two-dimensional semiconductors can help improve their 
performance. Bandgap control and self doped p-n junction 
are effective means of doping in two-dimensional semi-
conductors.

2.1 Bandgap Control in Two-dimensional 
Semiconductors
According to band theory, there is a bandgap between the 
valence and conduction bands of a semiconductor. The 
size of the bandgap determines the level of the conductiv-
ity of semiconductor. In the application of semiconductor 
materials, it is often necessary to control the size of the 
bandgap to adapt to different usage requirements. Intro-
ducing doped atoms is an effective method to control the 
bandgap size. For example, a monolayer of tungsten di-
sulfide is integrated into a self-assembled plasmonic crys-
tal by coherent doping of plasma hot electrons. Coherent 
coupling is established between semiconductor excitons 

and plasmon resonances, which can control the bandgap 
of two-dimensional semiconductor materials [5].

2.2 Self Doped p-n Junction of Two-dimen-
sional Materials
According to the different carriers, semiconductors are 
divided into p-type semiconductors and n-type semicon-
ductors. Most carriers in p-type semiconductors are holes, 
while most carriers in n-type semiconductors are elec-
trons. Generally, intrinsic semiconductors can only form 
p/n-type semiconductors by introducing heteroatoms. 
However, in 2020, the team led by Dai Ying from Shan-
dong University discovered the phenomenon of self doped 
p-n junctions in 2D materials. Under the built-in electric 
field of layered In2X3, a three-layer In2X3 can form a self 
doped p-n junction without external regulation [6]. Self 
doped p-n junction is a kind of p-n junction that can be 
formed without introducing heteroatoms. Van der Waals 
materials formed by stacking two-dimensional layered 
atoms can form self doped p-n junctions by increasing or 
decreasing the number of layers. This new technology can 
solve the problem of low efficiency in traditional doping 
techniques. Traditional doping techniques generally in-
troduce heteroatoms into semiconductors, but introducing 
heteroatoms may damage the original semiconductor 
structure. Heteroatoms need to be localized to specific 
areas to achieve the desired effect. Therefore, traditional 
doping often faces the risks of instability and low effi-
ciency. The p-n junction formed by self doping avoids 
the introduction of heteroatoms. Therefore, this layer p-n 
junction can be used to reduce the functional failure of 
semiconductor materials caused by doping atoms not be-
ing localized in designated areas [2]. The discovery of self 
doping phenomenon in two-dimensional semiconductors 
may redefine semiconductor structures, enabling the next 
generation of semiconductor materials to be made smaller, 
more efficient, and more stable. However, two-dimen-
sional semiconductor materials still face problems such as 
easy to oxidize and difficult production processes, which 
still need further investigations.

3. Doping of Organic Semiconductor 
Material
Organic semiconductor materials are organic materials 
with semiconductor properties, which are widely used 
in industry due to their low cost and stretchability. Or-
ganic semiconductors can be divided into three catego-
ries including polymers, organic compounds, and donor 
acceptor complexes. It can also be classified into small 
molecule organic semiconductor materials and polymer 
organic semiconductor materials based on their molecular 
weight. To a certain extent, organic semiconductors have 
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developed based on inorganic semiconductors, so the clas-
sification mechanism is similar. Doping heteroatoms into 
the materials is an effective method to improve the carrier 
concentration in organic semiconductors. However, the 
charge transfer ability of organic semiconductors is still 
relatively low when compared to inorganic semiconduc-
tors. Therefore, efficient doping techniques need to be 
developed to change conductivity. Organic semiconduc-
tors participate in the entire process of charge activity in 
the application of optoelectronic devices. In many recent 
studies, new doping techniques are being sought. For ex-
ample, it’s reported that molecular doping has the poten-
tial to act as an enabler due to various synergistic effects, 
which can further improve the related technologies of 
organic semiconductor doping. Besides, Lewis acid dop-
ing technology can also affect the electronic transport of 
organic semiconductors through different pathways [7]. At 
present, further research is needed on the physical prop-
erties such as Fermi level and crystal structure of doped 
organic semiconductors.

3.1 Doping Technology of Organic Semicon-
ductors
Organic semiconductor doping is an important step in 
achieving good performance, and the following two dop-
ing methods will be introduced.
The main carrier of n-type semiconductors is electrons 
which are provided by heteroatoms, while holes are mi-
nority carriers formed by thermal excitation. Due to the 
influence of doping efficiency, n-type organic semicon-
ductors often have lower conductivity compared to p-type 
semiconductors. Therefore, further research is needed on 
doping n-type organic semiconductors. DMBI-H deriva-
tives are the most widely used n-type dopants. The trans-
fer of hydrides to organic semiconductors is considered to 
be the most likely determining step of reaction rate during 
n-doping process. The specific thermodynamic and kinetic 
data of doping can be calculated through density func-
tional theory. Through this way, the most suitable dopant 
and doping method can be selected [8]. In addition, Lewis 
base anions are also effective dopants. In this case, the 
interaction between the electron donating ability of base 
anions and the electron affinity of π-acceptors, contribute 
to complete electron transfer [9]. This is a relatively mod-
erate doping process that can be applied in various fields 
such as field-effect transistors and solar cells.
Traditional doping processes are mostly chemical doping, 
relying on the activity of dopants. During the doping pro-
cess, dopants are constantly consumed, resulting in lower 
doping efficiency for weakly active dopants. In recent 
research on organic semiconductor catalytic doping, a re-
search team has discovered a photocatalytic doping meth-

od that uses organic photocatalysts as carriers and air as 
weak oxidants to achieve p-type doping. This method can 
solve the problems of poor stability and low efficiency of 
dopants [10]. Photocatalytic doping can also be coupled 
with p-type/n-type semiconductor doping to enable com-
plementary doping of p-type/n-type organic semiconduc-
tors without consuming any oxidants or reducing agents. 
This technology is expected to show significant applica-
tion value in the semiconductor and electronics industries.

3.2 Application of Organic Semiconductor 
Doping in Solar Cells
Organic semiconductors are widely used in the production 
of solar cells, which generally have a multi-layer struc-
ture including conductive substrate, photovoltaic active 
layer, electron transport layer, and the vacuum deposited 
layer. The current transport layer of organic solar panels is 
generally organic semiconductor material, and the doped 
transparent transport layer can sandwich the photovoltaic 
active layer in the middle to approach the ideal solar cell 
structure proposed by Wurfel [11]. The position of the 
Fermi level can be controlled by the doping of the trans-
port layer, thus providing more freedom in the selection of 
electrode materials, sequences, and optical optimization 
[12]. In short, organic semiconductor doping will provide 
new directions for the development of future solar cells.

4. Doping of Semiconductor Nanocom-
posites
Nanocomposite materials refer to composite materials 
formed by dispersing nanoscale modifiers into a contin-
uous matrix through specific methods. Semiconductor 
nanocomposites are nanocomposites with semiconductor 
properties. It is a multiphase solid material that produces 
comprehensive properties through the synergistic effects 
between components. Semiconductor nanocomposites 
possess many special properties and functions that con-
ventional materials do not have. Similar to other semi-
conductors, semiconductor nanocomposites require the 
introduction of dopants for stabilization. There are cur-
rently many doping techniques under study. Among them, 
utilizing the instability doping of metal halide perovskites 
is an important research direction. At 450oC, CsPbBr3 per-
ovskite is converted to Cs4PbBr6 in the presence of PbS to 
produce nanocrystalline composites doped with Cs4PbBr6 
nanoprecipitates. This new doping strategy can adjust the 
carrier density within a certain range [13]. It is generally 
applicable to other semiconductors based on nanocrystals. 
In addition, Co doped ZnO semiconductor nanocompos-
ites with Au nanoparticles are beneficial for improving the 
separation efficiency between electrons and holes in semi-
conductors under the condition of visible light excitation. 
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This doping is expected to achieve quantum effects to 
promote the development of surface enhancement Raman 
scattering (SERS) substrates in the future [14]. Semicon-
ductor nanocomposites have broad application prospects 
in fields such as optoelectronic devices and photocatalytic 
hydrogen production. However, in practical applications, 
it is necessary to select suitable materials and dopants ac-
cording to specific needs.

5. Conclusion
The performance of semiconductor materials depends on 
semiconductor doping technology. Efficient doping tech-
nology can promote the development of semiconductor 
materials and simplify semiconductor manufacturing pro-
cesses. It can also provide new ideas for the manufactur-
ing of next-generation integrated circuits. Specific semi-
conductors often require specific doping processes. In this 
paper, the relevant doping processes and mechanisms are 
summarized. Doping techniques in two-dimensional semi-
conductor materials, organic semiconductor materials, and 
semiconductor nanocomposites materials are discussed in 
detail. Further improvements are still needed in reducing 
manufacturing costs, improving stability and efficiency in 
the future.
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