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Preface

This edited volume brings together a collection of chapters that reflect the latest develop-
ments and research trends in semiconductors, photodetectors, and gas sensing technolo-
gies. The selected works span fundamental principles, innovative materials, advanced
device designs, and emerging light and gas detection applications.

Chapter 1, Semiconductors: History and Applications, offers a comprehensive overview of
the history, development, and diverse applications of semiconductors. This sets the stage
for the specialized topics covered in the following chapters.

Chapter 2, Advances in Photovoltaic Detectors: Principles, Challenges, and the Role of
Avalanche Detectors in High-Sensitivity Detection, examines the underlying principles
of photovoltaic detectors. They discuss the challenges associated with their design and
highlight the important role of avalanche detectors in achieving high sensitivity.

Chapter 3, 2D Materials and their Application to Near Infrared Detection, explores the
use of two-dimensional materials in near-infrared detection. The chapter discusses the
unique properties of these materials and their potential for developing next-generation
photodetectors.

Chapter 4, Understanding Photodiodes through Simulation: A Case Study of GaAs PIN
Photodiodes, presents a simulation-based approach to understanding GaAs PIN photo-
diodes. The authors provide a detailed case study that offers valuable insights into the
behavior and performance of these devices.

Finally, Chapter 5, Optimal Photodeposition of Co-Catalyst Over 2D Heterostructures for
Improved H, Production/Water-Splitting, explores the role of co-catalyst deposition on 2D
heterostructures to enhance hydrogen production and water splitting efficiency. This chapter
links material science advancements to practical applications in clean energy technologies.

We thank all the authors for their dedicated efforts in preparing their contributions. Their
expertise and insights have been instrumental in shaping this volume. We are also grateful
to the editorial team for their valuable support.

We hope this collection will serve as a useful resource for researchers, engineers, and
students, providing both foundational knowledge and inspiration for further research in
semiconductors, photodetectors, and gas sensing technologies.

Murat Kabatas

Precision and Microsystems Engineering Department,
Delft University of Technology,

Delft, The Netherlands






Chapter1

Semiconductors: History and
Applications

Mavryam Hosseinpour and Hassan Abdoos

Abstract

The development of semiconductor physics and technology has led to significant
changes in our daily life and perhaps today it is impossible to live without them.
Semiconductors are now widely used in many aspects of modern human civiliza-
tion, including energy, sensing, electronics, biomedical, imaging, water treatment,
etc. This chapter will cover semiconductors’ definition, characteristics, history, and
fundamental principles, emphasizing their band structure, physics, and classifica-
tion. Following that, the applications of semiconductors, particularly in the energy,
electronics, biomedical, and photocatalysis processes will be discussed. Following
that, heterostructured photocatalysts as a possible way to increase photocatalysis per-
formance and introduce different types of heterostructured semiconductors will be
reviewed. Then the manufacturing process and semiconductor devices are discussed.
The final section of the chapter will go over the effect of nanotechnology on semicon-
ductor properties and the future trend of semiconductors. This chapter attempts to
present a brief and comprehensive understanding of the history, physics, and practi-
cal application of semiconductors, with a focus on heterogeneous compounds for
photocatalytic applications.

Keywords: semiconductors, intrinsic and extrinsic, band gap engineering,
electron-hole pairs, photocatalysis, heterostructured nanocomposites

1. Introduction
1.1 Definition, characteristics

The term semiconductor is composed of two words: semi and conductor. Semi
means imperfect while conductive refers to something that can conduct electricity.

In this regard, semiconductors are materials with properties between conductors and
insulators that have the capability of conducting electric current.

The temperature dependency of semiconductor conductivity is one of their most
crucial characteristics. Metals and semiconductors are distinguished by this feature.
While the conductivity of metals decreases with increasing temperature, the conduc-
tivity of semiconductors increases with increasing temperature. Another outstanding
characteristic of semiconductors is the possibility of adjusting their energy band gap
(Eg), because the range of semiconductor applications is determined by this parameter.
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The interatomic bonding configurations, different types of defects or imper-
fections, and structural properties are among the factors that are necessary for
understanding and describing semiconductors behaviors. For example, amorphous,
crystalline, and polycrystalline semiconductors have found their applications in
different areas including energy or electronic applications. Another unique feature
of semiconductors is the ability to manipulate their structure through the doping
process. By altering the structure, conductivity, and energy gap, doping has made it
possible to manufacture a wide range of electronic components and numerous uses in

daily life.
1.2 History

Semiconductors have a long and complex history. Semiconductor research began
inconspicuously around 120 years ago. Although the word “semiconductor” was
introduced by Konigsberg and Weiss in 1911, it was previously used similarly by
Ebert in 1789 and Bromme in 1851 [1]. However, Alessandro Volta originated the
word “semiconducting” in 1782 [2] and perhaps the first notable observation in the
semiconductor field was made by Michael Faraday in 1833 when he discovered that
silver sulfide exhibited a negative temperature coefficient of resistance [3]. Smith
discovered selenium’s photoconductivity in 1973. Braun found in 1874 that contacts
between some metal sulfides and metal tips showed varying electrical resistance
when the applied voltage’s polarity was reversed. Although Braun’s finding was not
immediately recognized, it ultimately contributed significantly to the advancement
of radio technology and the detection of microwave radiation in World War II radar
systems [4].

In 1879, the Hall Effect was discovered, although the electron had not yet been
identified at that time. The word “semiconductor” was introduced in 1911. Grondahl
first employed copper oxide as a rectifier in 1926, followed by selenium rectifiers. In
1931, A. H. Wilson [5] presented a quantum mechanical model of a solid semicon-
ductor, which has since been essential for understanding semiconductor’s behavior.
In 1931, H. Dember discovered a potential difference between illuminated and
unilluminated regions of a cuprous oxide wafer. Lang developed the first practical
application of copper oxide in photocells in 1932. In 1939, Si-based microwaves were
produced, followed by the discovery of IR detectors of sulfide, selenide, and telluride
in 1940. Germanium-based bipolar transistor discovery in 1949 and the development
of the silicon-assisted field-effect transistor in the late 1950s were pivotal events in
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A schematic brief of the history of semiconductors.
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semiconductor physics. The introduction of silicon marked the beginning of semi-
conductor microelectronics’ progress. Later, compounds including elements from
the periodic table’s III-V groups, such as GaAs, contributed similarly to the growth of
semiconductor optoelectronics [1, 3].

Figure 1 depicts the schematic history of semiconductors from inception to
the present day. Today, semiconductor-based integrated circuits, also known as
microelectronic chips or computer chips, consist of billions of components capable
of processing, storing, sensing, and moving data or signals. They play an important
role in all industries and human existence. In this regard, considerable research and
development into new semiconductor materials with improved characteristics for
various applications is ongoing.

2. Semiconductor’s categories

2.1 Chemical composition classification

So far, semiconductors have been categorized from different points of view.
Generally, they can be either elements, compounds, or alloys, Figure 2.

i.Siand Ge are the most prevalent elemental semiconductors.

ii. Compound semiconductors can be produced from a variety of compositions,
including II-VI, III-V, III-VI, IV-1V, and IV-VI. GaP, SiC, GaAs, GaN, and SiC are
examples of compound semiconductors.

iii. Alloys comprise (a) Binary (like Sit-xGe), (b) Ternary (like AlxGat-xAs
AlxGat-xN), and (c) Quaternary components (like AlxGal_, AsySbl_y
GaxInt_xAs,_yP).

Intrinsic
Impurities
/ presence _ N-type
//' e ~  Extrinsic
/ P-type
,/
Semiconductor (\
\
\ , Elemental i 8i, Ge,...
\
\.\, y
\ /
} Composition ¢ - Compound —— Gag,icGaAs,
Sit-xGe,
] Alloy - AlxGat-xAs
AlxGat-Xn,. ..

Figure 2.
Semiconductor’s categories.
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Intrinsic and extrinsic semiconductors.

2.2 Intrinsic and extrinsic

Semiconductors are also broadly classified into two classes: intrinsic and extrinsic,
Figure 2. Intrinsic semiconductors are chemically very pure and undoped. Thermal
excitation or crystal defects are the reasons for poor conductivity in intrinsic semicon-
ductors. An intrinsic semiconductor carries an equal number of negative and positive
charge carriers. The quantity of charge carriers is dictated by the materials’ proper-
ties, not by the amount of impurities present. Extrinsic semiconductors are made by
introducing a small quantity of impurities to intrinsic semiconductors through the
doping procedure, Figure 3. This change can alter the electrical characteristics of the
semiconductor and improve conductivity. Two groups of extrinsic semiconductors,
n-type and p-type, can be produced depending on the doping process. By adding
valence-five elements impurities, group V of the periodic table (P, As, Sb, etc....), to
valence-four semiconductors, the number of free negative charge carriers increases
and n-type semiconductors (negative charge semiconductor) can be produced. Also,
by adding impurities of valence-five elements, group V of the periodic table (P, As,
Sb, etc....), to valence-four semiconductors, the number of free negative charge car-

riers is increased and n-type semiconductors (negative charge semiconductor) can be
produced [6-9].

3. Semiconductor’s key characteristics

3.1 Semiconductor’s physics

Crystalline solids are the most typical semiconducting materials, but amorphous
and liquid semiconductors also exist. The composition, type, and size of semiconduc-
tors all influence their properties. As already mentioned, in general, the physical
properties of semiconductors are between conductors and insulators. For example,
metallic conductivity ranges between 10° and 10* (ohm-cm)'. However, common
insulators exhibit conductivities of less than 107° (ohm-cm) . The conductivity
of semiconductors ranges from 10° t0 10 °(ohm-cm) .. Table 1 summarizes some
characteristics of semiconductors [10-12].
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Characteristics Semiconductor

Conductivity Moderate

Resistivity Moderate

Forbidden gap Small forbidden gap AE <3.2eV (at T = 0 K)

Temperature Coefficient Negative

Conduction Very small number of electrons for conduction

Conductivity value 10”7 mho/m to 10" mho/m, distinguishing conductors from
insulators

Resistivity value 10~° Q-m to 10°Q-m, classifying them as conductors or insulators

Current flow Due to holes and unbound electrons

Number of carriers at normal Low

temperature

Zero Kelvin behavior Acts like an insulator

Formation Formed by covalent bonding

Valence electrons The outermost shell contains a total of four valence electrons

Source: Reprinted from Elsevier 2023.

Table 1.
Semiconductors properties [10].

3.2 Band structure

By developing Bloch’s theory and concept of electrons in crystal lattices, Brillouin
offered the idea of forbidden gaps and adapted it to actual solids. After developing the
periodic potential model, the solid band theory was established based on the concept
of empty and full energy bands. In this regard, when atoms come into close contact
to create a crystal, they interact and form energy bands. These energy bands are
permissible energy states of an electron moving in the periodic potential of crystalline
lattices. Among them, the upmost energy band containing electrons at temperatures
higher than absolute zero is the conduction band (CB). The next lower band, sepa-
rated from the conduction band by an energy gap of the order of an eV in semicon-
ductors, is called the valence band (VB), which is mainly occupied by electrons at the
desired temperatures. The energy levels in the conduction band and the unoccupied
states in the valence band are occupied by electrons and holes, respectively [2, 3, 13].
But how are valence and conduction bands formed?

Band theory of solids is a theoretical model that describes the quantum state of
electrons in solid materials. Following Pauli’s exclusion principle, electrons in atoms
are placed in their respective energy orbits. When two atomic orbitals join, they create
a molecular orbit with two unique energy levels. A band is formed in solids by 10”
stacked lines restricted to a narrow region. Band theory aids in visualizing the distinc-
tions between a conductor, semiconductor, and insulator by illustrating the possible
energies of electrons in a substance. Consider an atom with n electrons. These elec-
trons fill the energy level using Pauli’s exclusion principle. To obey Pauli’s exclusion
principle, when atoms are brought together to form molecules, they must have
different configurations than when they were separate atoms. In practice, their vari-
ous energy bands overlap to form something called a molecular orbital. Three atomic
orbitals overlap once the third atom is added to the mix, generating an individual
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molecule orbital with three different energy levels. Each molecular orbital will have
three energy levels. In general, as additional atoms are added, the molecular orbit’s
energy levels increase. Eventually, we will have a whole solid made up of something
like 10* atoms stacked together. Now each molecular orbital will have 10 distinct
energy states. As a result, the gaps between them will be so narrow that individual
energy levels will no longer be noticeable. Therefore, it is more convenient to imagine
it as a continuous energy. Now it can be referred to as an energy band rather than
amolecular orbit. In such a system with n atoms, each 1 s orbital or 2 s orbital can
accommodate two electrons apiece. As a result, the total number of electrons that
alsand 2 s energy band can accommodate is 2n. An individual 2p state can fit six
electrons, hence a 2p energy band can hold 6n electrons, and so on. Figure 4 depicts
how the energy bands of a solid made up of n atoms are formed by the change and
evolution of the energy states of a single atom.

Valence electrons are those found in the outermost shell. These electrons contain
arange of energy levels and form the valence band, which has the greatest occupied
energy. Due to the valence electrons’ weak bond with the nucleus, some of them can
escape from the outermost orbit and form free electrons even at ambient temperature.
These electrons, known as conduction electrons, are responsible for conducting
current in conductors. The conduction band includes conduction electrons and has
the fewest number of filled energy states. The band gap, or the forbidden gap, is the
region between the conduction and valence bands. As the name implies, the forbid-
den gap has no energy, and no electrons remain in it. In this regard, if the energy gap
AE <3.2eV (at T = 0 K), the material is a semiconductor, and for AE > 3.2 eV, the
material is an insulator. This 3.2 eV is the energy available from sunlight.

It is worth noting that materials with a small overlap in the valence and conduction
bands are called semimetals. Semimetals, unlike regular metals, have both kinds of
charge carriers, but in smaller quantities than real metals. The electrical characteris-
tics of semimetals lie between those of metals and semiconductors. The band struc-
ture of semiconductors, metals, insulators, and semimetals is depicted in Figure 5.

3.2.1 Effect of doping on the band structure of semiconductors

As mentioned, an extrinsic semiconductor (n or p semiconductors) is created via
doping the crystal lattice with a small fraction of another type of atom. As a result, the
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Figure 4.
Energy band development in a material containing n atoms.
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The band structure of semiconductors, metals, insulators, and semimetals.

extra carriers are introduced to the structure. However, these additional carriers have a
different energy structure than the lattice they are incorporated into. In n-type semicon-
ductors, the extra carriers are electrons. These electrons have substantially higher energy
than the valence electrons of the host lattice, resulting in a donor level in the band gap.
The donor levels are frequently extremely near to the conduction band; therefore, ther-
mal energy is adequate to excite these extra carriers into the conduction band. In p-type
semiconductors, the dopant atoms create extra holes in the conduction band. These holes
create an acceptor level near the valence band. The holes are readily stimulated to the
valence band and conduct. Figure 6 depicts the changes to the energy structure and the
energy gap by the introduction of extra carriers [14-17].

Band engineering is a key strategy to control and alter physical, electrical, and
optical properties and subsequent applications of semiconductors. In this regard, in
recent years, numerous efforts have been conducted to investigate the effect of alter-
ing the band structure on the characteristics of semiconductor materials.

000000000000
----------------- Em
B i i
Efp _________________
000000000000
(a) (b) (c)
Figure 6.

Energy bands of (a) intrinsic semiconductor, (b) extrinsic p-type semiconductor, and (c) extrinsic n-type
semiconductor.
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For example, doping of semiconductor phosphors with rare earth (RE) ions
provides unique routes to induce new emission centers, enable tunable lumines-
cence, and improve sensing efficiency [18-21]. We recently have shown that the
incorporation of RE ions into the structure through the adjustment of the lattice
symmetry results in enhanced scintillation and photoluminescence characteristics
in lead tungstate nanoparticles [22]. In another study, high light yield, persistent,
and thermo-stimulated luminescence is obtained by defect engineering in co-doped
LiLuF,:Tb, Cu microcrystalline scintillation material [23]. In photocatalyst materials,
doping is considered a practical approach for energy gap engineering, regulating the
optoelectronic properties, and extending the performance under visible light irradia-
tion [24-27]. In this regard, Kanoun et al. [28] have demonstrated that the photocata-
lytic performance of visible light in Au and Au/N doped anatase TiO, is enhanced
when dopant ions are substituted in the TiO, lattice by decreasing the band gap. In
another study, highly efficient visible light photocatalytic performance was achieved
by the deposition of Ag nanoparticles on AglngsSg [29]. In addition, conductivity and
magnetization are significantly altered as a result of the doping process. For instance,
incorporating Fe ions into the BaZrOj; or CeO, structures leads to an extraordinary
p-type conductivity or Co-doped KNbO; perovskite exhibits ferromagnetic properties
at room temperature [30-32].

3.3 Direct and indirect band gap semiconductors

In direct gap intrinsic semiconductors like Gallium arsenide, the maximum energy
of the valence band and the minimum energy of the conduction band coincide at the
same “K” point. In contrast, in indirect gap semiconductors like Si or Ge, the mini-
mum energy of the conduction band and the maximum energy of the valence band
occur at distinct “K” points.

3.4 Electrical conductivity

In 1914, Johann Koenigsberger categorized solid-state materials based on conduc-
tivity into three groups: insulators, metals, and variable conductors which today are
categorized into the four major groups of semiconductors, metals, insulators, and
semimetals [2]. The physical properties of each of these categories can be explained
using energy band structures [33].

The Fermi level is a significant outcome of band theory, representing the high-
est occupied quantum state of electrons at absolute zero temperature, Figure 6.

The Fermi level’s position in relation to the conduction band is a crucial factor that
influences the electrical characteristic of semiconductors. The electrical resistivity of
a semiconductor is situated between that of a conductor and an insulator, specifically
ranging from 10° to 10~ Siemens/cm. Applying an external electric field can alter the
resistance of the semiconductors. While electrons are responsible for carrying electric
current in conductors, electrons or holes carry electric current in semiconductors.

The overall electrical conductivity, which is caused by the superposition of the
conductivity of holes and electrons, is expressed as follows:

o= neqelue + nhqh/uh (1)

where the electron and hole’s concentration, charge, and mobility are presented by
Tes Ge> He> Mn> G a0 py, Tespectively. Mobility is a parameter that connects the applied
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electric field E across the substance to the drift velocity of electrons. In the intrinsic
semiconductors, 7, is equal to 7;,. According to Eq. (1),

o :neqe(lue +luh) (2)
n, = N,exp(—(E; —E, )/ k,T, (3)
n, = Nvexp(—(Ef -E, ) / kT, (4)
where, "
N, =2(m," k,T /2mh) ", 5)
. 2\3/2
N, =2(m,’ k,T /2nh’) 6)

where N, and N, represent the effective density of states of the valence band and
conduction band edges, respectively.

In extrinsic semiconductors, the dopant concentrations, 7, and 7y, at room
temperatures are higher than the concentrations of intrinsic carriers, #;, which are
generated thermally. The carrier concentrations and mobility are what determine
conductivity. Therefore, while calculating the temperature-dependent conductivity,
the effects of temperature on carrier concentration and mobility should be taken into
account separately. The electrical conductivity of semiconductors, which can also be
altered by doping them with impurities, enables the development of sophisticated
electronic components that drive today’s digital world [34]. In this regard, numerous
investigations into enhancing the n- and p-type conductivities of semiconductors
have been carried out [35-38]. For instance, Baturay et al. [39] have shown that metal
doping can enhance the n-type conductivity of CuO thin films. In another study, the
p-type doping impact via Nb doping is highlighted by Li et al. [40], which demon-
strated that Nb doping may reduce n-tye conductivity in MoS, monolayer and exhibit
ambipolar transport behavior under the sulfur atmosphere.

4. Application of semiconductors

Semiconductors are extremely essential for a variety of applications due to their
easily regulated features. They have revolutionarily changed todays life by enabling
more small, affordable, reliable, and fast electronic gadgets like LED TVs, DVD play-
ers, computers, cell phones, etc. In short, the application of semiconductors can be
classified into energy, electronics, sensing, biomedical, antibacterial agents, antican-
cer behavior, quantum applications, water treatment, etc.

4.1 Application in electronics

Semiconductors play a critical role in modern electronics due to their distinctive
electrical characteristics, which allow precise control over charge carriers. These
materials form the foundation of key electronic components such as transistors,
diodes, and integrated circuits (ICs). Transistors, particularly metal-oxide-semicon-
ductor field-effect transistors (MOSFETs), are integral to digital logic systems and act
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as switches and amplifiers in computing and communication devices. Semiconductor
diodes are essential for rectification, signal modulation, and power regulation.
Furthermore, semiconductor-based ICs enable the miniaturization and integration
of complex electronic functions in applications such as data processing, memory
storage, and sensor technology, making semiconductors indispensable in advanced
electronic systems [41, 42].

4.2 Application in energy

The application of semiconductors in energy can be divided into two parts: energy
conversion and storage. Semiconductor materials, such as silicon, cadmium, CdTe,
and GaAs, are widely used in photovoltaic cells for converting sunlight into electric-
ity. Innovations in thin-film semiconductors and perovskite-based materials are also
improving the efficiency and reducing the cost of solar energy systems, making them
a key player in sustainable energy generation.

Semiconductors also play a crucial role in energy storage technologies, par-
ticularly in batteries. Lithium-ion batteries, used in electric vehicles and portable
electronics, utilize semiconductor materials in their electrodes, improving charge
capacity and cycle life. Research into semiconductor-based materials, like silicon
anodes, is helping to develop next-generation batteries with higher energy density
and longer lifespans [12, 41-43].

4.3 Semiconductor application in biomedical

Owing to their distinct thermal, optical, and electrical characteristics, semicon-
ductor materials are increasingly utilized in biomedical applications specifically
in developing antibacterial agents, anticancer applications, and medical imaging.
Semiconductor nanomaterials like ZnO and TiO,, have shown strong antibacterial
properties. In biosensing, semiconductor-based field-effect transistors are key for
detecting biomolecules due to their sensitivity to changes in surface charge, enabling
real-time and highly sensitive detection in clinical settings. Additionally, semicon-
ductors like quantum dots are used in bioimaging due to their tunable fluorescence,
allowing for enhanced visualization in imaging techniques. Furthermore, their
integration into drug delivery systems, such as targeted cancer therapies, is also
prominent, where semiconductor nanoparticles can act as carriers or triggers for drug
release through external stimuli like light or heat. Their surface can also be function-
alized by targeting molecules to deliver chemotherapy drugs specifically to cancer
cells, minimizing damage to healthy tissues [22, 41, 42, 44, 45].

4.4 Environmental application

Semiconductors are pivotal in environmental applications, particularly in energy
conversion, pollution mitigation, and environmental monitoring. In photovoltaics,
semiconductor materials like silicon and cadmium telluride are employed to convert
solar energy into electrical energy through the photovoltaic effect, contributing to
renewable energy technologies. Photocatalytic semiconductors, such as TiO,, are used
in advanced oxidation processes to degrade organic pollutants in air and water, lever-
aging electron-hole pair generation under UV or visible light for effective pollutant
decomposition. Additionally, semiconductor-based gas sensors, often utilizing metal
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oxides like ZnO or SnO,, are widely used for detecting hazardous gases and monitor-
ing environmental pollutants with high sensitivity. These technologies underscore the
critical role of semiconductors in advancing sustainable environmental solutions.
Among all the mentioned applications, the use of photocatalyst semiconductors
for water purification and energy production has received considerable attention
due to energy crises and the shortage of freshwater resources. Perhaps the first
explanation of the photocatalytic capabilities of several metal oxides including ZnO,
Sb,0s, and TiO, was presented around 1955 by Markham, who dealt with a variety of
photochemical alterations that oxides may experience, such as accelerated oxidation
of organic substances exposed to UV light. In 1972, Fujishima and Honda achieved
arevolutionary finding by revealing the ability of a TiO, electrode to split water and
produce hydrogen [46]. Following that, there was an increasing drive to research,
develop, and introduce new photocatalyst materials and improve their performance.
Since then, various types of semiconductors including metal oxides, sulfides, nitrides,
and organic-inorganic hybrids were introduced for photocatalysis applications and
photocatalysis has gained increasing interest because of its environmentally friendly
procedure and straightforward conversion of solar energy into conveniently stored
hydrogen. To improve the efficacy of the photocatalytic process, several techniques
have been developed during the last decades to move the commencement of absorp-
tion to longer wavelengths. In this regard, doping the semiconductor photocatalyst
with anions, cations, and metal ions was the first approach. Another possibility
could be to use heterojunctions made up of two low band gap semiconductors with
the adequate positioning of corresponding CB and VB bands via the quantum size
effect. The first semiconductor heterostructures were successfully produced in the
1960s, and they quickly found uses in optoelectronic devices and electronic systems
[47].In 1984, Serpone et al. [48] demonstrated that combining CdS and TiO, resulted
in considerable increases in the photocatalytic process. Since then, various types of
heterostructured semiconductors have been developed, which can be classified into
three main groups according to the following categories [49-54].

4.4.1 Different types of hetevostructures
4.4.1.1 Type-II heterostructures

In type-II heterostructure, after irradiation and producing electron and hole pairs
in photocatalysts I and II, photogenerated electrons were moved from photocata-
lysts I to photocatalysts II, and photogenerated holes were transferred oppositely.
Consequently, photocatalysts II and I will accumulate photogenerated electrons
and holes for the reduction and oxidation reactions, respectively. Photogenerated
electrons and holes separate as a result of this process. However, the claimed charge-
transfer mode in type-II heterojunction is questionable because of its inability in
photogenerated electrons and holes separation. In addition, the total redox ability
of the heterojunction is decreased by the transfer mode. The ongoing transfer of
electrons from photocatalyst I will be prevented by the repulsion of the preexisting
electrons in photocatalysts II. Moreover, the achievement of spatial charge separation
is inhibited by the electric repulsion of existing holes in photocatalysis I and trans-
ferred holes from photocatalysis II. At the same time, electrostatic attraction between
electrons and holes in photocatalysts I prevents electrons from moving from photo-
catalysts I to photocatalysts II. This makes it challenging to accomplish the intended
charge-transfer process in type-II heterostructures. Furthermore, a greater charge
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separation rate comes at the expense of lower redox ability, which is undesirable for
photocatalytic reactions.

4.4.1.2 Z-scheme heterostructures

Z-scheme photocatalysts could maintain strong redox characteristics while
increasing the efficiency of charge separation. Electron donors (D) and photogen-
erated holes in the VB of photocatalysts I react to create the corresponding electronic
acceptors (A). While D is produced as a result of the reaction of photogenerated
electrons of CB photocatalyst II with A. Subsequently, the reserved holes in photo-
catalyst IIs VB and the photogenerated electrons in photocatalyst I's CB participate
in the oxidation and reduction reactions, respectively. The system may benefit from
both spatially separated redox reaction sites and strong redox capabilities thanks
to this charge-transfer mode. Nevertheless, there are a few shortcomings with this
structure: (1) it is limited to the solution phase, (2) side reactions, (3) light shielding,
and (4) pH sensitivity [55].

4.4.1.3 S-scheme heterostructures

In an S-scheme heterostructure, the recombination of ineffective charge carri-
ers leads to a high redox potential, while strong photogenerated electrons and holes
accumulate in the CB of reduction photocatalysts (RP) and the VB of oxidation
photocatalysts (OP), respectively. Figure 7 depicts how charges are transferred in an
S-scheme heterostructure, which can be interpreted as follows [54]:

By contacting these two semiconductors, electrons from the RP migrate to the
OP, forming two electron depletion and accumulation layers near the interface in the
RP and OP, respectively. As a result, an internal electric field will form that directs
electrons from the RP to the OP. This electric field boosts photogenerated electrons’
transition from OP to RP instead of in the opposite direction.

When OP and RP connect, their Fermi levels shift upward and downward, respec-
tively. Band bending led to the recombining of photogenerated electrons in OP’s CB
with holes in RP’s VB at the interface area.

Because of Coulombic attraction, photogenerated electrons of OP and holes of RP
tend to recombine at the interface.

Light irridiation

Figure?7.
Charge-transfer mechanism in an S-Scheme hetevostructure (a, b) before and after contact and (c) after light
irradiation [54].
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4.5 Other Applications

Sensing, quantum applications, telecommunications, wireless communications,
photovoltaic cells, optoelectronics, etc. are among the other applications of semicon-
ductors. These and numerous more domains of modern and future life require the
discovery of new generations of semiconductor materials that can operate faster, with
more accuracy, high sensitivity, and resolution.

5. Manufacturing process

The process of transforming raw materials into finished items is known as
manufacturing. Semiconductor manufacturing is a complex procedure involving
many laborious steps, including photolithography, etching, doping, and testing. This
process is a resource-intensive, high-stakes industry with minimal margin for error.
Metals, semiconductor materials, dopants, and insulators are examples of input
materials used in this process. The resulting products are printed circuit boards,
integrated circuits (ICs), IC packages, and different types of commercial electronic
devices and systems, such as TVs, computers, smartphones, cameras, and so on. The
procedures that are used in the production of semiconductors include oxidation,
diffusion, etching, planarization, ion implantation, photolithography, and crystal
growth [56]. Today’s expanding applications that require high speed and processing
power have driven the demand for high-performance semiconductors. Thus, there
is a greater need than ever for research and development as well as the application of
cutting-edge technologies like artificial intelligence in manufacturing processes to
optimize material usage, lower costs and defects, and boost production efficiency and

quality [57-59].

6. Semiconductor devices

Today, almost every commercial product we come into contact with includes
semiconductors, and semiconductor devices are everywhere. The electronic
industry is built on semiconductor devices because semiconductors have easily
tunable characteristics and can function as both conductors and insulators. These
make them practical and beneficial in the electronics industry. Most electronic
devices can be constructed from a set of building blocks as shown in Figure 8. P-N
junctions, which are the key compound for numerous semiconductor devices, are
the first building blocks, Figure 8(a). A P-N junction, the base of two-terminal
semiconductor devices, is a junction of p-type and n-type semiconductors. The
three-terminal semiconductor, the P-N-P bipolar transistor, can be produced by
combining two p-n junctions. Also, combining three P-N junctions can form a
switching device called a thyristor with a p-n-p-n structure. The metal-semicon-
ductor interface, Figure 8(b), is the second building block. This interface can be
used as a rectifying contact, i.e., the device allows current in one direction, as in
ohmic contact. Metal-semiconductor field-effect transistors can be formed by using
rectifying contacts as gates. The third building block is formed between two dis-
similar semiconductors like GaAs and AlAs by band gap engineering, Figure 8(c).
The metal-oxide-semiconductor structure (MOS), a combination of a metal-oxide
and an oxide-semiconductor interfaced, is the fourth building block, Figure 8(d).
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P-type semiconductor N-type semiconductor Metal Semiconductor

() (b)
Semiconductor Semiconductor Metal oxide Semiconductor

(c) (d)

Figure 8.
Four building blocks of semiconductor devices.

This structure is used as a gate and the two semiconductor-metal oxide junctions are
the source and drain. The result is the MOS field-effect transistor (MOSFET). The
MOSFET is the most important component of modern integrated circuits, enabling
the integration of millions of devices per chip [60].

7. Nanotechnology and the future trends of semiconductors

To stay ahead of the curve in innovation and adjust to changing industry demands,
it is essential to forecast the future of semiconductor technology. One significant
trend in semiconductor technology is Moore’s Law, which states that transistor density
will double approximately every two years. This law has been a major factor in the
expansion of the semiconductor industry for many years. However, it gets harder to
keep up this rate of miniaturization as transistor sizes get closer to their physical lim-
its. Therefore, today’s research efforts are focused on novel materials, device configu-
rations, and manufacturing processes that offer better performance and scalability
to overcome this challenge. Nanomaterials, with their numerous benefits, are crucial
for enhancing semiconductor characteristics and addressing technological demands.
Novel nanomaterials such as graphene, carbon nanotubes, and two-dimensional
materials have the potential to enhance semiconductor technology beyond silicon and
allow for further transistor scaling. Neuromorphic computing, quantum computing,
quantum communication, Internet of Things (IoT) devices, and many other cutting-
edge technologies require affordable and efficient semiconductor components that
can process and transfer data more efficiently.

These demands can be met by nanoscale semiconductors because of their benefits,
which include stability, conductivity, and a high surface-to-volume ratio. The intricate
connection between a particle’s physical properties and geometry makes it more
important to accurately regulate the formation of nanostructures with particular sizes,
shapes, and densities. So, one of the primary advantages of nanomaterials is the capac-
ity to enhance chemical reactions or physical interactions at the surface or contact,
which significantly impacts their performance. Surface chemistry, energy, and specific
surface area are all critical elements that significantly affect energy-related activities.
These variables influence the kinetics and thermodynamics of reactions occurring
at the interface, plus the onset and progression of phase changes. Furthermore,
nanomaterials’ reduced size enables more efficient charge or heat transport, as well as
dimensional changes caused by specific chemical processes and phase transitions. The
advancement of semiconductor technology from the sub-micron scale to the nanoscale
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has led to a transformative shift in product design, establishing a substantial market
for semiconductors at the beginning of the twenty-first century [10].

Today, the outstanding characteristics of semiconductor nanomaterials have
sparked significant anticipation and excitement in a broad variety of sophisticated
technologies, including nanoelectronics, imaging devices, sensors, nonlinear and
nano optics, detectors, energy conversion, solar cells, catalysis, water treatment, and
so on [43, 45, 61-65].

Applying nanoscale principles has the potential for future study, advances, and
widespread use of semiconductor materials. These technical innovations will have a
considerable impact on semiconductor industries’ performance.

8. Conclusion and future perspectives

Despite its lengthy and complex history, semiconductors have revolutionized many
fields, including electronics, energy, and environmental management, beyond all expec-
tations. Almost all of the daily appliances we use contain semiconductors. The demand
for smaller, faster, and more efficient devices has always been the driving force behind
the discovery of next-generation semiconductors. Today, fields such as telecommunica-
tions require higher data speeds and network capacity. Medical imaging, diagnostics,
and treatment require technologies that can provide high sensitivity, resolution, and
accuracy. Environmental monitoring, water treatment, pollution control, and renewable
energy are other fundamental areas that can create significant changes in the future of
mankind by introducing new materials. As a result, the field of semiconductor produc-
tion is expanding and becoming more significant. In this regard, in recent years, there
has been a surge in interest in semiconductor nanomaterials due to the notable benefits
these materials have over their conventional equivalents. Nanostructured materials,
especially semiconductor photocatalysts, have grown rapidly as a result of advances in
synthesis techniques and new applications for solar energy and environmental remedia-
tion. The revolutionary development of semiconductors can be attributed to the applica-
tion of nanotechnology principles to control the size, shape, and physical, chemical, and
mechanical properties of semiconductor materials, as well as the ability to control their
conductivity through the doping process.

In particular, heterostructure semiconductors are widely developed and used
today in many areas of human civilization, such as light-emitting diodes, bipolar
transistors, and low-noise high-electron-mobility transistors for high-frequency
applications like satellite television, etc. Besides these astounding accomplishments,
the application of these structures in the photocatalysis process and water splitting
for hydrogen production is fascinating and promising. In particular, the heterostruc-
tured-based photocatalysis process has received considerable attention because of its
environmentally friendly nature and direct process of converting solar energy into
easily stored hydrogen. However, although significant progress has been made in
the laboratory or research scales, different kinds of heterostructured photocatalysis
have been developed and investigated. However, it is still in its early stages, and more
global research is required for its commercialization and practical applications.
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Advances in Photovoltaic
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Detection
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Abstract

This chapter mainly discusses the fundamental principles of photovoltaic detec-
tion, namely, the energy conversion procedure of light into electrical signals in pho-
todetectors (PD) and avalanche photodetectors (APD). After briefly introducing the
basic principles of PIN PD and APD, the chapter mainly focuses on analyzing dark
current’s noise sources and origin, bridging the relationship between the device’s
sensitivity performance and its material and device characteristics. From these ana-
lyses, the readers could understand that the sensitivity of PIN PD, especially under
high data rates, can be significantly enhanced by merely increasing the bias voltage to
turn it into APD mode. A step further, this chapter provides deeper insights into
modifying the APD structure from the perspective of carrier transportation and
impact ionization engineering. Besides, Geiger mode APD, which is capable of sensing
weak light signals at a single photon level, is also described. In the final part of the
chapter, the challenges of these detectors are discussed, and many recent technical
approaches, including linear high-gain APD, digital alloys APD, and SPAD with
dynamic memristor quenching, have been presented to tackle these challenges. By
demonstrating the basic principles of photovoltaic detectors, particularly APD, to the
analysis of receiver sensitivity, this chapter could provide comprehensive and valu-
able insights for designing and optimizing high-sensitivity detection systems. These
systems find applications in various fields, including optical interconnection, optical
communication, and LiDAR.

Keywords: photodiode, dark current, bandwidth, avalanche photodiode, sensitivity,
Geiger mode photodiode
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1. Introduction

As a crucial element in optoelectronic technology, the photovoltaic detector is a
cornerstone in the information industry. From optical communications to imaging
and sensing, they are indispensable in our lives, especially in the era of Al and IoT,
where urgent demands for enormous data transportation and processing are coming
from every aspect of society. Thus, improving photodetectors’ performance is
becoming a highly anticipated research point.

In this chapter, we will have a deep insight into the history and research of
photovoltaic detectors. This chapter starts with a brief introduction of the
photovoltaic effect and the fundamental principle of today’s photodetectors in part 2,
together with the discussions about different types of detectors classified by materials,
structures, and operating wavelengths. The evolution of photovoltaic detectors from
the simplest PN junction photodetectors (PD) to PIN PD is also included in the
content. Analysis of the structure and electrical characteristics of PIN PD is given in
part 3.

As a type of detector that utilizes the avalanche effect or impact ionization effect to
magnify photocurrent, APD is a promising candidate for high-sensitivity and weak
light detection. The mechanism of the avalanche multiplication process is discussed in
part 4, elucidating the gain theory and other critical characteristics of APDs, including
gain-bandwidth production, excess noise, and receiver sensitivity. The challenges and
limitations are discussed in part 5. In pursuit of higher performance, several creative
frontier technologies have been introduced, such as linear high-gain APDs, digital
alloy APDs, and Geiger-mode APDs, which have been summarized in part 6. Their
unique capabilities in ultrahigh sensitivity detection have received wide attention. In
the end, conclusions are drawn in part 7.

From the basic theories, materials, and structures to the newly developed
detectors, together with the analysis of optical receiver sensitivity, this chapter could
provide a unique and comprehensive understanding of photovoltaic devices. The
technical issues discussed are practical in multiple fields, including optical intercon-
nections, vehicle-mounted LiDARSs, intelligent city management, space communica-
tion, and quantum information science. This chapter could benefit readers in
their studies and research on designing and optimizing high-quality photodetector
systems.

2. Fundamental principles of photovoltaic detection

The discovery of the photovoltaic effect can be traced back to the nineteenth
century. In 1839, E. Becquerel first identified the photovoltaic effect. In 1876, William
Adams and Richard Day discovered the photovoltaic effect in solid selenium [1].
However, in this period, due to the lack of efficient carrier separation and collection
mechanisms, as well as the low photo response of selenium material, effective detec-
tion devices could not be fabricated.

With the emergence of PN junctions and single-crystal silicon extraction technol-
ogy in the 1940s and 1950s, support was provided from both structural and material
perspectives, leading to the advent of photovoltaic detectors. Below, we will explore
the development of photovoltaic detectors in terms of materials, structures, and their
corresponding detectable optical signal wavelength.
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2.1 Materials

Conventional semiconductor materials are the most widely used in photovoltaic
detectors. By utilizing semiconductors with different bandgaps, optical signals of
various wavelengths can be detected.

Early photovoltaic detectors primarily operated in the infrared and visible light
bands, using narrow-bandgap materials such as Si, InSb, Ge, and GaAs. Si, Ge [2], and
GaAs [3] are suitable for detecting near-infrared and visible light. Si, with its high
strength and good thermal conductivity, is widely used, with a detection range of
400-1100 nm [4], and can also serve as a substrate material. InSb, with its extremely
low bandgap of 0.17 eV, is used to detect mid-infrared signals in the 3-5 pm range [5].
For ultraviolet (UV) signal detection, wide-bandgap semiconductors are typically
used, such as AIN (bandgap 6.2 eV) and GaN (bandgap 3.4 eV). These materials
respond only to UV light, operate stably at high temperatures, and possess strong
radiation resistance. Compared to narrow-bandgap materials that require light filters,
they reduce detection costs and complexity [6].

Mixing specific semiconductor materials in proportion can form alloys with
enhanced properties. Examples include InGaAs [7], HgCdTe, and AlGaN. By adjusting
the ratio of In to Ga in InGaAs, its bandgap can range from 0.36 eV (InAs) to 1.42 eV
(GaAs). Notably, In0.53Ga0.47As is lattice-matched with InP substrates, offering high
electron mobility and excellent photo-response performance [8]. HgTe, with its very
low bandgap (~0 eV), is unsuitable as a standalone detector material, but when
combined with CdTe (bandgap 1.44 eV) to form HgCdTe, it can detect a wide range
of infrared signals. Similarly, AlGaN, formed by mixing AIN and GaN, can detect
near-ultraviolet light (200-350 nm) and some far-ultraviolet light (<200 nm). The
intuitive bandgap and the corresponding cutoff detection wavelength of conventional
semiconductor materials and alloy semiconductor materials are shown in Figure 1(a).

Processing materials like black silicon and surface plasmonics enhances light-
capturing ability by altering semiconductor surface structures. Black silicon,
created via etching, features black micro-nano spikes on its surface [9], reducing
reflectance (<5%) compared to traditional silicon (40%) and altering its band struc-
ture to absorb photons with energy below the bandgap, enabling strong absorption in
the silicon absorption blind spot (1100-2500 nm) [10]. Surface plasmonics introduce
metal nanoparticles on semiconductor surfaces, coupling with incident light to gener-
ate localized surface plasmon resonance. For instance, adding Au nanoparticles to
GaAs significantly increases the absorption coefficient, with a 35% enhancement at
800 nm [11].

2.2 Structure
2.2.1 PN junction

The earliest photovoltaic detectors used PN junction structures, shown in
Figure 1(b), and can be classified into homojunctions and heterojunctions based on
the materials used. Homojunctions, made of the same material for the P and N
regions, offer advantages such as lattice matching and no interfacial defects.
Heterojunctions provide greater flexibility: narrow-bandgap materials can serve as
absorption layers for efficient photon absorption, while wide-bandgap materials can
act as surface layers to block thermal carriers and minimize dark current and noise.
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Figure 1.

(a) The bandgap and cutoff detection wavelength (maximum detection wavelength) of some conventional
semiconductor materials and alloy materials. (b) Structuve of the PN junction and principle of the PN junction
photovoltaic detector. (c) Basis structure of waveguide and RCE photovoltaic detector. (d) Structure and basic
principle of the Schottky junction photovoltaic detector.

2.2.2 PIN structure

Although PN junction detectors have a simple structure, their electric field distri-
bution is non-uniform. When the voltage is high, the electric field at the junction can
cause avalanche breakdown or tunneling, affecting the linearity and controllability of
the device. Therefore, an intrinsic (i) region is inserted into the PN junction. The
electric field in the i-type region changes little and can be approximated as uniform.
Photons are absorbed in the i-type region, and the generated photocarriers can be
transported under the uniform electric field. The linearity and controllability of the
device are significantly increased.

2.2.3 Schottky structure

Schottky junction is formed by metal-semiconductor contact, commonly using
Ge, Si, and graphene. The semiconductor’s work function is usually smaller than the
metal’s. Upon contact, electrons from the semiconductor transfer to the metal until
their Fermi levels align, causing an upward bending of energy levels near the
semiconductor surface and forming a built-in electric field, as illustrated in Figure 1
(d). Under illumination, photogenerated electron-hole pairs are separated by this
field [12]. Advantages of Schottky junctions include simple structure and low
dark current due to the barrier. A 2017 study on graphene/Si Schottky
structures achieved a high responsivity of 0.52 A/W and a low dark current of
2.0 x 10712 A [13].
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2.2.4 Waveguide structure

To address the conflict of absorption layer thickness, optical waveguide or resonant
cavity enhanced (RCE) structures can be used. As depicted in Figure 1(c), the optical
waveguide structure allows light to propagate through the waveguide and couple with
the absorption region, improving light absorption efficiency. The RCE method involves
designing distributed Bragg reflectors (DBR) at the top and bottom of the device,
consisting of alternating layers of high and low refractive index materials, with each
layer’s thickness set to a quarter of the light’s wavelength. This structure keeps the
absorption layer thin while enhancing quantum efficiency through multiple reflections.

3. PIN photodetectors
3.1 Introduction of PIN photodetectors

As mentioned in 2.2.2, PIN PD is an optimized version based on PN junction
detector. A PIN detector has three main functional regions: a p-type region, an i-
type(undoped) region, and a n-type region. The schematic diagram of PIN PD is given
in Figure 2. The first PIN photodiode was invented by professor Jun-Ichi Nishizawa
and his research group at Tohoku University in Japan in 1952.

Because of the addition of i-type region, the electric field in the absorption region
is almost uniform, greatly increasing the linearity and controllability. And, in order to
prevent breakdown at the corners of the p-region caused by high electric field, a
lightly doped guard ring is usually added.

The bandwidth improvement can be explained from the perspective of RC time
constant. Similar to PN junctions, in PIN junctions, a positive charged layer and a
negative charged layer are separated by the i-type region, which can be described as a
planar capacitor. The depletion region capacitance of PIN junction can be written as [14]

&A

Cdep = W (1)
Compared to PN junctions, the width W of the i-type region is larger, and it does
not change with applied voltage. The increased W leads to a decreased Cy,, resulting

in a decreased RC constant and an increased bandwidth.
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Figure 2.
Schematic diagram of a PIN detector.
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3.2 Dark current and its impact on sensitivity

Dark current refers to the current flowing through a PIN detector under reverse
bias without any illumination, which is one of the most critical parameters for mea-
suring device performance.

The dark current in semiconductor PIN detectors can be divided into bulk dark
current and surface dark current, which can be further divided into diffusion current,
generation-recombination current, direct tunneling current, and defect-assisted
tunneling current.

3.2.1 Drifting current generated by dark carriers

Drifting current refers to the current generated by the diffusion of minority car-
riers into the i-type region. When applying a reverse bias voltage, the electric field in
the i-type region increases, enhancing the drift movement of charge carriers. Elec-
trons near the boundary of the p-type region are driven towards the n-type region
under the electric field. At the same time, holes near the boundary of the n-type
region are also driven towards the p-type region, as shown in Figure 3(a). When the
minority carriers near these boundaries are driven away, a concentration gradient of
minority carriers is formed, as shown in Figure 3(b). Then, the minority carriers
inside the n-type and p-type regions will diffuse towards the i-type region and then
drift under the electric field in the i-type region. The sum of the two is the total
reverse drifting current.

When the reverse voltage increases to a certain value, the reverse drifting
current no longer increases, and the current density at this time is called the
reverse saturation current density J;. The expression for reverse current density can be
written as [15]

_ qvy | qDunpo | qDyp, qvy
=alen(f) 1] - (T ) o) - @

Among them, V is the bias voltage, Ly, L,, Dy, and D,, are the diffusion length
and diffusion coefficient of holes and electrons, respectively. p,, and 7, are the
minority carrier concentrations in the equilibrium state of the n-type and p-type
regions.

E & Minority carrier
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Figure 3.
Carrier transition and its dynamic distribution. (a) Electron and hole drifting in PIN junction. (b) The drifting
causes the concentration gradient of minority carriers.
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3.2.2 Generation-recombination curvent

Generation-recombination current refers to the current generated due to the exci-
tation or recombination process of electron-hole pairs. In the thermal equilibrium
state, the recombination rate is equal to the generation rate. When the PIN junction is
reversely biased due to the enhanced electric field, electron-hole pairs are driven away
before they can recombine, resulting in a higher generation rate and forming another
part of the reverse current.

The main generation-recombination processes include Shockley Read Hall
(SRH) generation-recombination, Auger generation-recombination, and direct
radiation generation-recombination. The current density generated can be
written as [16]

niW
Jo =T~ 3
T
And, the carrier lifetime is decided by the three processes:
1 1 1 1
- + +— (4)

T TSRH  TAuger  TRad

SRH generation-recombination is indirect generation-recombination through a
single recombination center. Let the energy level of the recombination center be Et
and the concentration be Nt. The recombination rate is [17]

Nrryry (np —n?)
ra(n+m) +7,(p +py)

©)

Rspy =

where n1 = N, exp(— E;e;?) ,p1 =N, exp(— %)

Auger generation-recombination is also indirect generation-recombination.
Energy generated during the recombination process excites another carrier to a
higher energy level. During its transition back to a lower energy level, excess
energy is released by phonon emission or exciting another electron to the
conduction band.

Direct radiative recombination refers to carrier recombination caused by the direct
transition of electrons accompanied by photon emission. Within a unit volume, each
electron has a certain probability of recombining with a hole per unit of time. There-
fore, the recombination rate is [18]

R=rnp (6)

The coefficient 7 is only related to the velocity of charge carriers.

The reverse process of recombination is generation. In non-degenerate cases,
it can be considered that the valence band is full and the conduction band is
empty, so the excitation probability is independent of carrier
concentration. Therefore, the generation rate is almost the same in all
non-degenerate cases [18]:

Generation rate = G @
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At thermal equilibrium, production rate is equal to recombination rate,
that is [18],

G =rnop, = an (8)
The net direct recombination rate of carriers is [18]
Rpaa =R—G =r(np —nj) 9)
3.2.3 Tunneling current

For PIN junction, when the reverse bias voltage is high enough, the energy band is
extremely bent, causing the conduction band edge of the n-type region E, to be
positioned below E,,, the valence band maximum of the p-type region. Electrons in
the n-type region conduction band may pass through the bandgap to the p-type region
valence band and vice versa.

Direct tunneling is the direct tunneling of charge carriers through the potential
barrier, also known as band-to-band tunneling (BBT), as shown in process 1 in
Figure 4. Electrons in the p-type region’s valence band directly enter the n-type
region’s conduction band, forming a direct tunneling current.

Indirect tunneling is the process in which charge carriers tunnel through the
potential barrier through a trap energy level, also known as trap-assisted tunneling
(TAT), as shown in process 2 in Figure 4. Electrons in the valence band of the p-type
region are captured by trap energy levels and then enter the conduction band of the n-
type region, forming a defect-assisted tunneling current.

3.2.4 Surface dark current

Surface leakage current is caused by surface recombination, which is the recombi-
nation process through recombination centers on the surface. The number of electron-
hole pairs recombined per unit surface area per unit time is called the surface

o :hole
» .electron

o :defect
P I N

Figure 4.
Tunneling process in PIN junction.
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recombination rate. The surface recombination rate Uy is proportional to the non-
equilibrium carrier concentration (4p); at the surface [19]:

Us =s (4p), (10)

The proportionality coefficient s has the dimension of velocity, which is called the
surface composite velocity.

3.2.5 Sensitivity of PIN photodetectors

The metric usually used to quantify a photodetector’s sensitivity is the noise
equivalent power (NEP), which is the minimum optical power received by the detec-
tor to achieve an SNR of 1 in a 1 Hz bandwidth. Thus, the definition of NEP is [20]

_ Pmin
(&)’
Where P, is the optical power that results in an SNR of 1 and Af is the bandwidth
of the detector. The unit of NEP is W /+/Hz.

In order to show the relationship between noise and sensitivity, we can write Eq.
(11) in another form [20]:
=\?
()
R

(11)

NEP =

(12)

—\ 1
Where R is responsivity of the detector and (zﬁ) " is the valid value of dark noise

current, measured in darkness and with Af = 1Hz - .

The detectivity D* is another important parameter used to describe the sensitivity
of detector. It is derived from NEP [20]:

D* = NED (13)
It can also be written as [21]
RA?
D* =2 (14)
(291 are )?

Where A is the area of the device.

3.2.6 Noise sources in PIN photodetectors

The dark noise in PIN detectors mainly includes dark current shot noise, thermal
noise, and 1/f noise.

The randomness of dark current can cause fluctuations in the output signal, known
as dark current shot noise. Dark current shot noise is white noise. The power of shot
noise is [22]
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ot = 2q1aAf (15)

Here, Ay is the working bandwidth of the detector.

1/f noise, also known as flicker noise, is a low-frequency noise whose power
spectral density is inversely proportional to frequency. It is mainly caused by defects,
impurities, or non-uniformity on the semiconductor surface. The expression is [23]

Sl/f = A'fﬁa (16)

Among them, A and a are empirical coefficients, and f is frequency.

Thermal noise is caused by the irregular thermal motion of carriers in semicon-
ductors. It is proportional to temperature, so its impact can be reduced by cooling.
Thermal noise is white noise, and its power spectral density is expressed as [22]

4kT
Sthermal = T (17)

The relative contribution of these noises may vary depending on the operating
conditions of the device, such as temperature and bias voltage. For example, in the
low-frequency range, 1/f noise may become the main source of the noise. In the high-
frequency range, thermal noise and shot noise may be more significant.

4. Avalanche photodetectors (APDs)

Traditional PIN photodetectors (PD) introduced above now have a wide range of
applications; however, in the situation of distant light communication or other scenes
that require the ability of weak signal detection and low energy consumption, PIN
photodetectors cannot meet the sensitivity standard. Therefore, semiconductor
detectors with higher sensitivity emerge as the times require, namely, the APD, which
usually exhibits 5-10 dB higher sensitivity in comparison to PIN PD counterparts due
to the internal gain mechanism [24], as the operating bandwidth is below 10 Gb/s. The
first APD was invented by Japanese engineer Jun-Ichi Nishizawa in 1952. Typically,
APDs could operate at bias voltage below or above the breakdown voltage,
corresponding to linear mode and Geiger mode; APDs operating at Geiger mode are
specified as single photon avalanche detectors (SPAD). As one kind of vacuum tube-
based device, photomultiplier tubes (PMTs) can also amplify the weak light signal.
However, PMTs are gradually being replaced since they are bulky, fragile, sensitive to
the magnetic field, and need very high operating voltage.

4.1 Avalanche multiplication process and APD structure evolutions

The word Avalanche originates from French and Latin, initially referring to the
spectacular phenomenon in snow mountains. An avalanche in snow mountains can be
well explained by the impact-induced multiplication between falling and still snow
under the gravitational field. Surprisingly, a similar phenomenon could occur in
semiconductor materials as well. Just imagine the falling and still snow on hills as the
free and confined carriers in semiconductors, respectively. Moreover, the dominating
field is the electric field instead of the gravitational field. In detail, under a high
electric field, the initial free carriers (electrons in the conduction band) will obtain
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enough kinetic energy after accelerations and transfer part of kinetic energy to the
confined carriers (electrons in the valence band) through impact ionization as illus-
trated in Figure 5. The confined carriers then transit into free carriers, and the initial
carriers remain free after the impact, and electrons and holes could participate in
impact ionization. The initial and new free carriers then accelerate under the electric
field and repeat the impact ionization repeatedly, which is the basic principle of
avalanche multiplication, as illustrated in Figure 6 [25].

It is noteworthy that both electrons and holes could participate in the avalanche
process. The impact ionization coefficient is defined as the mean impact ionization
times for a free electron or hole in unit travel distance, denoted by a and g for
electrons and holes, respectively. Therefore, ; and ; express the mean distance

between two impact ionizations for free electrons and holes. Significantly, @ and f are
positively relevant to the electric field in the multiplication region, and the ratio
between a and f is denoted by impact ionization ratio k, which is the dominating
factor for APD performance of gain, bandwidth, and excess noise, k could be

cB -
”
valence PR g
electron, A"

Figure 5.

The schematic diagram of the impact ionization in APD, assuming in direct bandgap material wheve E, is the
bandgap and only electron avalanche is presented. E is the energy axis, and k is the momentum axis; the impact
ionization is denoted by gray dash arrows.

E=hv
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Figure 6.
Schematic diagram of avalanche multiplication of electrons. The left part denotes the electric field in the device
[25]. CC BY 4.0.
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expressed by eitherg or § as electron or holes dominates the avalanche to keep k£ € [0, 1]

for the convenience in calculation. Typically, only one type of carrier is expected to
establish an avalanche in APD to improve gain and eliminate excess noise. Hence, k is
expected to be as low as possible in APD. As mentioned before, lower k also benefits
avalanche gains and bandwidth, thus further contributing to better gain-bandwidth
production.

For APDs, the separate absorption and multiplication (SAM) structure was pro-
posed to eliminate the tuning dark current by adopting larger bandgap materials as
multiplication regions [26]. A graded layer was introduced to avoid carrier accumula-
tion induced by the energy stair at the interface of heterojunction, and reduce the
lattice mismatch, which could form defects and thus increase dark current; in this way,
separate absorption, graded, and multiplication (SAGM) APD was constructed [27].

To further improve the electric field in the multiplication region, the charge layer
was designed between the absorption and multiplication layer, by tuning the thickness
and the doping level of the charge layer; the electric field in multiplication region is
further enhanced while the electric field in the absorption region is reduced, and an
unwanted avalanche in absorption layer is suppressed while avalanche gain in multi-
plication region is improved [28]. Depending on whether there is a grading layer or
not, APD with a charge layer design could be classified as a separate absorption,
grading, charge, and multiplication (SAGCM) structure or a separate absorption,
charge, and multiplication (SACM) structure. Nowadays, most III-V compound-based
APDs are in SAGCM structures, while most Si or Ge on Si APDs are in SACM or SAM
structures.

The discussion above could provide a good qualitative understanding of the impact
ionization and the avalanche multiplication in APD, which is the origin of the internal
gain and excess noise of APD. The structures of typical APD are also briefly summa-
rized. The gain mechanism and excess noise will be discussed in detail in the next
section.

4.2 Gain mechanism, gain-bandwidth production, excess noise, and receiver
sensitivity

Gain in APD is specified by avalanche gain, which, in essence, is the average
number of impact ionizations for a single carrier along the whole avalanche path. Both
dark current and photocurrent are multiplied by avalanche, but be aware only the
induced part of the current is focused when discussing avalanche gain. Avalanche gain
is typically expressed as the following equation:

I-1; R

M= == (18)
L—Ip R

Where M is the avalanche gain, I and I; are the total and dark current at a specified
bias voltage, and I; and I;; are the total and dark current at a referenced unit gain bias
voltage where gain is 1 (unit gain point). Apparently, M can also be expressed in
responsivity form where R and R; are responsivities at specified and referenced unit
gain bias voltage, respectively. The selection of unit gain point is not constant, the
overall rule is selecting a low bias voltage where R changes slowly as the bias voltage
varying. M in this form thus could be extracted from I-V and R test and be plot in
I-G-V curve form.
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In the local avalanche theoretical model established by McIntyre in 1966, M at x
could be deducted as the following formula [29]:

exp {—J:V(a - /)’)dx}

M(x) = W W (19)
1-— J asexp {—J (a— /})dx’} dx’
0 x'

The average M(x) in multiplication region is the commonly used gain conception.
The parameter W is the width of the multiplication region, x’ is the place where any
impact ionization on avalanche chain happens, x is the place where initial impact
ionization happens. @ and f are the impact ionization coefficients mentioned before,
which play an important role in M. From the formula, it is obvious that increasing the
thickness of the multiplication region will increase M, but higher noise could then be
induced. Meanwhile decreasing & will benefit M. It is noteworthy that this formula
only applies to the situation that the multiplication region is far longer than the dead
space length of carriers, in which case the gain is only related to the local field, dead
space length is the minimum accelerating length that is required for carriers before
impact ionization occurs. For the case that the multiplication region size can be
compared to the dead space length the gain will be related to the history path, and
thus the dead space model of gain calculation should be adopted.

Figure 7 provides an example of the I-G-V curve of a mesa-structured Ge on Si
APD reported before [30]. The punch-through and avalanche breakdown voltages
were — 8 and — 27 V, respectively; for M calculation, the unit gain point was chosen as
about —7.5 V where R = 0.52 A/W. The punch-through and avalanche breakdown
voltages could vary a lot according to different device structures and material systems.
It is evident that the avalanche gain M increases as reverse bias voltage increases, and
this is because higher reverse bias voltage causes a higher electric field in the multi-
plication area. As a result, the impact ionization coefficient is increased, and the
avalanche gain M climbed. Moreover, it is important to declare punch-through voltage

0.001 . . ; . . . 30
—— Dark current
1E-4 4 —— Photocurrent |
——gain
1E-5 o
A=1310nm L 20
@ 1E-6 4 P, =20l
3 §
1E-7 =15 S
N
= S0
= 1E-84
O - 10
1E-9 4
5
1E-10 +
1E-11 — T T T} 0
-30 25 20 5 10 5 0
Reverse Bias(V)

Figure 7.
I-G-V curve characteristics of a 30um-diameter Ge on Si APD at room temperature (Redraw from literature

[30]).
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and breakdown voltage. In general, punch-through means at a specified reverse bias
that the whole device is fully depleted. Thus, photo-detection efficiency would be
enhanced, breakdown voltage is defined as the bias voltage where avalanche is
established, it could be confirmed by calculating the intercept of the linear fit of the
avalanche voltage range of I-V result [31]. If an APD functions above breakdown
voltage, it turns to a SPAD, and the avalanche cannot stop unless a quenching or gated
mechanism is imposed.

The bandwidth of APD is decided by two factors: carrier transit time and RC
constant. Carrier transit time is composed by carrier transport time which is decided
by the carrier mobility and depletion region size and avalanche buildup time that is
mainly decided by the gain and electric field in the multiplication region. The resistor
R mainly comes from electrode contact, while the capacity C rises from the depletion
region. The less RC value is, the higher bandwidth APD could achieve, which makes
ohm contact of the electrodes essential, note that thicker absorption region could
reduce capacity and improve responsivity indeed but the carrier transportation time
also increases. There is a tradeoff between responsivity and bandwidth unless wave-
guide structure is adopted, thicker structure could also introduce more noise. More-
over, lower k could benefit the bandwidth [32].

Gain-bandwidth production (GBP) is a special standard of APD, the avalanche
establish time will dominate the bandwidth property, with gain increasing the band-
width decreasing since avalanche established time increases. As a result, GBP is close
to a constant as gain exceeds 1/k as illustrated in Figure 8 [32]. GBP is a critical
standard of APDs, always being used to evaluate the performance of APDs for it is the
most direct property related to communication system.
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Figure 8.
Bandwidth as a function of multiplication in APDs [32] (Reprinted from []. Appl. Phys. 38, 3705 (1967)], with
the permission of AIP Publishing.) Copyright © 1967.
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As discussed above, avalanche brings internal gain to APD. Therefore, higher
responsivity is achieved, making APD an ideal candidate for weak signal detection.
However, the avalanche could also induce noise for the randomness of impact ioniza-
tions, namely excess noise.

Besides the shot noise in typical PIN PDs discussed above, due to the presence of
the excess noise, the noise in APDs Sspp together with the excess noise factor F could
be expressed in the simplified form [29]:

Sapp = 2qIFM? (20)

1
FkM+(1k)(2M> (1)

The shot noise components ¢ and I are the charge of the carrier and the total
current, while the parameter F is the excess noise factor, which is strongly relevant to
the impact ionization ratio k and the avalanche gain M as shown in Figure 9.

From Figure 9, it is straightforward that all curves start from F = 1as M = 1 and
slight change on k could bring dramatic lifting to the excess noise factor F of APD,
especially F-M line shape will be linear (F = M) when k reaches 1 where F meets its
maximum; on the contrary, if k keeps zero which is of course ideal F will asymptotic
to 2 as M increasing. Reducing noise in APDs is an urgent task since the shot noise and
the excess noise could increase the bit error rate (BER), thus affecting the sensitivity
performance of receivers based on APDs.

Be aware that sensitivity is a generic key standard being used to describe the merit
of a receiver system which is composed by detectors as PD/APD that convert the light
signal into the current form; then, the current signal is converted to voltage form and
further amplified by a series connected transimpedance amplifier (TTA) together with
limiting amplifier (LA); in the end, the data are collected by CDR (clock and data
recovery). The schematic diagram of an optical receiver is given in Figure 10.
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Figure 9.
The velationship among excess noise factor F, avalanche gain M, and impact ionization coefficient ratio k.
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The schematic diagram of an optical receiver. The parameters are explained in the content below.

The function of a TIA device could be analogically interpreted as a resistor, which trans-
forms the current signal generated by PD/APD into voltage signal and further amplify the
voltage signal. LA is used to set logic decision threshold, amplify and maintain the output
voltage constant value. LA has a peak-to-peak operating signal swing range below which
the output is not held constant. In an optical receiver, the noise mainly comes from PD/
APD and amplifiers like TIA and LA. The major noise in an optical receiver comes from
the detector part (PD/APD) and amplifier part (TIA, LA).

The receiver sensitivity is defined as the minimum incident optical power before
BER exceeding some criteria (<10-12 for an example) and could be expressed in two
forms, the average incident power (P4vg) in dBm or the optical modulation amplitude
(OMA) in Wp_p [33]

Pave = 10log (% 1000) dBm 22)
OMA — 1,SNR (23)

The prediction of receiver sensitivity thus could be realized adopting key parame-
ters given by the vendors using the equation in which i, is the input reference noise of
TIA typically in Agus, 4, is directly proportional to the value of the photodiode
capacitance and bandwidth of the TIA. SNR is the signal-to-noise ratio that is required
to maintain a specific BER, and 7, is the extinction ratio which represents the ratio
between logic 1 power level and a logic 0 power level; in addition, R is the responsivity
of the PD/APD. From the equation, it is evident that the superior R induced by
internal gain is the intrinsic origin of the better sensitivity of APD based receivers in
comparison to the PIN PD counterparts.

It is noteworthy that the equation is oversimplified for the noise of PD/APD and
LA are partly ignored; only noise of TIA is mainly considered while the PD/APD, TIA,
and LA are major noise sources in receivers. Therefore, the equation is more suitable
to compare the impact of different component on receiver sensitivity rather than
directly obtaining the receiver sensitivity. The accurate sensitivity estimation relies on
carefully designed BERT (bit error rate test) experiments, and the form of Payg is
adopted more frequently instead of the form of OMA for the equipment measuring
Pavyg is easier to acquire, the concept is straightforward as well. The sensitivity of
single PD/APD device is usually characterized by the noise equivalent power NEP
which represents the incident power when SNR = 1; in this discussion, the sensitivity
of the receiver system is mainly focused since the performance of the whole system is
more meaningful.

The receiver sensitivity could be affected by multiple factors, except for the noise
generated in PD/APD, and amplifiers like TIA and LA as mentioned before, the
modulation speed and format such as NRZ and PAM4 can also impose significant
difference. Furthermore, receiver sensitivity could also change with different gain in
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The sensitivity of Ge on Si waveguide APD versus gain, data rate in data format of (a) NRZ and (b) PAM4
(Redraw from litevature [34]).

APD receivers. Typically, receiver sensitivity decreases as data rate increasing or bits
number in one single Bit, which means sensitivity of 10 Gb/s communication will be
better than that of 25 Gb/s, and sensitivity of communication in NRZ format will be
better than that in PAM4 format. In APD receiver, sensitivity usually first improves
with increasing gain but then degenerates as gain comes to relatively high as shown in
Figure 11 [34].

There is a gain range starting from 1 inside which sensitivity increases with gain
increases, and the APD receiver shows superior sensitivity in comparison to PIN PD
receiver counterparts. Sensitivity will decrease above this gain range, and this range
is also affected by the modulation speed and format. This phenomenon could be
related to the excess noise discussed before, at low gain situation, sensitivity is
improved due to the avalanche and the excess noise is controlled at a low level, as gain
increasing the excess noise increases exponentially and eventually worsens the sensi-
tivity. Therefore, attempts to eliminate the excess noise in APD is of great signifi-
cance, otherwise, only low gain operation could be adopted in high-speed
communication system.

4.3 Linear mode and Geiger mode operation

In brief, linear mode and Geiger mode for APD are divided by the breakdown
voltage, SPAD could be considered as a kind of special APD that is biased above the
breakdown voltage and thus obtains the ability to discern the smallest quanta of light,
a single photon in another word. The structure of SPAD could be slightly modified
compared to regular APD to optimize the performance. It is noteworthy that there are
other types of single-photon detectors, such as superconducting nanowire single-
photon detectors (SNSPD), which can only work at a cryogenic temperature of a few
K [35], and the cryogenic working condition limits the application of SNSPD.

The most distinct feature of SPAD is that the avalanche cannot stop spontaneously,
and a quenching circuit or self-quenching mechanism should be introduced to ensure
the successful function of SPAD.

In a recently reported Ge on Si SPAD [36], the dark current is low to pA order. The
merits of timing jitter, after-pulsing characteristic time, and after-pulsing probability
in this report are, respectively, measured as 19kHzpm — 2, 12%, 188ps, ~90ns, and
< 1%, with a low breakdown voltage of 10.26 V and a small excess bias of 0.75 V.
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4.4 External factors affecting APD performance: Temperature, bias voltage,
incident power, and wavelength

While APD performance is relevant to the intrinsic factors like the materials and
the device structures indeed, it is important to declare that APD performance could
also be affected by multiple factors such as operating temperature, bias voltage,
incident power, wavelength, and even the cosmic ray when operating on outer space
satellites and so on.

Temperature in semiconductors reflects on the thermal fluctuations, phonons,
in other words. As the temperature climbs, the mean energy and number of phonons
will increase. As a result, the electron-phonon coupling effect is enhanced, which
limits the mobility of carriers, decreases the impact ionization rate, and further
weakens the avalanche procedure.

The bias voltage will affect the avalanche by changing the electric field
amplitude in the avalanche region, which is straightforward to imagine.

Typically, gain increases with the applied bias voltage. There could be a reverse
tendency that comes up at a higher bias voltage due to the negative differential
resistance effect.

The incident power can also affect the gain performance of APD, which has been
widely reported, and the regular trend is that gain increases with the decreasing
incident power. This phenomenon is explained by the reduction of resistance at high
gain [37].

The impact of different wavelengths on the performance of APD could be attrib-
uted to the wavelength-dependent absorption coefficient of material in the absorption
region.

4.5 Applications of APDs: Optical fiber communication, LiDAR, and
spectroscopy

It has never been an era in history like recent years that the technology
iteration is so rapid. In recent years, emerging technics such as artificial intelligence
(AI), internet of things (IoT), cloud computing and storage, and video streaming are
thirsty for huge data communications. As a result, 5G communications, hyper-scale
data centers, and exascale high-performance computers (HPC) have been developed
[25]. To compensate for the power consumption demands of these newly developed
techniques, APDs rise as proper candidates for the higher receiver sensitivity
over the broad spectral wavelength range and high signal-to-noise ratios [38, 39].
APD in both linear mode and Geiger mode is widely utilized in communication [40],
LiDAR [41], 3D imaging [42], quantum secret key transmission [43], spectroscopy
[44], and single-photon detection [45]. Due to the quenching mechanism, SPAD
operating in Geiger mode has a limited bandwidth of tens to hundreds of MHz,
adapting to applications like LIDAR for lower NEP and higher sensitivity [36].
The LIDAR market faces fluctuations due to the serious challenge of the full-vision
solution and the multiple potential technical paths such as dTOF, iTOF,
AMCW, FMCW, and so many on [46]. Therefore, in the long term, light
communication will still be the major battlefield of APDs. In the future, APD
is also expected to improve the optical interconnection in data centers or server
groups.
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5. Challenges and limitations of photovoltaic detectors
5.1 Dark current and its reduction techniques

As mentioned in 3.2, the dark current of photodetector mainly originates
from thermal noise, defects, and imperfections in crystals, grain boundaries, etc.
Dark current has multiple impacts on detectors. It can affect key performance
parameters of detectors such as signal-to-noise ratio, sensitivity, and power
consumption.

Therefore, research on suppressing dark current technology has received wide-
spread attention. One method is reducing impurities and defects in the device.
Besides, the use of heterojunction structures [47], Schottky contacts, or two-
dimensional material electrode contacts [48] can significantly reduce dark current.
Surface leakage current can be improved by growing oxide layers, epoxy encapsula-
tion, or depositing passivation layers [49]. In addition, adjusting device size and
materials, such as adding SiO, layer in metal semiconductor metal (MSM) structure
by Chuang et al., can increase the barrier height and reduce dark current [50]. What’s
more, using new device structures is a novel way to reduce dark current. For example,
the dark current shunting (DCS) method proposed by Yang et al. can theoretically
completely suppress dark current [51].

5.2 Noise sources and their impact on sensitivity

As discussed in the last section, noise in photovoltaic detectors is one of the
major deterioration factors in optical receiver sensitivity. For PIN PD, the
dominant noise source is the shot noise, while an extra multiplication of excess
noise for APD is required because of the randomness of the avalanche multiplication.
In detail, the randomness in the avalanche process is caused by the stochastic
nature of the impact ionization, which eventually reflects on the avalanche gain
fluctuations.

The shot noise comes from the Poisson distribution of the electron-hole pair
generated by the incident photon stream, which is a stochastic process of random
arriving times, in other words, with a given time interval, the incident photon
number is certain but the number of photo-generated electron-hole pairs follows
Poisson distribution, which means the responsivity could fluctuate with time due
to the shot noise. Generally, DC photocurrent of Ipp will generate a shot noise
power density of 62, = 2qIpp according to the discussion before. Besides, there are
other noise sources for an optical receiver system, such as ASE noise in optical
amplifiers, which could be avoided in an APD receiver. All the noise mentioned here
will degenerate the device sensitivity performance, thus further limiting the receiver
sensitivity.

To reduce the noise in APD, several methods could be considered: (1) Choosing
material system with natural low k. (2) Energy band engineering like impact ioniza-
tion engineering (I E) method that could reduce effective k by suppressing the
avalanche of unwanted carriers (holes when electrons are preferred to avalanche)
[52, 53]. (3) Carefully design the thinner thickness of multiplication region using the
non-local field theory to reduce the stochastic of ionization and further reduce excess
noise [54]. (4) Superlattice multiplication region [55].
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5.3 Responsivity and bandwidth trade-offs

There are several trade-offs in photovoltaic detectors, among which the trade-off
between responsivity and bandwidth is one of the most important since both factors
are vital. Responsivity and bandwidth trade-off are more prominent in normal inci-
dent vertical mesa structured PIN PD or APD in which the dimensions of the light
incident and carrier transportation are the same; as the absorption or multiplication
layer becomes thicker, the responsivity or gain is improved while the carrier
transportation time is longer hence the bandwidth is limited. On the contrary, if the
thickness is reduced, the bandwidth could be improved, yet the responsivity,
together with the gain, could be decreased. Above, there is a tradeoff between
responsivity and the bandwidth in mesa-structured photovoltaic detectors like PD
or APD.

As mentioned before, responsivity-bandwidth trade-off mainly exists in PD/APD
in which incident direction coincides with carrier transportation direction; the most
representative structure is the normal incident vertical mesa structure. In order to
overcome this annoying tradeoff, waveguide-structured PD/APD (WGPD/APD) is
proposed in which the light incident direction is perpendicular to the carrier trans-
portation direction. The light propagating in the waveguide is coupled into the
absorption waveguide structure; the photon-generated carriers then drift along the
direction perpendicular to that of the light incident, which means the responsivity-
bandwidth tradeoff could be avoided.

It should be declared that there is no superiority between mesa PD/APD and
WGPD/APD. Each of them has unique applications. Mesa devices make it easier to
integrate 2D arrays for applications like space communication. WGPD/APD is more
suitable for large-scale photonic integrated circuits (PICs) and on-chip optical inter-
connection. There are methods to further improve the responsivity of WGPD/APD,
including further increasing the waveguide length, which is similar to improving the
absorption region thickness of a normal-incident mesa PD/APD in principle, adding
DBR or loop reflectors at the end of the waveguide [56, 57], or even sinking the
absorption waveguide into the propagating waveguide [58].

5.4 Temperature dependence and stability

Inherently, photodetectors are sensitive to temperature. This is because many
characteristics of photodetectors vary with temperature, such as carrier density,
mobility, and generation rate. Thus, temperature control and compensation are
essential for the stability of photodetectors.

The issue of temperature dependence is especially severe for APD. Avalanche gain
and breakdown voltage are two main parameters that are highly affected by temper-
ature. During the ionization impact or avalanche process, there exist a number of
scattering mechanisms, which will reduce the energy of electrons (or holes) energy
[59]. Among these scattering mechanisms, phonon scattering is the most sensitive to
temperature and can influence the whole avalanche process. As temperature
increases, the phonon scattering is strengthened, causing more energy loss of the
avalanche carriers (electrons or holes). Thus, the carriers need to cross more distance
in order to acquire the ionization threshold energy, resulting in a decrease in the
ionization coefficient. In semiconductors such as silicon, GaAs, InP and AlGaAs, both
the electron and hole ionization coefficient decrease as the temperature increases
[60]. Therefore, the avalanche gain also decreases. Besides, due to stronger scattering,
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carriers also need a higher electric field to accelerate them to get enough kinetic
energy in order to make impact ionization happen. So, the breakdown voltage
also increases. Experiments and simulations have shown that, in InP/InGaAs and
InP/AlGaAsSb APDs, the breakdown voltage increases linearly with temperature
[59, 61].

6. Advanced photodetector technologies

In order to meet the rising demand for detectors with high quality and application
systems, merits including high gain, low noise, large scale, high computing power, and
low energy consumption are required. In this section, major advances in recent years
will be discussed in three topics: linear high-gain APD, low-noise digital alloy APD,
and large-scale high counting rate SPAD.

6.1 Linear high-gain APDs (GaN/AIN PSS APD)

Internal gain is the most prominent merit of APD, and higher linear gain is
expected to achieve better sensitivity. One representative technical method is
constructing periodically stacked structure APD (PSS APD), which is a kind of
energy band engineering method. The schematic diagram comparing the working
principles between traditional APD and PSS APD is given in Figure 12 [62]. For
example, AIN/GaN PSS APD with ultrahigh stable linear gain of 10,000 has been
reported by experiment study [62]. AIN/GaN PSS model was proposed and
carefully analyzed in order to explain the origin of the gain enhancement. Further, it is
found that the lowest energy states for electrons are at the I" valley in AIN, where the
scattering rates are much lower than that in the ionization situation in the GaN bulk
layer. As a result, the electrons that triggered interfacial ionization play an important
role in the multiplication performance, which explains the jonization coefficient
enhancement found by experiment [63]. Furthermore, GaN/AIN PSS APD with deep
I" valley and large conduction band offset was systematically investigated, and it has
been found that decreasing scattering degree for electron transport is found to be
necessary for realizing high-temperature stability and high ionization efficient APD
[64]. Changing the orientation of the InAlAs digital alloy from [001] to either [110] or
[111] has the potential to suppress the APD excess noise because the effective mass of
holes in the valence band increases more rapidly than that of electrons in the conduc-
tion band, this has been proved by a theoretical analysis [65].

Both increasing periodical thickness and increasing AIN layer occupancy are pre-
ferred to achieve high gain under a low electric field, while the former benefits in
decreasing the excess noise and the latter harms slightly in excess noise [66].

Besides, based on GaAsSb/AlGaAsSb, APD working at 1550 nm with high multi-
plication (gain>1200) and low excess noise (F < 7 at gain = 200) by optimizing the
charge sheet has been fabricated [67].

Moreover, as is discussed before, in communication applications, the gain-
bandwidth production is more often used as standard to estimate the performance of
APD. Ge on Si APD possessing a large bandwidth of 53 GHz in the gain range of 9-19.5
and an ultrahigh GBP of 1033GHz under —8.6V and at 1550 nm is reported utilizing
novel capacity and inductance structure modification [68].
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Working principle of conventional HJ APD
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(a) Carrier transport in conventional traditional APDs under electric field, (b) Bipolar ionization proceeding
along the two opposite divections and (c) A unipolar ionization proceeding along a single divection. (d) Carrier
transport in GaN/AIN PSS APDs [62] (Reprinted from [Applied Physics Letters 109, 241,105 (2016)], with the
permission of AIP Publishing.) Copyright © 2016.

6.2 Digital alloy APD

Digital alloy is a relatively new topic in recent years that attract intense attention
from a wide range of researchers, mainly refers to a special III-V material alloy system
Al Iny AsySby ., or Al,Gay As,Sby ., that could serve as multiplication region in
superlattice form [69]. The merits of digital alloys include low excess noise, high gain
bandwidth, and tunable bandgap by changing the alloy composition or superlattice
period thickness, which makes them strong competitors in the aspect of LIDAR
systems and telecommunications.

The low noise merit of digital alloy APD originates from the low & value realized
in the superlattice structure, in detail, the creation of minibands that localize
carriers. For example, in a reported InAlAs digital alloy APD, the ionization
coefficients of electrons in digital and random alloys are almost the same, but the
ionization coefficient for holes in the digital alloy is significantly suppressed relative
to the random alloy, which results in lower k value approaching to that of Si
material [70].
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(a) A PMT with four metallic dynode stages contained within a large glass vacuum. (b) A multistep staircase APD
energy-position band diagram illustrating localized carrier multiplication at the step regions (Redrawn from
literature [71]).

Utilizing the I’E method discussed before, the multistep staircase APDs with
extremely low noise and deterministic amplification were proposed adopting the
digital alloys [71]. Different from typical APD that requires a high electric field to
accelerate carriers to realize impact ionization, I’E multistep staircase relies on the
energy drop in energy band structure to accelerate carriers to initiate impact ioniza-
tion as illustrated in the right part of Figure 13. This procedure could be interpreted
by the analogy in PMT principles as shown in the left part of Figure 13. Typical PMTs
have between 6 to 13 dynodes, all separated by >100V potentials. Primary photoelec-
trons generate a cascade of high-energy secondary electrons that acquire energy from
the large electric fields between adjacent dynodes. The increase in the secondary
electron count over the primary electron count is registered as a gain in the form of
photocurrent at the anode. The right part of Figure 13 shows that APD electron-
initiated impact ionization produces secondary electrons in the conduction band (Ec)
and secondary holes in the valence band (Ev). The lack of valence band discontinuity
prevents hole-initiated impact ionization. Localized, single-carrier-initiated impact
ionization events lead to low-noise performance.

Moreover, according to a newly reported result,

Ing 53Gag 47As /Al §5Gag 15A50 56Sbo 44 based APD has achieved extremely low excess
noise factor of less than 3.5 at gain of 100, an extremely low NEP of 21.2 fW/1/Hz was
achieved with a 30-pm-diameter APD, over a 440 MHz signal bandwidth, at an APD
gain of 230 and the wavelength of 1550 nm. Current commercial APD-TIA modules
typically exhibit NEPs of >100 fW/1/Hz to 10’ of pW/+/Hz. Compared to its best in-
class 80-pm counterpart, this work’s receiver demonstrated a 6.5x sensitivity
improvement at 2x the operating bandwidth, with an NEP of 32.5 fW/+/Hz [72].
Furthermore, InAlAs could also be fabricated in digital alloy method instead of in
traditional random alloy way, and digital alloy InAlAs has shown gain-bandwidth
production of more than 140GHz [73].

6.3 Single-photon avalanche diode (SPAD dynamic memristor quenching)

There are several ways to improve the performance of SPAD, among which a
major breakthrough is the dynamic memristor (DM), which could be planted in SPAD
system circuits and functions as quenching circuits without extra space consuming
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(a) Equivalent civcuit model for passive quenching of the SPAD in series with a quenching vesistor. The dashed box
is the SPAD, represented by a capacitor, a vesistor, a photon switch, and a voltage source. (b) The SPAD discharge
process when an avalanche is triggered by an incident photon. (c) Recharging process after quenching. (d) Single-
photon detection system. Passive quenching is accomplished by connecting a SPAD and a vesistor in series. A voltage
source (Keithley 2400) is used to reverse bias the SPAD. The single-photon signal is generated by attenuating the
optical signal from a laser diode driven by a Keysight 33600A waveform generator. The avalanche response current
is determined from the voltage on a 50 Q2 readout resistor, and the voltage is introduced to an amplifier (Mini-
circuits ZFL-1000LN+) and then into an oscilloscope (Rigol DS7024) through a bias tee (Mini-circuits ZFBT-
4R2GW+) [74]. CC BY 4.0.

and RC delay sacrificing brought by traditional resistive quenching. DM is a device
whose resistance can be modulated by voltage. At the moment of an avalanche, the
DM is in a high resistance state (HRS), and it quickly divides the voltage, causing the
avalanche to stop. Subsequently, the voltage division on the DM decreases its resis-
tance, the RC time constant is rapidly reduced, and the avalanche detector quickly
charges to recover the voltage. The equivalent circuits and the system diagram are
given in Figure 14 for Ref. [74]. Moreover, it has been proved that DM is faster in
quenching the SPAD in a large size SPAD quenched by dynamic memristor, especially
when the photon signal repetition rate is over 1 MHz [75, 76].
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7. Conclusion
7.1 Summary of key points

In summary, the development history of photodetectors from three aspects: wave-
length, material, and structure, and three common types of photodetectors are intro-
duced: PIN PD, APD, and SPADs. By analyzing the noise sources and origin of dark
current, the relationship between the device’s sensitivity performance and its material
and device characteristics is bridged. From these analyses, the readers could under-
stand that the sensitivity of PIN PD, especially under high data rates, can be signifi-
cantly enhanced by merely increasing the bias voltage to turn it into APD mode. A
step further, this chapter provides deeper insights into modifying the APD structure
from the perspective of carrier transportation and impact ionization engineering.
Besides, Geiger mode APD, which is capable of sensing single photon level weak light
signal, is also described. In the final part of the chapter, the challenges of these
detectors are discussed, and several recent technical approaches, including linear
high-gain APD, digital alloys APD, and SPAD with dynamic memristor quenching,
have been presented to tackle these challenges. By demonstrating the basic principles of
photovoltaic detectors, particularly APD, to the analysis of receiver sensitivity, this
chapter could provide comprehensive and valuable insights for the design and optimi-
zation of high-sensitivity detection systems. These systems find applications in various
fields, including optical interconnection, optical communication, LiDAR, and so on.

7.2 Future trends and challenges in photodetector technology

Photodetectors will develop towards higher sensitivity, faster response speed,
wider wave band, and lower power consumption. For example, the innovation of
single-photon detectors and APD technology have significantly improved detection
efficiency and response capability [68, 77].

New materials such as two-dimensional materials [78], perovskites [79], quantum
dots [80], etc., have become essential research directions for photodetectors due to
their superior optical properties such as higher absorption coefficients, higher carrier
mobility, and higher crystal quality, which help improve the sensitivity and response
speed of detectors.

Photodetectors are developing towards integration and miniaturization to meet the
needs of intelligent devices. For example, breakthroughs have been made in integrat-
ing and miniaturizing organic material photodetectors [81] and two-dimensional
material detectors.

Photodetectors are also becoming more intelligent and multifunctional, integrating
multiple functions such as spectral detection, polarization detection, etc. For example,
single-photon LiDAR technology achieves high-precision 3D reconstruction through
time-dependent single-photon technology [82]. Single photon detectors have essential
application prospects in weak light detection, quantum communication, and other
fields due to their high sensitivity and low noise characteristics [83].

Research on ultrawideband photodetectors can meet the needs of broadband
detection, especially in fields such as remote sensing and medical imaging.

The future development of photodetectors also faces several challenges. There are
some technical bottlenecks remain to be solved, such as responsivity-bandwidth
tradeoff, reliability, dark current etc.
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Inherently, photodetectors face the contradiction between responsivity and band-
width, especially for ultrawideband photodetectors. Reliability under high tempera-
tures is another major challenge faced by photodetectors [84], especially in the era of
artificial intelligence.

To reduce dark current and improve sensitivity, it is necessary to study the internal
physical mechanism of the detector, as well as the preparation process and device
structure.

7.3 Potential applications and societal impact

In the era of artificial intelligence and the Internet of Things, the arrival of AGI has
put forward higher requirements for communication and perception. The application
of photodetectors in multiple fields, such as communication, transportation,
healthcare, and city management, continues to deepen. With the popularization of 5G
and IoT technologies, the demand for photodetectors in high-speed data transmission
and remote monitoring will continue to grow, driving the development of the com-
munication industry [85]. In addition, applying photodetectors in vehicle-mounted
LiDAR will promote the development of autonomous driving technology and enhance
the safety and efficiency of intelligent transportation systems [86]. Meanwhile,
applying photodetectors in biomedical imaging, gene sequencing, optical coherence
tomography (OCT), and other fields will significantly improve the accuracy and
efficiency of medical diagnosis, promoting the development of precision medicine
[87]. Furthermore, photodetectors are widely used in smart city construction for
intelligent transportation, environmental monitoring, and energy management,
enhancing urban intelligence [88]. In a word, photodetectors play essential roles in
numerous fields of our lives and have become crucial building blocks of information
society.
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Abstract

Due to their exceptional performance across a wide range of wavelength regions,
from UV to broadband detection, 2D materials (2DMs)-based photodetectors have
expanded quickly in recent years. 2DMs gained a reputation for playing important
roles in photodetection because of their unique physical characteristics, with layer
number engineering, low cost and simple preparation, wet chemical processing,
deterministic all-dry transfer process, surface passivation for dangle bond-free sur-
face, band gap engineering, valleytronics, and so forth. Given these benefits, the
preparation of 2DMs, specifically molybdenum disulfide (MoS,), paves several
advantages, and the use of near-infrared detection was the main topic of discussion in
this chapter. MoS, is a well-known transition metal dichalcogenide (TMD) with a
tunable bandgap (from ~1.8 eV in monolayer to ~1.2 eV in bulk). Heterostructures of
MoS, enable band alignment optimization for extended NIR absorption. Further, the
van der Waals heterostructures facilitate efficient charge transfer and reduce recom-
bination losses. In addition, Type-II band alignment in MoS,-based heterostructures
promotes carrier separation, enhancing photocurrent generation. Due to these excep-
tional characters, the proposed chapter covers the fundamentals, operation principles,
and fabrication of MoS, heterostructure-based photodetectors (heterojunction photo-
detectors), overcoming the generation of dark current, low quantum efficiency, and
enhancing detectivity. This chapter offers a thorough guide to achieving high-
performance near-infrared photodetectors based on MoS,.

Keywords: MoS,, NIR detection, van der Waals heterostructures, photogenerated
carriers, carrier lifetime

1. Introduction

In the modern era of the electronics industry, photodetectors are essential parts. It
is essentially an optoelectronic device that generates electricity from light. They are
also called photosensors, which work primarily as the optical receivers to convert
information from the light into electrical signals. They are crucial for capture, identi-
fication, and visualization of optical information [1]. The first photodetector emerged
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during World War II (1933) by Edgar Kutzscher, who found that lead sulfide (PbS)
can be used as a photoconducting detector to detect hot emissions (infrared radiation)
from bombers and ships. Our exploration of photo detectors began relatively recently,
in the early 1990s [2]. In stark contrast, humanity’s fascination with the nature of light
stretches back to as early as 300 BC. This timeline shows our long-standing effort to
understand light, laying the groundwork for the development of advanced photode-
tector technologies. The research on light started at 300 BC with Aristotle, followed by
Huygens, who found the wave nature of light in the seventeenth century. Later in the
eighteenth century, Maxwell predicted that those waves were electromagnetic waves
with both electric and magnetic components. After many remarkable findings and
theories in the nineteenth century, Einstein proposed that “light is composed of small
packets of electromagnetic energy called photons.” He even proved it with the help of
the photoelectric effect, which is the basic principle behind the working of photode-
tectors [3]. Photodetectors work based on the principle of creating electron-hole pairs
when exposed to light. When photons with energies equal to or greater than the
material’s bandgap hit the material, they excite electrons from the valence band to the
conduction band, leaving behind positively charged holes. These conduction band
electrons and valence band holes can move due to concentration gradients or electric
fields, whether intrinsic or externally applied. These photogenerated electron-hole
pairs may recombine and release light in the absence of an electric field. They can,
however, be separated as free charge carriers by an electric field, and some of these
free charges will gather at the electrode of the photodetector to form a photocurrent.
This phenomenon of photocurrent generation is depicted in Figure 1. The strength of
the incoming light has a direct correlation with the photocurrent’s magnitude at a
particular wavelength [4]. In 1800, Sir Frederick William Herschel paved the way to
let us know about the wide spectrum of light. He was the first man to find that there is
light beyond the red portion of the spectrum, and he named it “Calorific rays” which
is now called “Infrared radiation.” In 1801, followed by his finding, Johann Wilhelm
Ritter found that there is also light beyond the violet portion, and he named it
“Chemical rays” which is now called “Ultraviolet.” Ultraviolet to infrared light is all
the electromagnetic radiation with different wavelengths that constitutes the electro-
magnetic spectrum. The ability to detect light in different sub-bands has many uses in
industries, the military, agriculture, and the biological sciences. Displays, video imag-
ing, electronic eyes, optoelectronic storage, industrial safety, and other applications
use visible (Vis) light detection, while ultraviolet (UV) light detection is used in
military surveillance, space exploration, border security, environmental monitoring,
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3. Electron and hole
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Figure 1.

The schematics of the operation principle of the photodetection (left), photon absorption and excitation (right),
and electron-hole pair generation by the photoexcitation.
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Figure 2.
Tllustration of the range of energy of the electromagnetic spectrum with respective material classification.

and sterilization procedures, among other applications. Fire alarms, precision strikes,
satellite remote sensing, optical communication, night vision technologies, remote
control systems, analytical science, and navigational aids are just a few of the applica-
tions for infrared (IR) light detection [5]. Figure 2 illustrates the broad electromag-
netic spectrum, highlighting the wavelength ranges and the materials typically
employed for detecting radiation in each spectral region. An ideal photodetector
should efficiently convert light into electrical signals, detect weak optical signals,
respond quickly, and utilize photons for charge carrier generation. These qualities are
evaluated through figures of merit like responsivity, response time, noise equivalent
power, detectivity, quantum efficiency, and gain, which are influenced by material
properties such as bandgap, absorption coefficient, and charge carrier dynamics.
Understanding these metrics helps assess material performance and optimization in
photodetector applications. The formulas for each figure of merit and how they relate
to material behavior and performance have been discussed in the following sections.

1.1 Responsivity

The ratio of the output photocurrent of the photodetector for a given incident
optical power at a certain wavelength on the active region of the device.

I Ip -1
__ph _ LD 1)
Pin * A P,'n * A
I, is the photocurrent, Py, is the incident optical power, I}, and I, are the current

under illumination and under dark, respectively, and A is the photosensitive area of the
device. Responsivity is influenced by both the wavelength and intensity of the incident
light. Its dependence on wavelength arises from the energy gap of the semiconductor
and the wavelength-dependent nature of light absorption. This parameter characterizes
the efficiency of photoelectric conversion in photodetectors and serves as a measure of
the photocurrent generated under illumination at a specific power level [6].
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1.2 Response time

It is typically defined in terms of rise time (7,) and fall or decay time (7). The rise
time corresponds to the time required for the photocurrent to increase from 10 to 90%
of its peak value, while the fall time represents the duration needed for the photocur-
rent to decrease from 90-10% of its peak value [7]. In the frequency domain, the
response time is associated with the bandwidth (Af) of the photodetector, which
determines the range of light modulation frequencies the device can effectively fol-
low. Bandwidth is defined as the difference between the upper (f>) and lower (f;)
modulation frequencies where the detector maintains a uniform response, expressed
as Af = f>-f1 [8]. A commonly used parameter is the 3-dB bandwidth (f5;5), the
frequency at which the response drops to 50% of its peak value, related to the

response time by ¢, = J%. For diode-based photodetectors, the response time is
3dB

governed by the diffusion time of carriers exiting the depletion region, drift time
within the depleted region, and junction capacitance. In contrast, photoconductors
exhibit a response time dependent on carrier mobility and trap states, which can often
be tuned through interface processing or modulation of trap states [9]. This parameter
characterizes the ability of a photodetector to respond to rapid changes in light
intensity and serves as a measure of the time required for the photocurrent to rise or
fall between defined thresholds under modulated illumination.

1.3 Noise equivalent power (NEP)

It is described as the lowest optical power needed to obtain a signal-to-noise ratio
(SNR) of 1 across a bandwidth of 1 Hz.
P;

VAF

Where P; is the incident optical power that produces SNR = 1 and Af is the
frequency bandwidth [8]. Signal-to-noise ratio refers to the ratio of signal power and
noise power in a photodetector. It is in units of decibels (dB) and is described as

NEP =

()

_ signal power

SNR -
noise power

(3)

A highly sensitive photodetector requires a high value of SNR [6]. In some cases,
the NEP can be written as,

IN
NEP = — 4
R (4)

where iy is the noise current spectra measured at 1 Hz bandwidth in darkness and R is
the responsivity of the device.

U
iy = % J(I(t) ) )
0
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Where I(t) is the current at time t, and (I) is the average current over a period of U.
Shot noise (i), thermal noise (ishermar), and flicker noise (igicker, 1/f noise) are the
main contributors to the overall noise.

Shot noise is derived from random thermal agitation of charge carriers.

ixhat = 2el DAf (6)

where I, is dark current and Af is frequency bandwidth. Thermal noise, often referred
to as Johnson-Nyquist noise, arises from the random motion of free carriers.

. 4kgTB
Lthermal = }I;C (7)

Where kg is the Boltzmann constant, T' is working temperature, and R¢ is resis-
tance. Flicker noise mainly occurs under low-frequency operation conditions.
b
ificker = K I}J—uB (8)
Where K is a constant, f is the frequency of operation, and 4 and b are exponents
characteristic of a specific device. NEP is determined by the intrinsic noise level,
including contributions from thermal noise, shot noise, and flicker noise, which col-
lectively define the minimum detectable signal. It is also influenced by the material
properties, such as carrier mobility, recombination rates, and trap states [10]. A lower
NEP indicates a higher sensitivity, as it quantifies its ability to detect weak optical
signals in the total noise current spectrum [9].

1.4 Detectivity

It represents the sensitivity of the photodetector by characterizing its ability to
distinguish and detect weak optical signals from noise.

b _ VA o)

NEP

Where A is the photosensitive area of the device and Af is its bandwidth. When
normalizing per square root of the area and the bandwidth of the photodetector, the
detectivity is equal to the reciprocal of the Noise Equivalent Power. This parameter
depends on the sensitivity, spectral response, and noise of the device. When the noise
current is dominated by shot noise, detectivity can be calculated using

pr = VAR 10)

V2el;

Where I, is the dark current and R is the responsivity. In the case of diode-like
devices operating at zero bias, detectivity is expressed as

pr = VAR (11)

2v/el g

Where I, is the absolute value of the reverse saturation current. The unit of the
detectivity is em.Hz'"? 4y, which is also written as Jones. It is a useful parameter for
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comparing the detection performance of photodetectors with different materials and
geometries. To reliably compare the metrics of performance, devices of the same sort
and operating mode must be compared [9].

1.5 Quantum efficiency

Quantum efficiency measures the effectiveness of a photodetector in converting
incident photons into charge carriers. The two classifications are external quantum
efficiency (EQE) and internal quantum efficiency (IQE). EQE (#,..) is defined as the
ratio of the number of charge carriers contributing to the photocurrent (N¢) to the
number of incident photons (IV}).

Nc /i Rbhc

EQE(next) :E_P/h - e

(12)

Where I, is the photocurrent, e is the elementary charge, P is the incident optical
power, & is Planck’s constant, v is the frequency, 4 is the wavelength, ¢ is the speed of
light, and R is the responsivity. To achieve a high EQE, the active layer of the
photodetector should exhibit strong optical absorption and longer carrier lifetimes
relative to their transit time. This can be achieved by minimizing charge trapping and
recombination, as well as addressing differences in electron and hole mobility. These
factors enable carriers to contribute multiple times to the current before being col-
lected [8]. IQE is the ratio of the number of electron-hole pairs contributing to the
photocurrent to the number of photons absorbed by the detector. The absorbed
photons are calculated by subtracting photon losses (from reflection and transmis-
sion) from the total incident photons.

N¢ EQE

1QE (m) = - A (13)

The number of absorbed photons (Nj) is calculated as Ny = Nj#1n,, where 54 is
the light absorption efficiency. However, a photodetector cannot absorb all incident
light due to reflection and transmission losses. The ratio of absorbed photons to
incident photons is represented as light absorption efficiency (74) [7]. Additionally,
some photogenerated electron-hole pairs recombine and are not collected as current,
accounted for as collection efficiency (5¢).

In the absence of gain, EQE and IQE can be related as

Next = Ni ¥ 14 %1, (14)

Here, #;, 14 and n, are less than 1, and #,,, is always smaller than #;. For high-quality
photodiodes, IQE can approach 1, meaning all absorbed photons generate electron-hole
pairs. EQE and IQE provide complementary insights, where EQE includes all processes
from photon incidence to current generation, while IQE focuses on the efficiency of
photon absorption and charge generation within the active layer. In practical applica-
tions, achieving high EQE involves optimizing the active layer for efficient light
absorption, reducing carrier recombination, and improving charge collection efficiency.
For ultrathin photodetectors, it is also essential to account for optical interference effects
that influence photon absorption. A thorough understanding of EQE and IQE is crucial
for designing photodetectors with enhanced sensitivity and performance.
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1.6 Gain

It evaluates the capability of the photodetector to generate multiple charge carriers
from a single incident photon. It quantifies the extent of photo-exciton recycling
through a multiplication mechanism and denotes the number of charge carriers
detected per incident photon.

_ IA _R h_c
P/, nei

(15)

Where c is the velocity of light, 1 is the excitation wavelength, and # is quantum
efficiency. If there are no losses from recombination or other inefficiencies, the pho-
todetector’s gain is directly proportional to both the IQE and EQE [11].

The gain can also be expressed as
T

G= (16)

Lre  Lorp

7, and 7, are the lifetimes of photogenerated electrons and holes, respectively, while
tie and t;,, are the transit times between electrodes for electrons and holes, respectively.
In the case of a photodiode, the lifetime of the photogenerated carriers is equal to their
transit time, and the gain is 1. The relation between gain and EQE is given by

Next = nAG (17)

The EQE for a photodiode is typically less than 100% when no carrier multiplica-
tion is occurring. In the case of an ideal photodiode with an EQE of 100%, the
responsivity is expressed as,

A

R=-"2 1
1.24 (18)

1.6.1 Gain in photoconductors

In photoconductors with a perfect semiconductor, the gain arises due to the dif-
ference in mobility between electrons and holes. Electrons, having higher mobility,
move faster under an external field. When an electron-hole pair is generated in the
device’s center, the photogenerated electron is collected at the drain electrode before
the hole reaches the source electrode. To maintain charge neutrality, an electron is
injected from the source electrode. This cycle continues until the hole reaches the
source electrode or recombines with an electron, allowing multiple electrons to be
collected for each photon, resulting in gain. In imperfect semiconductors, gain can
also result from charge traps. The photogenerated holes get trapped by these defect
traps. In order to maintain the charge neutrality, electrons have to be injected from
the source electrode, which will be collected at the drain. When a photon causes more
than one electron to be collected, then gain will occur.

1.6.2 Gain in photodiodes

Photodiodes operate by separating and collecting photogenerated carriers
using the built-in electric field. The injection of electrons into the p-type
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semiconductor is not possible because of its minority nature despite being more
mobile than holes. For holes, the p-type semiconductor and electrode make an Ohmic
contact; for electrons, it creates a blocking contact, which will also lead to the restric-
tion of electrons. For these reasons, even in the reverse bias condition, no gain is
obtained.

Without permitting carrier multiplication, the reverse bias voltage merely
increases the depletion region and the electric field inside it, increasing light absorp-
tion and carrier drift velocity. Gain cannot be induced by charge traps in the depletion
zone because carrier injection is prevented by the blocking contact. Instead, these
traps may cause recombination of photogenerated carriers, reducing the photo
response. To achieve a gain in photodiodes, alternative carrier multiplication mecha-
nisms are needed. One such mechanism is avalanche breakdown, which involves
impact ionization. This process leads to carrier multiplication and gain, which is
widely employed in avalanche photodiodes. However, avalanche breakdown requires
a high reverse bias. Additionally, photogenerated hot carriers with sufficient energy
can also cause carrier multiplication, resulting in external quantum efficiencies (EQE)
greater than 100%. The impact ionization can be obtained only when the energy of the
photon surpasses the bandgap energy [9]. Silicon (CMOS-based) photodetectors
dominate the photodetector market due to their outstanding photoelectric character-
istics, affordability, and seamless integration with electronic systems. However, Si
cannot absorb the majority of the infrared spectrum due to its bandgap of about 1.1 eV
[12]. In addition, due to its indirect bandgap nature, Si has a relatively weak absorp-
tion. Such inherent properties of Si make it challenging to develop active photodetec-
tors. Recent years have seen a bottleneck in the fabrication of silicon-based devices,
which would result in the end of Moore’s Law [13]. To address these limitations,
researchers have focused on integrating silicon with other semiconductor materials
such as germanium; Group III-V semiconductors: gallium arsenide (GaAs), indium
phosphide (InP), gallium nitride (GaN) etc.; Group II-VI semiconductors: cadmium
telluride (CdTe), cadmium sulfide (CdS), etc.; and two-dimensional materials. Over
the past decade, there has been considerable effort to design and fabricate photode-
tectors that combine silicon and various semiconductor materials. This strategy has
earned significant attention due to its potential to improve the performance of silicon-
based photodetectors. However, these materials had drawbacks such as limited flexi-
bility, irreversible dangling bonds, a short bandgap, and low optical transparency. In
their quest for superior materials, scientists have discovered the promising potential
of two-dimensional (2D) materials in the realm of photodetectors. These materials,
with their unique properties, have opened new chapters for innovation, offering
enhanced performance and capabilities in light detection technologies. Since the iso-
lation of graphene (Gr), by Novoselov and Geim in 2004, 2D materials (2DMs) have
evolved rapidly during the last 15 years. With hundreds of members, 2DMs have so far
expanded into a large family encompassing graphene, group VA semiconductors,
group IVB transition metal dichalcogenides (TMDCs), group VIB TMDCs, group IVA
metal chalcogenides (MCs), black phosphorus (b-P), hexagonal boron nitride (h-BN),
etc. Two-dimensional (2D) materials are inherently layered, making them outstand-
ing candidates for photodetectors. Their high charge carrier mobility, combined with
the extraordinary tunability of the band gap through variations in thickness, external
strain, and electric fields, sets them apart [6]. Additionally, these materials can be
easily stacked to form van der Waals heterostructures, effectively reducing lattice
mismatch. These unique characteristics position 2D materials as superior choices for
cutting-edge photodetector technology. Graphene, the first two-dimensional (2D)
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material to gain attention for photodetection applications, owes its prominence to its
exceptional electrical properties. Notably, its remarkable planar mobility, which
reaches up to 200,000 cm?/(V-s), facilitates the creation of photodetectors with
bandwidths as high as 40 GHz. However, one major limitation of graphene as an
active layer in photodetectors is its lack of an energy band gap, which results in
significant noise contributions from dark currents [14]. Consequently, the scientific
community has increasingly focused on 2D materials with finite band gaps. Among
the array of two-dimensional materials, transition metal dichalcogenides (TMDCs)
have gained significant attention. Their unique properties, such as the transition from
an indirect to a direct band gap when their dimensions are reduced from the bulk
material to the monolayer limit, and this dimensional reduction enhances their light-
matter interaction and tunable electronic characteristics, make them stand out in the
field of photodetectors. These materials promise enhanced performance, with
intriguing electro-optical properties despite their relatively modest mobility of

200 cm?/(V-s). TMDCs exhibit absorbance values that are an order of magnitude
higher than those of silicon (Si) and gallium arsenide (GaAs), enabling efficient light
absorption with a very thin layer of the photoactive material. These properties posi-
tion TMDCs as promising candidates for advanced photodetector applications, offer-
ing significant advantages over traditional materials. Among the TMDCs, a group VI
transition metal dichalcogenide, molybdenum disulfide (MoS,) attracted much inter-
est in the last decade for photodetection because of its efficient absorption and emis-
sion of light. MoS; structure consists of 3 atomic layers, where a layer of transition
metal atoms (Mo, W) is positioned between two layers of chalcogen atoms (S, Se, Te)
with strong in-plane covalent and weak out-of-plane van der Waals interactions,
resulting in easy exfoliation into monolayers with atomically thin thickness [15]. The
molybdenite is relatively abundant in nature; this widespread availability of molyb-
denite makes MoS, an economically viable option for large-scale production, ensuring
a steady supply of raw material. MoS;, has a tunable bandgap that changes from 1.3 eV
for multilayer (ML) MoS, (indirect bandgap) to 1.9 eV for single layer (SL). This
change in bandgap value is arising from d-orbital-related interactions [16, 17]. MoS,
exhibits a high absorption coefficient of up to 2.8 x 10° cm ™, which is at least one
order of magnitude higher than that of conventional semiconductors like Si and GaAs.
This is a reflection of the strong light-matter interaction that distinguishes MoS, (19).
Two separate low-energy peaks in the MoS, absorption spectra at 1.88 eV (A excitons)
and 1.06 eV (B excitons) were obtained because of the direct and indirect transitions
at the K point. The PL peaks appear approximately at 620 and 688 nm, corresponding
to the indirect-gap and direct-gap luminescence. MoS, monolayers exhibit exceptional
photoluminescence quantum yield (PLQY), reaching over 95%. Additionally, they
have a remarkable minority carrier lifetime, with the longest-observed duration being
10.8 & 0.6 nanoseconds by means of surface passivation [18, 19]. Van Hove singular-
ities in the electronic density of states of TMDC guarantee enhanced light-matter
interactions, leading to enhanced photon absorption and electron-hole creation
(which are collected in transparent graphene electrodes). This allows development of
extremely efficient flexible photovoltaic devices with photoresponsivity above 0.1
ampere per watt (corresponding to an external quantum efficiency of above 30%)
[20]. In ultrathin 2D MoS,, reduced electronic Coulomb screening due to charge
confinement significantly increases exciton binding energy. This enhancement alters
the wavelengths of light absorbed or emitted, resulting in an exciton binding energy
increase of hundreds of meV. These characteristics position MoS, as a leading candi-
date for photodetection applications [21].
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2. Fabrication techniques of MoS, heterostructure photodetectors

The concept of assembling and fabricating 2D materials, including MoS,, into
heterostructures was first proposed by Wang et al. in their work on high-quality
graphene electronics [22], leading to the discovery of numerous novel properties in
these engineered systems. These heterostructures can be broadly classified into two
categories: vertically stacked heterostructures, where layers are assembled via van der
Waals interactions, and epitaxially grown planar heterostructures, where materials
are seamlessly integrated through direct growth, ensuring strong in-plane bonding.
Among the various methods of fabrication of these heterostructures, the Chemical
Vapor Deposition (CVD) and deterministic transfer methods are the powerful, effi-
cient way to attain the better devices with remarkable properties. These methods were
briefly discussed here. A high-precision method for creating MoS, heterostructures,
the deterministic transfer method guarantees regulated monolayer stacking free from
contamination or misalignment. The schematic experimental setup and the determin-
istic transfer process have been illustrated in the Figure 3(a) and (b) respectively.
The development of high-performance van der Waals (vdW) heterostructures, where
exact interlayer coupling directly affects electronic and optical properties, requires
this technique. First, bulk crystals of monolayer or few-layer MoS, are usually exfoli-
ated by applying liquid exfoliation, Nitto tape, or scotch tape on SiO,/Si, sapphire, or
other substrates. A viscoelastic polymer, like polydimethylsiloxane (PDMS) or poly
(methyl methacrylate) (PMMA), is applied to the monolayer as a support layer during
the transfer process. With the aid of micromanipulators and an optical microscope,
the MoS; flake is precisely positioned over the target substrate or another two-
dimensional material (e.g., WS,, graphene). A temperature-controlled stamp-assisted
technique (&~ 40-100°C) can be used to achieve the clean adhesion while reducing
interfacial contamination. Ultimately, the pristine interface is restored by annealing
(approximately 300-400°C in Ar/H, atmosphere) or acetone removal of the polymer
layer [23].

Chemical Vapor Deposition (CVD) is a widely used bottom-up approach for the
fabrication of vertical 2D heterostructures, enabling the growth of planar multi-
junction heterostructures. Several strategies have been explored to achieve scalable
and controllable fabrication of both vertical and planar heterostructures with atomi-
cally sharp heterojunctions and clean interfaces. The two-step CVD method, com-
monly used for this purpose, involves growing layered crystals as a substrate for the
second layer. The rate of gas flow and synthesis time play crucial roles in the
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Degt-;lrministic setup and procedure for transfers. (a) schematic vepresentation of the experimental configuration
used for the all-dry transfer procedure. The viscoelastic stamp preparation and the deterministic transfer of an
atomically thin flake onto a user-defined location (such as another atomically thin flake) are depicted in the
diagram (b) veproduced with permission from [23]
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formation of vertically stacked and lateral heterostructures. For instance, the growth
of a 2D GaSe/MoSe2 heterostructure was achieved using this method, though large
lattice misfits between the layers can result in incommensurate superstructures [24].
Additionally, a stacked TMD/hBN heterostructure was synthesized using a Ni-Ga
alloy and Mo foil as substrates, where the alloy promoted the formation of the hBN
honeycomb lattice while Mo served as a source of Mo [25]. The multi-step CVD
method offers greater flexibility and control by switching the direction and modulat-
ing the components of the gas flow. This approach allows for sharper heterojunction
boundaries and enables sequential growth of multi-junction heterostructures. For
example, a WS, — WS,(1 — x) Se2x monolayer planar heterostructure with tunable
band alignment was successfully grown by modulating the gas flow direction and
temperature. Similarly, a one-pot synthesis strategy was developed by placing two
precursor powders (MoX, and WX5) in the same boat, with different gas flows
promoting the selective growth of MoX, and WX, respectively [26]. This multi-step
approach, compared to one-step or two-step CVD methods, offers more precise con-
trol, enabling the creation of spatially distinct optoelectronic devices by separating
electrons and holes into different materials. Dong Hee Shin et al. fabricated MoS,/
SQD:SiO, photodiodes by direct chemical vapor deposition (CVD) of MoS, onto SiO,-
embedded silicon quantum dot (SQD) multilayers. The SQD:SiO, multilayers were
first prepared by reactive ion beam sputtering, followed by high-temperature
annealing at 1100°C in a nitrogen atmosphere to form well-embedded quantum dots.
High-resolution transmission electron microscopy (HRTEM) and photoluminescence
(PL) confirmed the presence of SQDs. For MoS, deposition, SQD: SiO, substrates
were placed downstream of MoO; powder, and hydrogen sulfide (H,S) was intro-
duced to synthesize single- and multilayer MoS, films at 600°C. The MoOj3 density
was controlled to regulate the film thickness, which was analyzed using Raman spec-
troscopy. Atomic bonding states of MoS, were characterized using X-ray photoelec-
tron spectroscopy (XPS), while its optical absorption was evaluated using a UV-Vis-
NIR spectrophotometer. To enhance photodetector (PD) performance, a
bathocuproine (BCP) layer was spin-coated onto the Si surface, serving as an electron-
selective contact to minimize leakage current. Finally, Au and InGa electrodes were
deposited using photolithography and a lift-off process. This fabrication method
ensures high-quality MoS, growth with minimized defects at the MoS,/SQD:SiO,
interface, leading to enhanced carrier transport. The resulting photodetector
achieves exceptional performance, including a high external quantum efficiency
(EQE) of 92%, a detectivity (D*) of 6.1 x 10" Jones, and an ultrafast response time
(60 ns rise/756 ns fall), making it one of the fastest MoS,-based PDs reported. The
integration of SQDs further boosts light absorption and carrier extraction, making this
fabrication approach highly effective for high-speed and broadband photodetection
Figure 4 [27].

The MoS,/GaN/Si heterostructure photodetector (PD) was fabricated by
Deependra Kumar Singh et al. to achieve self-powered, broadband, and spectrally
distinctive photodetection. A 250 nm GaN thin film was first grown on Si(111) sub-
strates using plasma-assisted molecular beam epitaxy (PAMBE). The GaN layer plays
a crucial role in forming a heterojunction with MoS,, enabling efficient carrier trans-
port and built-in potential formation. Following GaN deposition, MoS; thin films were
grown using pulsed laser deposition (PLD). An MoS; pellet (2 cm diameter) served as
the target, positioned 4.5 cm from the substrate. The deposition was performed at a
base pressure of 5.0 x 10~ ° mbar, using a pulsed laser source with a repetition rate
of 3 Hz, 1000 laser pulses, and a laser energy of 200 m], resulting in a laser
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(a). A schematic of a typical MoS,/SQDs:SiO, MLs/n-Si PD with Au and InGa as top and bottom electrodes,
respectively. (b)Dark/photo J-V curves at 1 = 500 nm in the range of bias from 5 to 5 V. (1) (c) Schematic of the
device indicating the dirvection of light illumination. (d) Dark and illuminated I-V characteristics of the MoS,/
GaN/Si-based device (inset shows the I-V characteristics near zero bias) reproduced with permission from [27].

fluence of 1J/cm® During deposition, the chamber pressure was maintained at

1.5 x 10 > mbar. The sample underwent in situ annealing at 700°C for 20 minutes,
followed by slow cooling at a ramp rate of 5°C/min to enhance film crystallinity. This
fabrication approach enables the realization of a high-performance photodetector with a
broadband response (300-1100 nm) and an ultrahigh responsivity of 23.81 A/W at

995 nm under low-intensity illumination (0.075 mW/cm?) in a self-powered mode. The
device exhibits a unique feature of photocurrent polarity inversion in the NIR region
due to a competitive mechanism between the photothermal electric (PTE) effect in
MoS; and the built-in potential at the MoS,/GaN/Si heterojunction. The demonstrated
wavelength-dependent polarity switching opens new possibilities for low-power opto-
electronic applications, making this PD one of the most advanced MoS,-based devices
for future filter-less and energy-efficient photodetection technologies [28].

Minkyun Son et al. fabricated MoS,/HfS, heterojunction photodetector. Firstly,
MoS, was synthesized via a two-step CVD process in a 2-inch tubular furnace. A
SiO,/p-Si substrate was pre-deposited with MoO3 and NaCl using thermal evapora-
tion, then placed in a crucible at the center of the furnace, while 4 g of sulfur was
positioned 20 cm upstream. The system was heated at 30°C/min under 200 sccm Ar
flow at 760 Torr, held at 150°C for 15 min, and then heated at 25°C/min to 500°C. At
this point, sulfur vaporization began, and when the chamber temperature reached
750°C, the sulfur heating zone reached 200°C, ensuring uniform MoS, growth.
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The temperature was maintained for 20 min before natural cooling. The grown MoS,
exhibited large flake sizes (~200 pm) with 86% coverage, providing a high-quality
platform for heterostructure fabrication. The HfS,/MoS, vertical heterojunction was
synthesized in a 1-inch tubular furnace with MoS,/SiO, placed at the center and a
mixture of HfCl, (0.02 g) and NaCl (0.01 g) positioned further away in a crucible.
Upstream, 4 g of sulfur was kept 15 cm from MoS,, with H, (15 sccm) and Ar (20
sccm) as carrier gases. The system was heated at 30°C/min to 150°C (held for 15 min),
followed by a faster ramp at 40°C/min to 500°C, after which the sulfur heating zone
was activated. When the main heater reached 950°C, sulfur reached 150°C,
maintaining these conditions for 30 min before natural cooling. This controlled syn-
thesis enabled the selective growth of HfS, on MoS, due to strong interfacial interac-
tions, forming a vertical heterojunction with a large interface area, enhancing
interlayer exciton generation. The conduction band edge of HfS, (5.2 eV) resulted in a
narrow interlayer bandgap, facilitating IR detection. The built-in potential at the
interface suppressed dark current and created gradient band bending, ensuring effi-
cient carrier drift. The resulting HfS,/MoS, photodetector demonstrated exceptional
performance, achieving a photoresponsivity of ~600 A/W and detectivity (D*) of
~7 x 10" Jones at 1550 nm and ~1500 A/W with D* ~ 2 x 10** Jones at 980 nm. The
device exhibited rapid response times (rise/decay: 60/71 ps), surpassing conventional
MoS,-based detectors. This interlayer exciton-driven IR photodetector, fabricated via
a scalable two-step CVD process, marks a significant advancement in high-
performance 2D optoelectronic devices Figure 5 [30].

Subhrajit Mukherjee et al. synthesized MoS; quantum dots (QDs) via solvent-
assisted sonochemical exfoliation, modified to ensure uniform film deposition on Si
for vertical Si/MoS, p-n heterojunction fabrication. Since high-boiling DMF caused
QD aggregation, prolonged sonication was followed by 2 days of vigorous stirring for
size uniformity. Gradual centrifugation yielded QD precipitates of different sizes,
which were dried under Ar at ~60°C and redispersed in ethanol for spin-coating onto
H-passivated p-type Si (0.77 Q-cm). Device fabrication included Au (~70 nm) as the
top electrode and Al (~80 nm) on the Si backside via thermal evaporation (base
pressure ~ 1 x 10~° Torr). For LED fabrication, a ~ 20 nm Al-doped ZnO (AZO) film
was deposited via pulsed laser deposition (PLD) at ~300°C (base pres-
sure ~ 5 x 10~° Torr, energy density ~ 2 J/cm?, repetition rate ~ 5 Hz), exhibiting a
resistivity of ~1073 Q-cm and ~ 92% transmittance. MoS, QDs exhibited size-
dependent emission (2-26 nm) with nearly stoichiometric 2H-phase and n-type dop-
ing due to Cl, confirmed via XPS. Time-resolved PL showed superior carrier lifetimes
(1.5-2.5 ns) compared to MoS, flakes (~10 ps). The 0D/3D heterostructures demon-
strated rectifying characteristics (ideality factor ~ 9.0) and bias-dependent electrolu-
minescence (450-800 nm), indicating potential for LED applications. Spectral
responsivity increased with decreasing QD size, reaching 0.85 A/W and a peak
detectivity of ~8 x 10" Jones at —2 V for ~2 nm QDs, outperforming commercial Si
homojunctions and graphene/Si devices. The study highlights the potential of colloidal
n-MoS, QDs for Si-compatible, large-area multifunctional optoelectronic devices
using 0D/3D heterojunctions [29].

3. MoS, heterostructure for near IR detection

Our recent work has employed metal passivation by Zn and Fe on MoS, to achieve
high-performance in the NIR regime and low dark current. As seen in Figure 6d, the
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(a). Schematic of overall two-step HfS,/MoS, synthesis procedures. The inset image is of synthesized MoS, and the
scale bar denotes 200 um. (b) Schematic of HfS,/MoS, photodetector. (c) IDS versus VDS of the HfS,/MoS,
photodetector in the dark and at a different P (1 = 532 nm). (3) (d) I-V characteristics of fabricated
heterojunction, using 2 nm MoS, QDs on Si, under dark and illumination conditions. (e) J-V characteristics of
fabricated p-n heterojunctions under dark conditions, at room temperature. The inset shows the logarithmic J-V
curve for the heterojunction fitted with a power law ] .Vm corresponding to the trap-charge-limited current
transport. Reproduced with permission from Ref. [29].

synthesized pure MoS, (MoS), Zn-MoS, and Fe-MoS are tested in both light and dark
conditions. The thermally persuaded charge carriers, also known as leakage current,
are typically responsible for the dark current (Ig.q), which is measured at 1.5x10° A,
3.98x10° A, and 2.81x10~° A for MoS, Zn-MoS, and Fe-MoS devices, respectively.
Ag (metal electrode)-MoS, (semiconductor) photodetectors with leakage current
(Iiearr) exhibit Schottky behavior in dark conditions, as demonstrated by the obtained
I-V curve. The carrier injection, which regulates the flow of carriers into semiconduc-
tors, is directly impacted by the metal-semiconductor interface. Surface passivation of
the (Zn and Fe)-MoS, surface, which reduces the surface states, could counteract the
fermi level pinning (FLP) effect that would deteriorate the carrier injection through
the metal-semiconductor (M-S) interface. Band bending (uplift/downshift) is
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facilitated by the gap states formed by the metal contact between the semiconductor
energy bands or by crystal defects or distortion that induce the surface states. Addi-
tionally, in order to prevent leakage, the FLP effect is suppressed by altering the
surface of MoS, with Fe and Zn, which passivates the dangling bonds on the surface
and allows for the establishment of a downward shift in fermi energy. Therefore, as
illustrated in Figure 6d, the enhanced photoresponse of the devices is indicated by the
increased current (Ijj,m) of 1.89x10® A, 9.77x10° A, and 6.25x10°® A for MoS, Zn-
MoS, and Fe-MoS under the light illumination. Ipp = Iqark - litum is used to calculate the
photocurrent (Iy) at a bias voltage of 3 V. For MoS, Zn-MoS, and Fe-MoS, the
enhanced I}, values are 0.3x107°% A, 5.79x10"° A, and 3.44x10 ° A, respectively. The
trapping mechanism can be clearly understood from the temporal photoresponse
measurement. Figure 6a shows non-exponential behavior in the light ON-OFF con-
dition in the Iy, -t curve, indicating. The trapping of carriers induced photocurrent.
For 10 seconds, the MoS first cycle maintains a dark steady-state current of 1.59x10°
A. Light is illuminated in such a situation, and an increase in current (1.89x10 % A) is
observed with a similar steady state for 10 s. The behavior returns with a similar trend
as seen in the previous cycle when the dark and light conditions are switched. Com-
parably, the dark current for (Zn and Fe)-MoS is 3.98x10 ® and 2.81x10° A, respec-
tively, and it abruptly rises to 9.77x10° and 6.25x10® A when illuminated. Figure 6
illustrates the response’s improved stability across various cycles (a, b, and c). For
MoS, Zn-MoS, and Fe-MoS, the computed rise time (t,) and decay time (t,) are 0.8,
1.3,and 1s,and 1, 1.2, and 1.5 s, respectively [31]. This is what causes the photocur-
rent’s abrupt increase and rapid decay. In another work by Vabbina et al. designed and
fabricated a shortwave infrared (SWIR) photodiode by integrating a few layers of p-
type molybdenum disulfide (MoS)) onto a graphene layer, forming a van der Waals
(vdW) heterojunction. This device exhibited an extensive spectral response covering
the SWIR region, as shown in Figure 7b. The photodetector achieved a peak
responsivity of 1.26 A/W at a wavelength of 1.44 pm, with a corresponding specific
detectivity of 4 x 10'° Jones. The broadband spectral response of this photodetector
was attributed to the coexistence of two distinct operational mechanisms: the optical
bandgap excitation mode and the internal photoemission mode. In optical bandgap
excitation mode, when the energy of incident photons is greater than the intrinsic
bandgap of MoS , electron-hole pairs are generated, resulting in a strong
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Temporal photocurrent measurement for pure MoS, (a) and metal-passivated MoS, photodetectors with (b) Fe,
(c) Zn, and (d) photocurvent of pure, Zn and Fe passivated MoS2 photodetectors [31].

71



Light-Driven Materials and Devices — Fundamentals and Emerging Applications

15

(@ b) 1 ..
R(J)ucf R(A)gr

Energy 830 | jnternsl
excitation | ppotoemission

1.0 4

R IAW)

0.5

00
400 600 800 1000 1200 1400 1800

Wave lenath inm)

4 T T T T
10 6 |-Rise: 17.6 ms
4 I(lu Fall: 72.3 ms (d)
4 5 405nm
- 10 1 t;;
5 S 10” o 37 A
§ 107 —2' E 3r i : 655 nim
= S 0 _8 q : o
0 0 ~"2 | Rise: 24.1 ms
10 | I n F , 28 ns
1F | [ f"" 084 nir
02— : . . 110° A RYAYRARY J’L
500 1000 1500 2000 2500 -2 1 0 1 2 3 4 5
Wavelength (nm) Time (s)
Figure 7.

(a) Band alignment of graphene/MoS, heterostructure panel; (b) responsivity as a function of the wavelength of
the incident light at a bias of -2 V for IR photodiode; (c) responsivity and the specific detectivity variation for
different wavelengths of the incident illumination; and (d) transient frame of source-drain current under
illumination with various wavelengths [32].

photocurrent. This mechanism is responsible for the device’s response at shorter
wavelengths, where MoS_ can efficiently absorb and convert incident photons into
charge carriers. In the internal photoemission mode, in addition to direct bandgap
excitation, the photodetector can also operate through an internal photoemission
process. In this mode, electron-hole pairs are excited even by photons with energy
lower than the bandgap of MoS,. This phenomenon occurs due to an internal transi-
tion mechanism between the graphene and MoS, layers. When photons with sub-
bandgap energy strike the junction, they induce electronic transitions that facilitate
photoemission across the potential barrier formed at the MoS /graphene interface.
This process enables the detection of longer wavelengths beyond the MoS, absorption
edge, significantly extending the device’s spectral response. The combination of these
two modes allows the photodetector to operate efficiently over a wide spectral range,
making it highly suitable for SWIR applications. Figure 7a illustrates the internal
transition mechanism and the resulting photoemission across the heterojunction, fur-
ther explaining the broadband response characteristics of the device [32].

Long et al. introduced an advanced shortwave infrared (SWIR) photodiode based
on a MoS /graphene/WSe, van der Waals (vdW) heterojunction, in which a mono-
layer of graphene was sandwiched between a bottom p-type MoS, layer and a top n-
type WSe, layer, all deposited onto a SiO /Si substrate. This unique layered architec-
ture enabled the photodiode to leverage the distinct optical and electronic properties
of each material, leading to enhanced performance in terms of broadband absorption
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and carrier transport. One of the primary advantages of this device configuration was
the inclusion of a graphene interlayer, which contributed significantly to broadband
light absorption [33]. Unlike conventional semiconductors with a fixed bandgap,
graphene, being a zero-bandgap material, possesses a continuous density of electronic
states that allows it to absorb a wide spectrum of incident light, from visible to
infrared wavelengths. This characteristic was instrumental in extending the
photodetection range of the device far beyond that of MoS, or WSe, alone. The
incorporation of MoS, (p-type) and WSe, (n-type) formed a well-defined p—n junc-
tion, which played a crucial role in the efficient separation and transport of
photogenerated charge carriers. Upon illumination, electron-hole pairs were gener-
ated at different regions of the heterostructure. The built-in electric field at the MoS /
WSe, junction facilitated the rapid separation of these charge carriers, reducing
recombination losses and improving the overall quantum efficiency of the photode-
tector.

The combination of broadband absorption in graphene and the efficient charge
separation mechanism in the p—n heterojunction allowed the device to achieve a
remarkably wide spectral response. The photodetector exhibited sensitivity across a
broad wavelength range, spanning from 0.4 pm (visible) to 2.4 pm (SWIR), as illus-
trated in Figure 7c. Furthermore, the synergistic effects of the vdW heterojunction
led to an improvement in specific detectivity, enabling the device to operate with high
sensitivity even in low-light conditions. The MoS /graphene/WSe vdW
heterojunction photodiode demonstrated a significant advancement in optoelectronic
device engineering by integrating the unique properties of 2D materials to achieve
high-performance broadband photodetection. Its ability to detect wavelengths from
the visible to the SWIR region, coupled with high carrier mobility and efficient charge
separation, makes it highly suitable for applications in optical sensing, imaging, and
telecommunications. More notably, the MoS /graphene/WSe, vdW heterojunction
photodiode exhibited an impressive responsivity of approximately 2.64 x 10> A/W at
a forward bias of 1 V when illuminated with 1.064 pm wavelength light. This high
responsivity was accompanied by a remarkable specific detectivity of 1.1 x 10" Jones
and an external quantum efficiency (EQE) reaching nearly 10*. An EQE exceeding
unity indicates the presence of a photoconductive gain in the device, which can be
attributed to several key mechanisms.

First, the short transit distance in the Vertical Junction: The vertical charge trans-
port between MoS, graphene, and WSe, allowed photogenerated carriers to traverse
the junction efficiently, reducing recombination losses. Then, the interlayer inelastic
tunneling effect is the presence of graphene as an intermediate layer that facilitated
charge transfer across the heterojunction through inelastic tunneling, further enhanc-
ing carrier collection efficiency, and finally, the rapid carrier transport, which is the
high carrier mobility within the vdW heterostructure, enabled efficient charge sepa-
ration and extraction, contributing to the significant photoconductive gain. Addition-
ally, the photodetector demonstrated a fast response time across various wavelengths.
For instance, at 1.064 pm, the device exhibited a rise time of 24.1 ms, as shown in
Figure 7d. This rapid response, combined with its high responsivity and detectivity,
underscores the potential of the MoS /graphene/WSe, heterojunction photodiode for
high-performance optoelectronic applications, including infrared imaging and optical
communication [36]. Long et al. demonstrated the fabrication of a mid-wave infrared
(MWIR) photodiode by utilizing the narrow optical bandgap and the ease of
heterojunction formation in two-dimensional black arsenic-phosphorus (b-AsP), spe-
cifically in the form of As,P;_. The resulting b-AsP/MoS, stacked van der Waals
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(vdW) heterojunction photodiode exhibited outstanding MWIR photodetection
capabilities. Under broadband illumination in the 3-5 pm range, the device achieved
an exceptional specific detectivity exceeding 4.9 x 10° Jones at zero bias and room
temperature. This performance significantly surpassed that of certain commercially
available infrared photodetectors, including PbSe-based and thermistor-based IR
photodetectors, as illustrated in Figure 8a. In conclusion, the b-AsP/MoS, vdW
heterojunction photodiode demonstrated superior MWIR photodetection perfor-
mance, achieving a high specific detectivity of 4.9 x 10° Jones at zero bias and room
temperature. Its broadband response in the 3-5 pm range outperformed conventional
IR photodetectors, highlighting the potential of 2D materials for next-generation
infrared sensing applications. The exceptional specific detectivity of the b-AsP/MoS,
vdW heterojunction photodiode was primarily attributed to its suppressed dark cur-
rent, resulting from the potential barrier at the p-type b-As,P;_, and n-type MoS,
heterojunction, as illustrated in Figure 8 (b) and (c). This barrier effectively reduced
noise, leading to a two-order magnitude improvement in detectivity compared to a
bare b-As,P;_, photoconductor. In addition to its high detectivity, the photodiode
exhibited an ultrafast response time of approximately 0.5 ms at 4 pm, as shown in
Figure 8b [37]. Several black phosphorus (bP)-based vdW heterojunction photodi-
odes, such as the MoS,/bP heterojunction for 1.55 pm detection, have also shown
excellent performance in the shortwave infrared (SWIR) region in addition to MWIR
detection [26], the WSe /bP/MoS, sandwich-like heterojunction for 1.55 pm [38], and
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(a) Specific detectivity as a function of the wavelength of incident light for b-AsP/MoS, photodiode; (b) time
transient response behavior of 4 um illumination; (c) current noise and frequency for the IR photodetector based on
the heterojunction [34]; and (d) band diagram of the MoTe,/MoS, heterostructure photodiode [34].
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the PdSe /bP heterojunction for 1.31 pm detection [35]. These results highlight the
versatility of bP-based vdW heterojunctions for broadband infrared photodetection.
2D layered materials-based heterojunctions and CNT-based heterojunctions were
fabricated, and both of their properties were compared, from which it is proven that
the problems of organic NIR detectors and CNT-based NIR detectors, such as envi-
ronmental instability and low sensitivity, are said to be overcome with the help of
layered materials-based heterojunctions. The graphene/MoS, heterojunction is fabri-
cated using a two-step process in which a single layer of graphene is grown on the Cu
foil by the chemical vapor deposition method, and then it is transferred to the SiO,/Si
substrate by patterning it as an 800 nm nanoribbon using electron beam lithography,
and then MoS; flakes are exfoliated and transferred onto the graphene channel by
means of PMMA-mediated transfer technique. Finally, source and drain electrodes
were also constructed using electron beam lithography. Further, the WeSe,/MoS,
heterojunction is fabricated by means of mechanical exfoliation and micromanipula-
tion methods. WSe, was transferred to the SiO,/Si substrate after getting exfoliated
from the crystal. MoS, flake was placed on WSe; by means of a micromanipulation
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Field emission scanning electron microscope images of the graphene/MoS, (a), WSe2/MoS, (b), graphene/MoS,
(c), and WSe2/MoS, (d) I-V curves measured across the junction under NIR light and in the dark ave displayed in
the insets on semi-logarithmic scales. When a laser diode (A = 808 nm) with a power of 5.3 mW mm ™2 was turned
on and off repeatedly for the graphene/MoS, (e), WSe2/MoS,, the temporal photoresponse was measured at V = -

0.5 V.(f) [35].
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method with the aid of polydimethylsiloxane film and a 3-axis manipulator. Finally,
Au/Cr and Pd electrodes were constructed on MoS, and WSe;, flakes, respectively,
using electron beam lithography and lift-off techniques (Figure 9a and b). Both the
heterojunctions show the diode rectifying behavior (forward bias) in the dark, and the
photocurrent was increased when the heterojunctions were illuminated with NIR light
(785 cw laser), which shows its response in the NIR region. (Figure 9c and d) The
inset figure represents the on/off current ratio at V = +1 V, which was about 10 and
200, respectively. In particular, WSe,/MoS, heterojunction exhibited photovoltaic
effect. The photocurrent density is measured at V = - 0.5 V for both the
heterojunctions by using the laser diode of wavelength 808 nm which is turned on and
off repeatedly (Figure 9e and f). The photocurrent rise and decay times were shorter
than 1 s, which makes it better than CNT/ZnO heterojunction with the rise and fall
times of 90 and 70 s, respectively [35].

4. Summary and outlook

2D material-based infrared (IR) photodetectors have emerged as promising candi-
dates for next-generation optoelectronic devices due to their exceptional properties,
including tunable bandgaps, high carrier mobility, and strong light-matter interac-
tions. These photodetectors can be classified into three main categories based on
device configurations: photoconductors, photodiodes, and nanophotonic-integrated
photodetectors. Photoconductors, particularly graphene-based ones, offer high-speed
performance, while photodiodes exhibit improved photoresponsivity and noise
reduction due to p-n junctions. Additionally, integrating optical nanostructures
enhances light absorption, leading to higher responsivity and detectivity. Despite
significant advancements, several challenges include limited spectral coverage: most
2D material-based IR photodetectors operate in the SWIR and MWIR ranges, with
only a few materials extending to LWIR/FIR, crucial for thermal imaging and
biosensing. The Incomplete performance characterization in various photodetector
evaluations focus on single-wavelength illumination, lacking full spectral response
data needed for optimization. In addition to this, the real-world applicability concerns
rely on laser illumination, making practical deployment uncertain. Using blackbody
illumination would provide a more realistic assessment. Finally, the scalability issues
in current fabrication methods, primarily mechanical exfoliation, hinder large-area
and uniform production, limiting commercial viability. To advance 2D material-based
IR photodetectors, the area that requires further exploration is bandgap engineering
through 2D material alloys—adjusting material composition (e.g., InxGal — xP alloys)
could enable LWIR to FIR detection. Further, developing CVD growth methods for
high-quality, large-area 2D materials tailored for IR photodetectors and comprehen-
sive performance evaluation, i.e., systematic characterization across multiple wave-
lengths to optimize spectral response. Remarkably, integration with optical
nanostructures unambiguously enhances light absorption via waveguides, cavities,
plasmonic structures, and large-scale detector arrays, which address integration chal-
lenges for high-resolution imaging applications requiring CMOS-compatible
processing. By overcoming these challenges, 2D material-based IR photodetectors
could revolutionize imaging, sensing, and optoelectronic technologies, paving the way
for high-performance, scalable, and broadband photodetection systems.
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Chapter 4

Understanding Photodiodes

through Simulation: A Case Study
of GaAs PIN Photodiodes

Badra Bouabdallah, Saliha Kheris and Zakia Nabi

Abstract

Photodiodes remain a key focus in various fields of electronics due to their
remarkable properties. These properties are primarily determined by the materials
used in their fabrication. Gallium arsenide (GaAs) is a promising material for photo-
diode manufacturing and serves as an excellent model for simulating transport phe-
nomena in these structures. Notably, the presence of trapping centers significantly
impacts their performance, as detailed in this chapter. This chapter presents both
physical and mathematical models that exploit the properties of GaAs and the phe-
nomena observed in a PIN diode under dark conditions. The study initially focuses on
the behavior of the diode in the absence of illumination. However, the chapter also
incorporates the physical processes associated with the photovoltaic mechanism into
the mathematical approach, providing a simplified model to govern and predict phe-
nomena under illumination. The basic operation of the PIN photodiode is explained,
followed by an analysis of the physical phenomena occurring in dark conditions,
including the role of trapping centers in recombination and space charge storage
mechanisms. Furthermore, the chapter distinguishes between conduction simulations
in a standard PIN diode and a PIN photodiode. Finally, a simple analytical model
derived from simulation results is introduced to explore the electronic behavior.
Detailed physical insights are provided to better understand the observed phenomena
and validate the model.

Keywords: GaAs, PIN photodiode, modelization, Gummel-Newton method,
simulation

1. Introduction

The research topic of this chapter is centered around the modeling and
simulation of optoelectronic and electronic components, specifically focusing on the
advantages offered by Gallium Arsenide (GaAs) and its impact on improving compo-
nent performance. GaAs is known for its superior material properties, making it
highly suitable for high-speed and high-sensitivity applications in optoelectronics.
The primary focus is on understanding the transport phenomena within devices
based on PN junctions, which is a core concept for the development of efficient
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semiconductor devices. These phenomena are often simulated using software tools
that integrate simplified physical models to predict the behavior of charge carriers in
the device [1].

As the size of electronic components continues to decrease significantly, the
need for accurate prediction models becomes even more critical. These models
must evolve alongside advancements in technology, which involves both
refining existing models and developing new physical models. Furthermore, rapid
implementation of these models in commercial software is crucial for practical appli-
cations. Often, functional programming tools such as MATLAB, Mathematica, and
Mathcad are used because they are more user-friendly and less complex than tradi-
tional programming languages like C++ and Pascal, which require deeper technical
knowledge.

Recent decades have seen considerable progress in understanding diffusion phe-
nomena in semiconductors, including the behavior of free charge carriers and doping
in diodes. Multiple models have been proposed to describe these phenomena, with a
particular focus on GaAs due to its unique properties. One critical aspect when
modeling GaAs is the presence of trap centers that can affect the transport of charge
carriers. These traps must be carefully accounted for in simulations to accurately
predict the performance of devices based on GaAs. A comprehensive physical model
that incorporates these complexities can lead to more accurate simulations and, ulti-
mately, devices with better performance [2, 3].

In addition to the advancements in understanding the transport phenomena,
the field of wide-bandgap semiconductors (with an energy gap greater than
2.5 eV) has emerged as a new frontier in semiconductor physics and technology.
These materials have vast potential in optoelectronics, particularly in applications like
blue and ultraviolet light emission, as well as in high-temperature and high-power
microelectronics. The development of wide-bandgap materials, such as III-V com-
pounds, II-VI compounds, and IV-IV compounds, has revolutionized the industry by
providing new possibilities for creating efficient optoelectronic components. The
ability to form ternary and quaternary alloys from these materials further expands
their applications, allowing for precise tuning of their electronic and optical
properties [4, 5].

The study of electronic and optical properties, as well as the computational models
of key physical quantities, is crucial for advancing semiconductor technology. This
chapter explores the generation and recombination processes, transport mechanisms
in the presence of trap centers, and the fundamental equations that arise from these
physical models. By understanding these effects, it becomes possible to develop more
effective and efficient components [3].

The focus of this research is on understanding the interaction mechanisms
between charge carriers and external forces such as electric and magnetic fields.

This knowledge is critical for optimizing the performance of semiconductor

devices. A detailed study of GaAs and similar materials will allow us to better
understand how external conditions, such as temperature and applied fields,
influence the behavior of charge carriers and, ultimately, the efficiency of devices. To
achieve this, it is necessary to model the movement of individual electrons, consider-
ing the interactions between electrons and lattice imperfections. This requires
advanced computational techniques that simulate the probabilistic nature of these
interactions [4].

The goal is to create a simple yet accurate computational model that can be applied
to a wide range of materials and semiconductor devices. By doing so, we can develop
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tools that can be widely used for designing and optimizing future electronic and
optoelectronic components [1, 2].

2. The system GaAs

GaAs is widely used in components for ultrafast electronics, optoelectronics, opti-
cal communication, and microwave applications [2].

The direct bandgap of GaAs gives rise to interesting electronic properties [6]. The
effective mass of electrons in the central valley (I') is very low [7], resulting in high
electron mobility [8]. The bandgap energy is relatively high at 1.424 eV at 300 K
[7, 9], compared to 1.12 eV for silicon [7, 10] and 0.66 eV for germanium [7, 11]. At
low electric fields, electron mobility in GaAs is higher than in silicon, even at high
doping levels [12]. Combined with the effects of velocity saturation in GaAs [13], this
leads to reduced transit times [14].

GaAs is a semi-insulating material. Experimental research has demonstrated the
existence of deep centers due to doping [4, 5, 15, 16], as shown in the Figure 1, where
several peaks are clearly visible and can be identified.
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Figure 1.
Modulated Photocurrent Spectroscopy (MPC) of the density of states in the bandgap of a GaAs:Cr crystal [17].

2.1 Optical properties of GaAs

When exposed to light, photons with energy Eph greater than the bandgap energy
(Eph > Eg) can excite electrons from the valence band to the conduction band. This
process may occur either without phonon involvement (where the electron’s wave
vector k remains conserved)—case of GaAs—or with phonon participation (where the
phonon momentum is added to that of the electron). These transitions result in the
absorption of light via band-to-band transitions, leading to the generation of excess
electron-hole pairs.

Figure 2 shows the absorption spectra of chromium-doped GaAs, calculated using
the Wien2k code [18].
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Calculated absorption spectra of GaAs:Cr [18].

2.2 Optical activity in crystals

An optically active crystal creates two circular polarizations of incident light in
opposite directions, propagating at different speeds [19]. In GaAs, birefringence can
be induced by an electric field applied perpendicular to the direction of light propa-
gation. When the electric field is applied along the <100> crystallographic direction,

the refractive index change An associated with this direction is proportional to the
intensity of the applied field [20].

An = ”7%§<100> (1)

where:
* ris the electro-optical coefficient,
¢ n is the refractive index,
* & is the applied electric field intensity.
For GaAs at 300 K, the values are:
*r=16x10 %cm-V !
*n=334
e n’r=59 x 10 cm-v!

The following sections present some fundamental physical concepts necessary for
the approach we have adopted.
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3. Conduction in the presence of two deep centers

The semiconductor GaAs exhibits a deep donor center Er (EL2) level and an
acceptor center N in the band gap [21-23], where the deep donor center compensates
the acceptor center [24].

Many experimental results suggest that the recombination mechanism is con-
trolled by a third center called the recombinant center Eg [25]. located near the middle
of the bandgap, as shown in the band diagram in Figure 3.

L ® ® Ne
Ec
1t Pr
- — e e e — TN
T & & -~ & & ®E N\

Figure 3.
Descriptive band diagram of GaAs semi-insulator.

This figure should depict the energy band diagram of a GaAs semi-insulator,
illustrating the following key features:

* Conduction Band (CB): The highest energy band where electrons can
freely move.

* Valence Band (VB): The lowest energy band where holes can freely move.

* Bandgap (E,): The energy difference between the conduction band and the
valence band.

* Fermi Level (Ef): The energy level at which the probability of finding an electron
is 50%. In a semi-insulator, the Fermi level is typically located within the

bandgap.

* Donor Level (EL2): The energy level of the deep donor impurity (EL2) within the
bandgap.

o Acceptor Level (N,): The energy level of the acceptor impurities within the
bandgap.

* Recombination Center (Eg): The energy level of the recombination center located
near the mid-gap.

The whole equations are related and corresponds to semiconctor material’s physics
[26-33].
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The concentration N, actually represents an effective concentration:

Na = Na + Np (shallow) (2)

The system of equations that expresses the transport mechanism is written as:

an 1 .

E:g le Jn _Unr_Unt

0 1 .. =

EP: —— div], - Up — Uy

on ) 3
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on
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Where U is the net recombination rate, r is for recombinant, and t is for trap.
Assuming an exchange mechanism of the Shockley-Read type between the deep
centers Ny (or Nt) and the bands:

(4)

In these equations, n, and p, are the electron and hole densities at the
recombinant center, which is assumed to be of acceptor type (neutral if the center
is empty and negatively charged if it is occupied by an electron). Similarly, n, and p,
are the electron and hole densities at the deep center EL2, which is assumed to be of
donor type.

We have then:

Ny +pr = NR

©)
m+p, = Nr
The shallow acceptor center is assumed to be completely ionized in the vicinity of
room temperature, and it is assumed that the concentrations of Ng and N are suffi-
ciently low to neglect the inter-center exchange. At thermal equilibrium (U = 0), we
have the following relationships for each center:

€n
n =—-—
Ca
: (6)
b1 =
Sp
then:
De - P Pe - Dre
nlr — re plr — e
Nre pre (7)
_ De Pee Pe " Dte
nlt 1t
te Pte
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We have also:

1 1
Tore = Tpre =
e = G NG T CR N

1 1 (8)
Tnte =

Tpte =
CTN; » Co Ny

n

3.1 At steady state

In steady state, Uy, = Uy, and Uy, = Uy, which, combined with Eq. (5), leads to:

CII} [n'Pr - nlr'nr] = Cg [P'nr - plr'pr}

9
Calmp, = mene] = Gy [pne = pepy]
Where:
Tpre Ny + Tnre-P
= Ng L
Pr Tpre- (1 + 11y) + Tare- (p + Py, (10)
Tpre + Ture P
n, = NR
Tpre~(n + nlr) + Ture- (p +pl,,)
and:
Tnte-P + Tpre Nt
—Np
b, rpte,(n + 1) + Tte- (p —|—ph) (1)
Tnte 'plt + Tpte.n
ny =N

Tpte-(n + nlt) + Tute- (]” +]ﬂlt)

4. Test structure

The studied structure is a P + -v-N+ photodiode, as shown in Figure 4. The base
material is N-type GaAs, chosen for its high density of traps (N) [24, 34]. The
analysis of transport mechanisms is focused on the region near the P + -v contact. The
length of the n-zone is sufficiently long to establish ohmic conduction in the central
part of the volume and to prevent the space charge region from extending into either

contact.
L W)
7 P+ v h
GaAs
Xp'=0.15pum Xv=>500um X&' =0.15um
Figure 4.

P*-v-N" test structure.
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A center involved in the Shockley-Read recombination mechanism [25] is
characterized by four independent parameters:

* n.and p, (in cm>): These represent the electron and hole densities at the trap
level in thermal equilibrium, which depend on the energy position of the trap
level within the bandgap.

* Ture ANA Ty, (in s71): These are the electron and hole capture lifetimes at the trap
level, which are related to the capture cross-sections of the trap for electrons and
holes, respectively.

e Ny (in cm~>): This denotes the density of recombination centers in the
material.

Table 1 presents the relevant physical parameters of the test structure
[10, 26, 34].

Parameters Symbols Value Unit
Effective density of states in conduction band N, 4.43 x 107 cm 3
Effective density of states in valence band N, 8.84 x 108 em ™3
Relative permittivity E. 12.5 —
Intrinsic carrier concentration n; 2 x 10° cm 3
Bandgap energy Eg 1.432 eV
Electron mobility Hn 4000 cm®/V.s
Hole mobility Hp 280 cm?/V.s
EL2 trap:

Trap density Np 2x10% cm™?
Electron capture time constant Tht 1.5 x 107 s
Hole capture time constant Tpe 2.7 x107° s

Recombination Center (Er):

Electron capture time constant Tor 1071 s
Hole capture time constant Tpr 107 s
Electron density at thermal equilibrium Ny, 4.45 x 10° cm™3
Hole density at thermal equilibrium Pir 8.989 x 10° cm ™3

General parameters:

Lifetime To 1.56 x 1071° s

Debye length Lpa 0.34 mm

Electron density at thermal equilibrium (EL2) Ny, 2.1 x 10° cm”?

Hole density at thermal equilibrium (EL2) Pt 1.905 x 10° cm 3
Table 1.

The relevant physical parameters of the test structure.
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5. Photodetection characteristics

Any photon does not automatically undergo photodetection in optical, optoelec-
tronic, or telecommunication systems [35, 36].

First, the photon must have an energy E,;, equal to or greater than the band gap energy
Eg to allow the transition of the electron from the valence band to the conduction band.
This implies a cutoff wavelength Ac above which the material becomes transparent.

The cutoff wavelength Ac calculated for GaAs is 0.87 pm. The excess carriers,
compared to the equilibrium state, are created using radiation. Let ®,(E) represent
the incident photon flux with coordinates (E,A), expressed in photons per second per
square centimeter (ph/s/cm?).

If R(E) is the reflection coefficient of the semiconductor for radiation with energy
E, the transmitted photon flux ®.(E) at the surface is given by:

O(E) = (1 - R(E))0o(E) (12)

The photons are absorbed during their propagation through the material. The absorp-
tion coefficient alphaa is defined as the relative variation in the radiation’s density per unit
of length. This parameter is provided in Figure 5 and is calculated analytically using
Eq. (13). Thus, if the radiation’s density varies by d® over a length dx, « is given by:

_ —1d0(E,x)

(Z(E,X) = a m (13)

a represents the relative change in the radiation’s density per unit length as it propa-
gates through a material. Mathematically, it is defined as: « = — (d®/dx) /® where ® is
the radiation’s density and x is the distance traveled.

5.1 Now, discussing o and its sign

a is positive when d® is negative, i.e., when there is absorption of radiation. If « is
constant throughout the material, i.e., a(E,x) = a(E), then integrating the previous
expression gives:

dQ(E’x)——a xLn x)) =Ln —a(E)x
) —a(BsLa(O(E ) ~ Ln(OE) ~alB

O(E,x) = g, (E)e *"

100 = =

1800 [~ -

alpha icen-1)

1500 = .

ary 1 | |
1200

’?).m 00123 L 0435 002
BIENES]

Figure 5.
The absorption coefficient of GaAs versus the energy difference.
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* «a is positive when there is absorption of radiation. This is because:

* d® is negative when the radiation density decreases (due to absorption).

* A negative d® results in a positive a according to the definition.

Given the complexity of quantum models, phenomenological formulas derived

from experience are often recommended. Simple analytical expressions that describe
physical phenomena are reported and used [37].

5.2 Absorption coefficient model for GaAs

A specific model for GaAs relates the absorption coefficient to the photon energy
and the bandgap energy (E,) [37].

a(hv) = k(hv — E,)"* (15)
Where:
hv is the photon energy and Eg is the band gap energy.
Example:

For GaAs, k = 12,000cm ™" eV "2 and for a photon whose energy exceeds 0.01 eV
of the band gap energy (E,), the calculated absorption coefficient is 1200 cm ™.

The calculated absorption coefficient is presented in (Figure 5).

This coefficient depends on the material used and the wavelength. However, there
are other properties characterizing the photodetector, such as:

* Quantum efficiency (n)
* Sensitivity (S)
» Photocurrent (Iph)

* Optical power received (Popt) ...

6. Principle of the photodetection in the PIN photodiode

Photons transmitted through the optical fiber penetrate the detector, which is
composed of semiconductor material. Upon absorption, these photons can cause elec-
trons to transition from the valence band to the conduction band. In the conduction
band, electrons become less bound and free; thus, the photon gives rise to an electron-
hole pair. An external potential is applied to prevent the electron from returning to its
stable state in the valence band. Under the influence of the electric field, the carriers
(electrons and holes) are separated and move toward regions where they are majority
carriers. These generated carriers are then collected as a photocurrent. The number of
electron-hole pairs created is proportional to the number of absorbed photons.

To ensure efficient photodetection and prevent recombination of the electron-hole
pairs, absorption must occur in a depleted region. This highlights the advantage of
using a PIN photodiode over a standard PN structure [35, 38]. The structure of the
PIN photodiode is shown in Figure 6.
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Figure 6.
Photodiode PIN structure.

Most photons are absorbed in the intrinsic region (I), where a nearly uniform
electric field exists to separate the carriers. One of the regions traversed by light
(either P or N) must be very thin and coated with an anti-reflective layer to enhance
external quantum efficiency and protect the material.

Key parameters that characterize the PIN photodiode, depending on the material and
structure, include sensitivity, dark current, and response time. Sensitivity depends on the
quantum efficiency, which varies with the material’s absorption coefficient and the width
of the intrinsic region. Dark current can originate from various sources, including thermal
generation in the intrinsic region, surface currents, and leakage currents.

The expression for the total current in the photodiode is given by Eq. (16).

Iph = S~P0pt + Ldark (16)

The response time of the photodiode must be very short. It is limited by two
factors: the junction capacitance (a factor calculated in the following sections) and the
transit time. The junction capacitance is reduced when the absorption zone is wid-
ened. On the other hand, the transit time decreases when this zone is narrowed.
Therefore, a compromise must be found.

The electrical signal emitted by the photodiode is not perfect but is disturbed. In
micro-optoelectronics, mobility is a key factor of noise [36]. Other sources of noise in
telecommunications are discussed [37], such as background noise (also known as pho-
tonic noise or Schottky noise). This noise originates from the randomness in the creation
of electron-hole pairs. It is proportional to the optical power received by the photodiode.

7. Simulation steps of conduction in a PIN structure

The characteristics of the structure without illumination are used in the simulation
under illumination, allowing for a simplified approach.

7.1 Basic equations involved in the physical model

Solving such a system, in the most general case of a real component with three-
dimensional (3D) geometry, while considering boundary and initial conditions, is
usually very complex. Therefore, additional simplifying assumptions must be made.
The systems of equations that describe the transport mechanisms in a PIN diode at
steady state, which will be solved later using numerical simulation, are presented as
follows [6, 10, 26-28].
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div(e.gradlu) = e[n—p+Na+n,—p,] (17)
1., -
~div], =0, -1,
- s
—div J, =-U-U;
e
with:
— —
Jo =ep,.n&+eDy.gradn
— —
Jp = e.pp-p-& —e.Dp.gradp (19)
— kT
§:—gradw;D:p; .
and
2
n.p —n;
Upw=Up =U, = :
12 Tyre-(0 + 11) + Ture. (P + 11y (20)
2
np —n;
Uy = Up = U, = L

Tpte-(n + nlt) + Tnte-(p +plt)

Similarly, the system of equations governing the conduction of minority carriers in
the volume of the PIN photodiode is presented below. When the semiconductor is
photo-excited, the surplus carriers generated diffuse and recombine. The behavior of
this system at steady state and for a three-dimensional analysis is governed by the
fundamental equations (Poisson and continuity), as follows [6, 10]:

D #P, 0P, P,

P (0){2 oy> 072
02np dznp aznp - (21)

D“'<0x2 + P + az2> -GN +U (M) =0

G(A) = a(M)F(2)(1 — R(A)) exp(—a(2)x)

) +GO) —U(0) =0

Where G()) is the generation rate, a and R are the absorption and reflection coeffi-
cients, respectively. F is the number of incident photons per cm?/s per unit of band-
width, and X is the wavelength of the incident light, n, and p,, are the minority carrier
densities in the P and N regions, respectively. The resulting photocurrent is the sum of
three components: the diffusion current of photoelectrons in the P-region, the
photogenerated current in the space charge region, and the diffusion current of photo-
holes in the N-region. The total photocurrent is calculated at the same point, for
instance, at the point x,, [6, 10, 26-28]:

on on on

(1) = a0, (52 + T2+ 22

diff ox oy oz ),.,

9Py , 9Py +0Pn> (22)
Xj

deiff (}\) = _an <6X + ay 0z
Jph = Jndiff (Xn; VY, Z) + Jg (Xna ) Z) + deiff (Xn; v, Z)
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7.2 Assumptions and simplifications

We investigated an important characteristic found in a previous study [39], which
revealed that the influence of hole trap levels in GaAs (Table 1) on conduction is
significant near the first side of the diode, while negligible effects are observed in the
bulk region. This observation leads us to focus meshing and discretization around the
first contact. The principle of current density conservation is applied. Recombination
in the space charge region is neglected, and it is assumed that all electrons arriving at
x;, from the P-region reach x,. Therefore, the electron diffusion current at x = x, is
identical to that at x = x, resulting in [6, 10]:

Jnditt (%05 > 2) = Jnaier (Xp> V> 2) (23)

Now consider the generation current. At an unspecified point within the space
charge region, this current results from both electrons and holes [6, 10].

Te(57.2) = Jgn (%,9:2) +Jgp (x,7.2) (24

At X = X, the generation current is solely due to holes arriving at x,,, created
throughout the space charge zone from x,, to x;:

Jo(%ps ¥52) = Jgp (Xps V5 2) (25)

On the other hand, at x = x,,, the generation current is due only to the electrons
created from x;, to x, [6, 10, 26-28]:

Jg (%0, ¥52) = Jgn (Xn> ¥, 2)

(26)
Tph = Jndite (%ps ¥> 2) +Jgn (X0 ¥ 2) + Jpaite (%0, Y5 2)
The generation current in the space charge region is described by the following
expression [6, 10]:

J,() = qrj "G = qF(1 - Ry exp (—ax;) (1 — exp (—aw)) 7)

Xj

Considering the dual origin of the photocurrent, the response time of the photodi-
ode is determined by the diffusion of the minority photo-carriers from the neutral
regions to the space charge region. The first phenomenon is relatively slow and results
in a time constant of about 10 ®~10? s. The second phenomenon can be very fast if
the reverse bias of the diode is significant. In this case, the carriers cross the space
charge region (w) at their saturation velocity (Vsat), and the transit time is given by
w/Vsat, which is on the order of 10 1°-10 .

To minimize the diode’s time constant, the radiation should be primarily absorbed in
the space charge region, where the generation current is produced. Therefore, a photo-
diode is designed with the thinnest possible front zone and a sufficiently thick space
charge region (w) to absorb most of the incident radiation. Considering these con-
straints, the chosen value for w does not exceed the ratio w/Vsat, and the selected w
varies approximately as ~1/a. The PIN diode used in the calculations satisfies this
condition. The polarization of the structure is sufficiently high, leading to a strong
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Figure 7.
The velocity variation versus the Electric Field at a reverse bias of 5 volts.

electric field across the intrinsic region, which enables photo-carriers to rapidly reach
their saturation velocity, Vsat (see Figures 7 and 8). As a result, the photodiode exhibits
both high speed and high sensitivity. The electric field arises from two contributions:

E.a = Em + E.ai (28)

Here, &, represents the electric field due to polarization, while &; represents the
internal field resulting from the difference in mobility between electrons and holes.
The following assumptions are made:

AL (x, v, Z) ~ Ap (X, Vs z)
Th =T =71
n=ng+ A,
P =Py + Ap

(29)

Given the substantial difference between the dielectric relaxation time 10 > s and
the carrier lifetime of 107°-107 s, the electrical neutrality of the material is restored
on a timescale significantly shorter than the carrier relaxation time. This indicates that
the dielectric response of the material occurs much faster than the time required for
charge carriers to recombine or become trapped. The excess electrons and holes
generated by photoexcitation diffuse together through ambipolar diffusion. Further-
more, since carriers recombine in pairs, the recombination rates of electrons and holes
are inherently equal, leading to identical carrier lifetimes:

Th=Tp =1 (30)
7.3 Boundary conditions

Two types of boundary conditions are implemented in this analysis: Dirichlet condi-
tions and standard Neumann conditions. The following assumptions are made [6]:

¢ Perfect ohmic contacts.

* A long intrinsic (v)-region as in our case.
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Figure 8.
The velocity variation versus the Electric Field at a reverse bias of 10 volts.

* The electric field is assumed to exist only within the depletion region.

* The drift current is generated exclusively within the depletion region.

The concepts of equilibrium equations and minority carrier continuity are applied.
1. At the surface where x = 0:

Y =0;P, =Py (31)

Where P, is the density of the minority carrier (hole) when the N-type
semiconductor is in equilibrium.

2. At the edge of the depletion region, the position x is denoted as x,,, which, under
our assumptions, coincides with the contact boundary between the P* and v
regions:

y=Va+—1In (ﬁ) Va : is the reverse bias
q p (32)

Photo current generated by the P-type (J,) semiconductor can be accounted for.
Note that the carriers considered here are electrons.

—j —gp (P O O
Juaig =y —qD,,( et az) (33)

Similarly, photo current generated by the N-type at the edge where x = x, can be
accounted for. Note that the carriers considered here are holes.

qVa

Py = Pyo ¢ (34)

95



Light-Driven Materials and Devices — Fundamentals and Emerging Applications

3. At the other boundaries, Neumann conditions are applied, where the normal com-
ponents of the hole and electron current densities are set to zero, indicating that the
normal derivatives of the quantities y, n, and p are set to zero.

8. Description of the simulator

The numerical simulation software is written in C++ version 5, under Windows,
which enables the declaration of large three-dimensional arrays and improves mem-
ory management. It implements an iterative process that combines Newton’s lineari-
zation of the system, Successive Over-Relaxation (SOR) for solving the linearized
systems, and a multigrid approach to efficiently correct residuals at different grid
scales [21, 34, 39-49]. The solution data are plotted using MATLAB.

The simulator enables the simulation of the conduction in components based on
relaxation semiconductors. It considers the effects of deep centers in relaxation semi-
conductor devices. The matrix dimensions used are [90] x [90] x [90].

The principal subroutines and steps that form the simulator are illustrated in the
schematic diagrams (Figure 9).

The software includes the following steps.

1.Linearization via Newton’s method:

The coupled system of Poisson and continuity equations is linearized using
Newton’s method, which involves approximating the system around an initial
guess.

2.SOR relaxation on the linearized system:

* Initialize unknown variables close to their solution.
* Solve the system using a discretized expression.
* Perform Successive Over-Relaxation (SOR) sweeps on the system.

* A convergence test is applied to check the residuals, and if convergence is
achieved, update the variables while considering boundary conditions.

* The applied voltage is gradually increased in steps.
3. Weighted residual transfer to coarser levels and SOR on Level 1:

* Transfer the residuals from the fine grid to coarser grids (Level 2 and Level 1)
with weighted corrections.

¢ Perform N SOR iterations on Level 1 to correct the errors.
4. Prolongation to Level 2 and SOR iterations:
* Prolong the results obtained on Level 1 to Level 2 (a finer grid).

¢ Perform M SOR iterations to refine the solution on this level.
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Figure 9.
Introduction data flow chart.

8.1 Diagram schemes description
The flow chart of Figure 9 illustrates the following key processes:

1.Introduction of geometrical and physical data as reported in the diagram and in
Table 1.

2. Discretization of the structure.
3.Normalization of parameters.

4. Application of boundary conditions.

The structure is discretized using using a rectangular mesh of 20x20x20 nodes is
employed [40, 50]. This involves dividing the simulation domain into smaller
elements to facilitate numerical analysis.

Physical parameters are normalized to standardize units and ensure numerical
stability during the simulation. The carrier densities n and p typically vary over a
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wide range (from 102 to 10%®> cm™>), which makes it challenging to obtain an
accurate evaluation of these quantities in numerical calculations. Therefore, a
suitable change of variables (normalization) is applied to enhance the precision
of the calculations.

* Dirichlet conditions: Specify fixed values at the boundaries.

* Neumann conditions: Specify the derivative of values at the boundaries,
ensuring proper representation of physical conditions at the edges of the
simulation domain.

The algorithm scheme is illustrated below Figure 10.

* The structure under investigation is rectangular, and the suitable
technique for discretization in this case is the finite difference
method [40, 50].

To summarize, the system of equations (poisson and continuity)is discretized by
first transforming the differential equations into linear equations (Egs. (17), (19), (21),
and (22)). These are then discretized on a three-dimensional grid with either a uniform
or variable mesh size (using a geometric series) through the finite difference method.
After assembling the discretized equations, a matrix equation is formulated. To solve
this matrix equation, the Gummel and Newton methods [41-49] are employed.

Introduction of the domain dimensions
to desretized: Initial step=0.001.
number of points(nj)= 20pts{where
ip=5pts (number of points following
the axis Z), ic=50pts following X, and
il=50pts following Y.

Determination of the raison in the
peometric series calculation (when
using variable mesh}

Calculation of the successive steps
values along the discretized structure

S/

Figure 10.
Discretization flow chart.
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The multigrid approach is combined with the Newton algorithm to accelerate conver-
gence across different grid levels. The resolution is three-dimensional, meaning that
each node in the discretization has six nearest neighbors (two in each direction). There-
fore, the Jacobian matrix is a band matrix with seven nonzero diagonal elements. The
system to be solved consists of three equations for each mesh point on the grid.

9. Computational algorithm

As described earlier, the characteristics used in the simulation include the W-cycle
with full weighting; assume that three grid levels are used (being the finest grid).
The simulator is based on the theorem [41-49]:

1.Linearization of the coupled system,

2.M SOR relaxation by:

* Initializing the values of unknowns ¥,n and p (to values close to the solution).

* Solving the system of N equations for N unknowns using a simple discretized
expression. At each point in the discretization. The physical quantity calculated
is determined by the contribution of the point itself, along with those of its six
nearest neighbors in the X, Y, and Z directions.

In this step, we calculate the full Jacobian matrix U and the vector F representing
the discretized equations to solve the system U3 = —F, where § is the correction
vector. Each element of the vector is a three-component vector, representing the
Poisson and continuity equations:

(=F\, —F,, —Fp) (35)

The convergence test evaluates the number of erroneous points. Once the
convergence of the linear system is achieved, the variables are updated while taking
the boundary conditions into account. The applied voltage is then increased in
increments.

3. Weighted transfer of residuals to levels 2 and 1, followed by M SOR iterations at
level 1.

4. Prolongation of the result to level 2, followed by M SOR iterations.
5. Prolongation of the result and update of the linearized system at level 3.

6. Update of the Newton step at level 3.

One multigrid iteration includes steps 3, 4, and 5. At the final stage of the algo-
rithm, the electric field and current density are calculated.

As part of the W-cycle, steps 3 and 4 are repeated twice. The optimized number of
multigrid iterations per Newton step is 3.
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We have also implemented damping criteria that monitor the corrections made to
the variables to ensure they remain compatible with the stability of the resolution
process.

This prevents divergence and ensures that the solution stays within a range of
physically acceptable values.

The numerical solution in the Newton method is stopped once a convergence
criterion is met. The stopping test used is defined by:

oY on
n

<e <e 6—P

<e (36)

Where is a predefined value at all mesh points. It provides an indication of the
convergence of the resolution method [51-53]. There is another fundamental criterion
to assess the quality of the solution, which is the verification of the principle of the
conservation of total current.

At a given discretization point, it is not necessary for all the diagonal elements of
the Jacobian matrix to contribute to the calculation. This avoids numerical overflow
and underflow problems.

9.1 Model limitations
A numerical scheme that solves the continuity equations should [39]:
* Conserve the total number of particles within the simulated device.
* Ensure the local positivity of carrier density, as negative density is unphysical.

* Maintain the monotonicity of the solution, meaning it should not introduce
spurious spatial oscillations.

When discretizing the equations, in our case, using finite differences, there are
limitations on the choice of mesh size and time step:

* The mesh size is constrained by the Debye length Lp,.

* The time step is limited by the dielectric relaxation time .

10. Numerical resolution

We present a discretization scheme for the system of equations governing con-
duction in obscurity, where the equations are more general and include drift-diffusion
terms. Discretizing the continuity equations in conservation form requires determin-
ing the currents at the midpoints of the mesh lines connecting neighboring grid nodes.
Since solutions are available only at the grid nodes, interpolation schemes are neces-
sary to calculate the currents at these midpoints.

To ensure consistency with Poisson’s equation, it is common to assume that the
potential varies linearly between two neighboring nodes.

This assumption leads to the concept of a constant electric field along the mesh
lines, and the field at the midpoint is obtained using centered finite differences of the
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potential values. To evaluate the current density, it is also necessary to estimate the
carrier density at the midpoints. The simplest approximation is to assume a linear
variation of the carrier density, which involves taking the arithmetic average of the
densities at two neighboring nodes. However, this approximation is only valid for
very small potential variations between nodes and is exact only if the electric field
between the two nodes is zero, meaning that the carrier densities at both points are
identical.

To illustrate this, consider a 3-D mesh where we aim to discretize the electrostatic
potential. The Poisson equation to be discretized at the grid points (i, j, 1) [21-23, 25,
54] is:

—> = Njj1 — Piji — (Np — Na) (37)

i,j,1

The variable y is assumed to vary linearly between two successive points. The left
side of Poisson’s equation is expressed using a centered difference scheme:

o [y 0 [y o (oy
ax(ax)’ﬁay(ay)\ﬁaz(az)

d_w| — %’ d_‘ _
_ oXlidjl  oXli—3jl  oYlij43l oY
;X

ij—3

i+%,j,l - Xi*%,',l Yi,j+%,l — Yi,jf%,l (38)
SMX| /251 SMX -1/
i+1/2y, ijil—1/2
= N',',l — P4’.’1 _ ND _ NA) i
Zijiv12 — Ziji-1)2 Y it~ b1
Where:
h; hi_1
Xiv1/21 = Xijl + 51 3 Xi1250 = XKij1 — 17
k' k'—l
Yijr120 = Yij1 + 51 5 Yij1/21 = Yij1 — JT (39)
] 4
Zijir12 = Zijy + 55 Zij1 12 = Zij) — -
with
i _ Wi “Vigl ov| Wil Vicy)
0X|i11/24, hi 0X i 12, hi1
ow _ Wijinl = Wil oy _ Wij1— Wij (40)
0Yli541/21 k Y ;5 1/, ki1
oy _ Wijin —Viji oy Vi Vit
oz ij,l+1/2 ll ’ oz if,l—1/2 ll—l

The right-hand side of Poisson’s equation represents the space charge density,
which is expressed in terms of the values of the unknowns at (i,j,]).

(_pi,j,l) = Nij1 — Piji — (Np — Na);;, (41)

Where p denotes the charge density, we obtain a Poisson equation that is linear in y,
discretized as follows:
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il
For=Ai . (l//i—l,j,l - ll/i,j,z) + Aisaj- (l//i+1,j,l - ll/i,j,l> +Aij14- (ll/i,jq,l - ll/i,j,l)
+Aiji- (Wi,jJrl,l - l//i,j,z) +Aiji1- (l//i,j,H - Wi,j,l) +Aij (l//i,j,m - l/’i,j,l) +piji =0
(42)
Due to the presence of exponential terms in the expressions for N and P concen-

trations, Poisson’s equation must be linearized [26]. This linearization is achieved
using a Taylor series expansion, as follows:

Y =y0 4 5y (43)

Where 8Y is a very small increment compared to W.
For the electron and hole densities, we write:

N(¥) = N(¥°) + 61\611(;) . wo.sql
N (44)
P(¥) = P(¥°) + % % W_Wo.alp

The discretized expression of the Poisson equation is then written:
—coefij1.0%ij1 + Air1j1-0Wia1 + Aii11.0%i1j1 + Agjra1- 8% + Aijo11.8Wi5-11
+Aj141-0% 141 + Ayji-1.0¥ij1-1 = by

(45)

The discretized form of the electron three-dimensional continuity equation is
written as:

Yo T, In

ox “oy Toz T T »
Nijip, 4

Uiji = Sl (after normalization)

Tor (Pij + P1) + 7o (Nij1 + Nyp)

The discretized continuity equations for electrons and holes are given in the fol-
lowing form [28, 35, 39]:

1

Xit+1,j,1 — Xi-1,jl

pil i-151-Ni1j1 — (g1 + ®i1j1- exp (Piogj1 — Wij1) )Nija
n ~ Fn

+0tij,1. €xp (Vi1 — Wis1) Nivaj

+Ha [Bi,j—l,l-Ni,j—l,l - (ﬁi,j,l + ﬁi,j—l,l' exp (Ti,j—l,l - lPi,j,l))Ni,j,l
1
Yijr11 — Yij-11
+Hn [Yi,j,H«Ni,j,H - (Yi,j,l +Yij1-1- €Xp (Wiji1 — ‘Pi,j,l))Ni,j,l
1
Zii11 — Zij)

+Bij1- €Xp (Wija— lPi,j+l,1)Ni,j+l,1} .

+¥i11- €Xp (Wigs — Wijir1) Nijiga)-
Ni,j,l-Pi,j,l -1

_ =0
an~(Pi,j,l + Pl) + Tpr~<Ni,]',1 + Nl)

(47)
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%i-11-Nic11 — (i1 + tio1j1- exp (Wiogj1 — i) )Nija 1

1,1
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Xit+1,j,1 — Xi-1j1

n

+ot 1. exp (Wij1 — Wirrj1) Nz
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(48)
After discretization, three systems of equations are obtained, each with
3 N unknowns Fy, Fn, and F,. The discretized expression for the
current density at the midpoint of the mesh line between nodes x; and x; , 1 is
given by:
ni+nig\ W— Wi KT ngg—n
In, =e., - [( ) . +— (49)
/2 " 2 Xib1—Xi € Xip1— X

It is possible to deduce the concentrations of electrons and holes by integrating the
continuity equations (in terms of the current density) over each elementary mesh
interval [x;,%; , 1]. For electrons, we obtain:

on e dy  Jnx

ox KT ox p, kKT

(50)

The integration method known as “the constant’s variation” leads in terms of x to
the following solution:

n(x) = u(x). exp (%) (51)
with:
[ Jnx ey
u(x) = JpnkT exp (f ﬁ) dx (52)

Assuming J,, constant over the interval [x;,%; , 1], we obtain the following
equation:

Uit1 — U

xi+1
J exp (— ) dx

xi

(53)

Jnx;, 1, = p, KT
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with:
Vi
Uj+1 = Djt1. €Xp (— ;I(J,Iﬂ)
evy; (54)
U; =n;.exp (— ﬁ)
The same reasoning leads, for holes current J, to the following expression:
J — 0 kT ”; — “£+1 (55)
PXiv12 = HpRL
J o exp (2—7"5) dx
with:
ey
Ui 1 = Pjiq- €XP (Wﬂ) (56)

d pew ()

These current formulas (53) and (55) are based on the concentration
distributions n(x) and p(x) within each elementary interval x;,1-x;, such that the
values of each conduction current Jn and Jp remain constant over this interval. The
Gummel expressions for ], and J,, in the elementary intervals x; , 1-X;, yj , 1 -yjand z
1.1 — 2z are given by:

€ (\Pi,j,l - Wi+1,j,1)
Njiq:].€X — 0
i+1,j,1- €XP KT 1,1 Vet — W
Wi, i+1,j,

Xit1 — Xj

Inx; g5 = ey -
€ (Wi,j,l - llfi+1,j,1)
exp kT B

e ('//i,j,z - Wi,j+1,l)

Nij11,-€XP —Mijl
kT Vijl — Wij1l
]nyi,jJrl/Z,l =€ Hy ‘ — (57)
e (l//z',j,l - U/i,j+1,l> Yir1 7
exp BT -1

e (l//q‘,z - V/i,j,l+1)

Miiji1 €X — N
e kT v Vijl — Vijl+1
_ ij, i+
]”Zi,j,l+1/z =€l - g —2
e (Wi,j,z - l//i,j,l+1> 1=l
exp WT -1
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and
€ (l//i,j, _V/i+1,j,)>

Piji-exp Pii1jy
Vijl — Vit
]pxi+1/2,j,l =€y B x
( Vijl — l//z+1]l)> 1 b
exp —
'/’1,], Wz,]+1 l)
Pij-exp ~Pijy
Vijl — Vijy,l
IPYijirj20 = €y : (58)
Wz]l l//z,]+ll) y]+1 y]
exp —
l//z,] I lllz,] l+1)
Pij)-exp ~Piji+1
Vijl — Viji+1
]pzi,]',l+1/2 =eH I
e (‘/’i,j,l - l//ij,l+1> 1Sl
exp | ————%| —

kT

* For stability, it is essential to verify that the mesh spacing is sufficiently small.
We assume a linear variation of the potential between neighboring mesh points,
which is consistent with the use of finite differences to represent the electric
field.

* The assumption of potential linearity between mesh points is reflected in the use
of centered finite differences to express the field at the midpoint. The field is
explicitly determined through linear interpolation while staying within the
framework of the Gummel approximation.

* The semiconductor equations form a coupled nonlinear system. A solution
cannot typically be obtained in a single step; instead, a multigrid nonlinear
iteration method is necessary.

* The natural variable formulation (V, n, p) is employed in the solution
process.

* Determining an optimal strategy for the solution is challenging, as it depends on
various factors specific to the device under study.

11. Results and comments

The continuity equations are solved using the combined Gummel-Newton
method. Notable results are obtained regarding the electric field distribution
and the photocurrent profile. The simulation is validated under reverse biases of
5and 10 V.
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The quality of the solution is highly dependent on the mesh used. An inadequate
mesh, with insufficient discretization nodes, can lead to significant oscillations or
even divergence in some cases.

The analysis of the structure in its thermal equilibrium state provides valuable
insight into the potential, free carrier distributions, and the charge state within the
photodiode, as illustrated in Figures 11-15. This analysis allows for a clear identifica-
tion of the transport phenomena that emerge after excitation.

The space charge is a function of the potential distribution, i.e., a function of the
solutions to the problem. Assuming that the space charge in the charge space zone is
empty of free carriers, meaning it contains only fixed charges (the donor and acceptor
ions), the spatial distribution of the space charge becomes independent of the poten-
tial. Additionally, assuming that the distribution of free carriers n and p matches
exactly that of the donors and acceptors in the conducting zones, it is important to
take into account the density of trap centers, which influences the contact P*v.

When the PuN structure (Figure 4) is not exposed to external excitation and
without illumination, it exhibits certain characteristics (shown in Figures 11-15).
These characteristics will be modified and disturbed under light.

Due to the large volume of data for the space charge distribution (Figure 15), it
was difficult to visualize and clearly identify any perturbations or variations between
10" and 10" on the same scale. Therefore, the solution was to split the data into two
graphs, with the left graph ending and the right graph beginning at the same point at
the bottom of the right graph. This approach allows for easier reading and compari-
son. The curves, which may have a one-dimensional representation [34], could pro-
vide a closer explanation. To better understand how to interpret Figure 15, one can
compare it with Figure 16 and observe the similarities between the two.

Based on the curves in Figures 15 and 16, we can determine the widths of the space
charge regions and analyze them analytically by performing a simple calculation using
semiconductor physics equations [6, 26] to validate or not the results. The calculation
of the thickness of the space charge region is carried out by considering that it
primarily extends into the less-doped area, where the space charge mainly originates
from ionized deep-level centers.

ppryy = € - (Ne—Na) (59)

A classical calculation leads to:

12

2.eV +y

Wy = 2 "Dy (60)
Pty

This gives a space charge region width of 0.243 pm for the P*v contact.
Note that for the calculation of the space charge region width W, "), the electric
charge only comes from the acceptors.

PuN’) = -eNa (61)
1/2
2.V Nt
W, nt) = Z2 YDE-NT) (62)
Pu-Nt)

After performing the calculation, we obtain W,.x") = 0.622 pm. In the volume,
and considering the model used, the variation in the space charge is associated with a
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change in the occupancy of the deep-level center EL2, since the acceptors are always
fully ionized.

The relationship between the electric field and the applied reverse bias voltage in
the photodiode can be seen through Figure 7 with Figure 17 and Figure 8 with
Figure 18 and be explained as follows:

When a reverse bias is applied to the photodiode an electric field is formed at the
junction. This electric field opposes the injection of charge carriers (electrons and
holes) and creates a depletion region.

The applied reverse bias generates an electric field within this depletion region
proportional to the reverse bias voltage. The higher the reverse bias, the more intense
the electric field in the depletion region becomes, as in the expression below. This
prevents the flow of current, except for a very small leakage current due to minority
carriers.

E=— (63)

However, when the reverse bias voltage reaches a critical value (called the
“breakdown voltage”), the electric field becomes strong enough to cause an
avalanche of charge carriers, resulting in a significant reverse current (the
diode’s breakdown effect). The speed of charge carriers in a diode depends on
the applied electric field and the material properties of the semiconductor. This
field acts on the charge carriers, and their speed increases with the intensity of
the field.

In a moderate electric field (linear regime), charge carriers (electrons in the
N-region and holes in the P-region) move at a speed that is directly
proportional to the applied field and reach saturation velocity. This is described by
the relation [6]:

Vd—__F5 (64)
1+ (#5)°

where:

* Vd is the velocity of the charge carriers,
* p is the mobility of the charge carriers,

* Vi, is the saturation velocity.

However, beyond a certain electric field, the carrier velocity reaches a limiting
value, known as the saturation velocity. At this point, even if the electric field con-
tinues to increase, the charge carriers cannot accelerate any further. This is due to the
repeated collisions of carriers with the atoms of the crystal lattice of the semiconduc-
tor, which limit their acceleration.

The saturation velocity is reached when the charge carriers are energetic enough to
collide with the crystal lattice at a high frequency, dissipating the additional energy
they acquire.
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Figure 11.
Profile of electrostatic potential at equilibrium.
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Figure 12.
3D profile of free electron concentration at equilibrium.
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Figure 13.
3D profile of free holes concentration at equilibrium.
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Figure 14.
3D Profile of space charge at equilibrium state in P*v contact.
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Figure 15.
3D Profile of space charge at equilibrium state in UN* contact.
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Figure 16.
Space charge profile in the P'v and v N* contact at thermodynamic equilibrium - one-dimensional simulation [34].
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Now, if the reverse bias voltage increases sufficiently, the electric field becomes
stronger, and the carriers accelerate, potentially leading to an avalanche phenomenon.
In this case, additional carriers are generated by collisions, exponentially increasing
the reverse current. Because the high values of the electric field (Figure 18), 10 volts
can be seen as high level injection in GaAs. The adopted expression of velocity versus
electric field is as follows [20, 55]:

d = ﬂOE + th(E/Ec)4

65
1+ (E/E.)* (©
E. is the critical value of the electric field.
Ho is the mobility at weak field given by [56]
200
u0 = 77,, +100 (66)
1+ [z

with a = 0.5, n is the electrons density and n,.f is the reference electron den-
sity = 10" cm ™.

An interesting point in GaAs, as it can be seen from Figures 7 and 8, that for GaAs,
the saturation velocity of electrons can be reached even at relatively 5 and 10 V. This
makes GaAs faster in terms of electron mobility and response time.

The fact that GaAs reaches saturation velocity at lower voltages means that the
material can achieve high-speed operation without requiring high bias voltages.
Lower bias voltages lead to reduced power dissipation, as power is related to
voltage and current. With a smaller voltage required to achieve high-speed
operation (due to the lower threshold for saturation velocity), the current also does
not have to increase excessively, leading to a reduction in the overall power con-
sumption. This is especially beneficial in high-frequency applications, where power
efficiency is critical.
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Figure 17.
The Electric Field profile at 5 volts.
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Figure 18.
The Electric Field profile at 10 volts.

The electric field increases considerably (Figures 17 and 18), and a different,
trapezoidal form of the field is observed, which differs from that at weak injection and
without illumination [39].

At final, using GaAs in a pin photodiode needs smaller bias voltages to respond
efficienctly. That is a good point.

The reverse current of a PIN diode depends on the minority carrier densities in the
neutral regions of the diode, as well as on the generation of electron-hole pairs in the
space charge region, as previously explained. Radiation enhances the reverse current,
as incident photons generate carriers in each region. The behavior of these free
carriers varies depending on their location of creation, with diffusion or generation
contributing to the photocurrent Figures 19 and 20.

The photocurrent in the PIN diode closely follows the conduction current at low
injection levels, with an added generation current component. This is reflected in the
curves, which are shifted upwards and do not originate from zero.
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Figure 19.
The photocurrent profile at 5 volts.
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Figure 20.
The photocurrent profile at 10 volts.

12. Electrical characteristics of the photodiode

The PIN photodiode can be represented by a current source I, which is due to the
generation of electron-hole pairs that constitute the current. In parallel with the
source, there is the junction capacitance and a high-value shunt resistor Rsh, which
describes the leakage current. Additionally, there is an internal resistance of the
photodiode, denoted Rs, which is in series. Figure 21 shows the equivalent circuit of
the photodiode.

Figure 21.
The photodiode equivalent circuit.

* Current Source (Iph): This represents the photocurrent generated by the
photodiode due to incident light.

* Junction Capacitance (Cj): This models the capacitance of the diode junction,
which is typically a function of the reverse bias voltage.

o Shunt Resistor (Rsh): This represents leakage currents in paralle]l with the
photodiode, usually having a very high value.

* Series Resistor (Rs): This accounts for the internal resistance of the photodiode,
typically in series with the junction.
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12.1 Temporal response of the photodiode

Three time constants are present in the temporal response of a photodiode, each
corresponding to a distinct physical process:

o The lifetime constant associated with the diffusion current (108 s in GaAs),
which corresponds to a bandwidth of 100 MHz. In many applications, such as
telecommunications, this time constant is often too large to be acceptable, as it
limits the speed of the photodiode response.

* The capacitive time constant, where the space charge region acts as a capacitance,
denoted by Cq4 or Cj, and is described by the following relation:

o geNp Ae
G=A, /72(Vbi VT w (67)

* This time constant is influenced by the capacitance of the junction and the
resistance of the circuit. It determines how quickly the photodiode can charge
and discharge in response to changes in the incident light, affecting the high-
frequency behavior and bandwidth of the device.

* The transit time constant, associated with the movement of charge carriers across
the photodiode. It represents the time it takes for electrons and holes to cross the
depletion region under the influence of the electric field. The transit time is
affected by the width of the depletion region and the mobility of the carriers, and
it plays a significant role in the high-speed performance of the photodiode,
especially in fast switching applications.

For high-speed operation, the capacitance, in series with a series resistance of
Rs = 50Q imposes a frequency limitation given by 1/2aRC.
For a typical detector with an area of 1 mm>, doped to 10®cm 2 and biased at 10 V,
the depletion region width is 3.6 pm, and the capacitance is 30 pF (as shown in
Figure 22), charged through a 50 Q resistance. This detector exhibits a bandwidth
limitation, with a corresponding cutoff frequency of 110 MHz (as shown in Figure 23).
In general, this capacitance is approximately 100 pF at low bias voltages and
decreases to a few tens of pF at higher bias voltage.
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Figure 22.
The capacity variation versus the reverse bias.
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Figure 23.
The cutoff frequency as a function of capacitance.

13. Future work and recommendations

As a direction for future work, it is strongly recommended to explore the integra-
tion of perovskites due to their remarkable properties, which make them promising
candidates for optoelectronic applications, such as PIN photodiodes. In addition, a
comprehensive optical communication system involves not only optical fibers but also
laser diodes and photodiodes. Therefore, a broader approach should focus on investi-
gating various types of PIN photodiodes made from different materials and analyzing
the entire communication path, from the emitter to the receiver.

In one of our calculations, transition metal doping was found to influence the
electronic structure and magnetic properties of GaAs, which may enable enhanced
control of electron spin for spintronic devices. This approach could potentially lead to
the development of advanced materials with improved performance for spin-based
electronics applications.

14. Conclusion

The physical model used in this work is based on the drift-diffusion approach
within the framework of Maxwell-Boltzmann statistics. The variables of this system
(y, n, p) were carefully chosen to satisfy both mathematical requirements (continu-
ity, differentiability, etc.) and computational needs (handling of magnitude orders,
precision in calculations, etc.).

The developed simulator allows the simulation of component conduction based on
relaxation semiconductor devices. The program studies the transport phenomena in a
PIN diode under illumination.

The program, written in C++, allows for the flexible and efficient usage of three-
dimensional matrices. It employs a combined Gummel-Newton method for solving
the nonlinear equations resulting from the physical model. Newton’s method is well-
suited for solving nonlinear equations, but it requires careful choice of initial values
for convergence. To improve the control of computing and convergence, we have
implemented a combined method that integrates both the Newton and Gummel
methods. This creates a relay between these two algorithms, enabling better control of
the simulation process.

The principle of the combined method is well known: Gummel’s method is used
initially to calculate numerical results in thermal equilibrium. The combined method
has been applied to relaxation semiconductor devices under high trap density, illumi-
nation, and reverse bias conditions.
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Introducing a high trap density can cause the system to diverge. To prevent this,
we start the simulation with a moderate trap density. The results are then used as
initial values for a new simulation with a higher trap density.

It is important to remember that for Newton’s iteration to converge, the initial
guess must be as close as possible to the true solution. As the iteration progresses, the
residuals should decrease quadratically, indicating convergence. The Newton method
typically converges quickly if the initial conditions are reasonably close to the solution
and if the solution is unique in the region of interest.

Under reverse bias, the electron concentration values decrease significantly compared
to those at thermal equilibrium (Gummel method). These values cannot be directly used
as initial values in the Newton method. To overcome this issue, the free electron densities
obtained from thermal equilibrium are scaled down by a factor of 10°. This scaling
ensures that the minority carriers are normalized, allowing them to be used as initial
values for the Newton algorithm without the risk of extended computation time.

Thus, the combined method provides a balance between convergence speed,
computational efficiency, and versatility, ensuring short run times and reliable results for
relaxation semiconductor devices under high trap density and reverse bias conditions.

In conclusion, this approach improves our understanding and simulation of the
behavior of PIN diodes under illumination and reverse bias while providing a robust
solution for semiconductor devices in complex environments. The developed model
represents a significant advancement in the simulation of semiconductor devices and
could be extended to other types of optoelectronic components.

This chapter reviewed the theoretical foundations of conductivity models in semi-
conductor devices under illumination, with a focus on methods for handling time
dispersion in capacitances in PIN devices. It also emphasized the importance of
addressing traps and improving the accuracy of simulations in real-world environments.
The results indicate that enhancing capacitance and the ability of devices to operate at
higher speeds is crucial for future applications in optical fiber networks. Research into
the effects of time dispersion and traps in PIN devices will open new horizons for
developing optimized technologies to improve optical network performance.
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Chapter 5

Optimal Photodeposition

of Co-Catalyst Over 2D
Heterostructures for Improved H,
Production/Water-Splitting

Durre Sameen, Saqib Ahmad and Faryal Idrees

Abstract

The resources of fuel have been reduced to a dangerous level. In the upcoming few
years, these resources will come to an end. This threat has created an alarming situ-
ation for upcoming generations. Therefore, we need alternative energy resources for
energy production, such as evolution of hydrogen from water, solar energy, and from
biomass. This chapter provides a comprehensive review of advanced methodologies
focused on enhancing hydrogen production from water splitting. This chapter reveals
the modification of bandgap, enhanced stability, and extensive surface area of co-
catalyst photodeposition on 2D heterostructures for photocatalytic performance. This
chapter primarily focuses on strategic heterostructure doping with transition metals,
including silver, gold, platinum, etc., as well as the optimization of reduction poten-
tial. These modifications enhance charge separation and reduce recombination rates
for modified photocatalytic efficiency. Results demonstrate that precise loading of co-
catalysts and optimized doping conditions enhance the production of hydrogen. The
chapter highlights an extensive overview of synthesis, characterization techniques,
and integrating theoretical insights with experimental data. These findings contribute
to finding the solution of sustainable energy solutions through the transformative
potential of co-catalysts and doped 2D heterostructures to achieve higher efficiency
of hydrogen production.

Keywords: photocatalysis, water splitting, H, production, heterostructures,
photodeposition
1. Introduction

2D heterostructures exhibit fascinating electronic and optical characteristics,
which make them highly promising for various applications in catalysis and energy

conversion. Their ability to tune bandgaps and efficiently separate charges greatly
enhances catalytic performance, particularly in photocatalytic water splitting for
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hydrogen production. Photocatalytic water splitting (PCWS) using solar energy has
gained attention as a viable and sustainable method to address energy challenges. The
progress of this technology largely hinges on the development of high-performance
photocatalytic materials. Therefore, identifying and designing efficient photocata-
lysts has become a central objective in the fields of photocatalysis and renewable
energy [1]. In addition to size, dimensionality significantly influences material prop-
erties. For example, carbon-based materials like carbon nanotubes, graphite, gra-
phene, and fullerenes display distinct physical and chemical traits as 0D, 1D, 2D, and
3D structures, respectively. The ground-breaking discovery of graphene by Novoselov
etal. [2] made it possible to study and design various 2D materials. 2D catalyst
materials have the ability to increase stability, selectivity, and mobility in catalysis.
According to both theoretical and experimental research, ultrathin 2D materials have
significant catalytic benefits because of their enormous exposed surface area, which
minimizes thickness and enhances interactions with reactants. Furthermore, expos-
ing inner atoms on the surface through thinning material to a monolayer increases the
number of catalytic active sites. In addition to introducing defects, unsaturated sites,
and active edges, this thickness decrease may also improve ion mobility and mass
transfer, reduce energy barriers for adsorption-desorption, and increase catalytic
efficiency [3]. Due to its unique attributes, which are essential for many applications,
such as photocatalysis for the creation of hydrogen, two-dimensional (2D) hetero-
structures constitute a substantial breakthrough in material research. Their atomic
thickness and large surface area, which prevent the formation of non-selective sites
and increase catalytic activity and selectivity, make them unique.

2. Significance and properties of 2D heterostructures

2D heterostructures are innovative materials prepared by layering or combin-
ing different two-dimensional (2D) substances, such as graphene, transition metal
dichalcogenides (TMDs) like MoS, and WS,, hexagonal boron nitride (hBN), or black
phosphorus. These structures provide an exceptional opportunity to study and cus-
tomize new electronic and optical properties, positioning them as key building blocks
for advancing modern nanotechnology and next-generation applications. 2D hetero-
structures are revolutionary materials formed by stacking different two-dimensional
layers, such as graphene, transition metal dichalcogenides (TMDs), or hexagonal
boron nitride (hBN). These materials offer unmatched flexibility because their layers
are held together by weak van der Waals forces, allowing precise stacking without
the need for lattice matching. By combining properties like the high carrier mobility
of graphene with the bandgap features of TMDs, 2D heterostructures overcome the
limitations of traditional bulk materials, making them ideal for high-performance
electronics and optoelectronics. Their unique characteristics, such as tunable band
structures, quantum effects, and interlayer coupling, enable the customization of
energy gaps and other properties, making them highly versatile for applications
ranging from quantum computing and flexible electronics to photovoltaics and
advanced sensors. Many highly efficient semiconductors, such as metal oxides, have
been investigated to produce hydrogen through water splitting, but their efficiency
is still far below the line of practical application. In recent times, people have taken a
keen interest in 2D heterostructures with a suitable band gap which consists of several
semiconductors that overcome the drawbacks of a single semiconductor. 2D materials
inherently possess a high surface-to-volume ratio, which produces more active sites
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and improves photocatalytic reactions by increasing interaction with water molecules.
The electronic properties of 2D materials can easily be tuned. The addition of a co-
catalyst plays a very important role in the photocatalytic reaction of heterostructure
by facilitating the separation of photogenerated electron-hole pair and increasing

the overall efficiency of water splitting. Co-catalysts promote redox reactions at the
surface [4]. The preparation of co-catalysts from noble metals like Au and Pt to non-
noble metals has been a great site of interest for researchers but their stability, cost,
and scarcity prohibit us from using them [5]. Transition metal-based co-catalysts like
cobalt and nickel have also been discussed but their efficiency significantly reduces
with time. Metal oxide-based co-catalysts do not transfer the charge carrier effi-
ciently. Therefore, we need the type of materials that are cost-effective, highly stable,
possess high quantum efficiency, and are present in abundant amounts on Earth. 2D
materials present a new class of emerging materials in energy storage and conversion
applications, with unique thickness-dependent properties in the optoelectronic field,
distinct charge mobilities, and larger surface areas [6]. This two-dimensional het-
erostructure indicates one of the great leaps forward in materials science, affording
unique properties crucial in many applications, including photocatalysis for hydrogen
production. 2D heterostructures have recently been considered highly important in
material science due to their unique properties and huge potential in various fields
like catalysis, electronics, and energy conversion. More precisely, due to the fascina-
tion with their capability to promote hydrogen evolution using water-splitting reac-
tions, positioning these heterostructures as key materials for solving major energetic
challenges around the world is in order. These materials provide flexible alternatives
for sustainable H, generation (Figure 1) [7].

2.1 Physical and chemical properties of 2D materials
2.1.1 High surface area

2D materials have a very high surface-to-volume ratio due to which more active
sites are exposed for catalytic reactions. Due to their exceptional physicochemi-
cal characteristics, two-dimensional (2D) heterostructures are leading the way in
research for hydrogen production by water splitting. High surface areas, which are
essential for promoting the photocatalytic processes required for effective hydrogen
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Figure 1.

Schematic representation of the separation of electron-hole pairs in traditional light-vesponsive heterostructures
(HSs): (a) type I, (b) type 11, and (c) type 111, veproduced with permission [1].
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production, are generally advantageous for these structures. Many active sites are
provided by the large surface area of 2D heterostructures, which is necessary for

the adsorption of water molecules and the subsequent production of hydrogen [8].
Enhancing charge separation and lowering electron-hole recombination are the main
benefits of 2D heterostructures in hydrogen production. This is crucial because effi-
cient charge separation makes the photocatalytic water-splitting process more effi-
cient. For these purposes, materials such as transition metal dichalcogenides (TMDs)
and graphitic carbon nitride (g-C3N4) have been extensively researched. In addition
to having large surface areas, these materials have appropriate band edge locations
that promote hydrogen evolution and water molecule activation [7, 9]. The Langmuir-
Hinshelwood kinetics can be used to mathematically express the link between surface
area and photocatalytic activity where the amount of reactant coverage on the catalyst
surface determines the reaction rate:

r=k0,0, )

Here, r and k represent the reaction rate and rate constant, 6, and 6 are the
surface coverage of reactants A and B, respectively [9].

The efficiency of materials such as MoS,, WS,, and layered double hydroxides in
photocatalytic hydrogen production has been particularly highlighted due to their
ability to optimize the physicochemical properties through surface functionalization
and bandgap engineering. These changes greatly improve their photocatalytic activity
by enhancing charge carrier dynamics and light absorption, which are essential for
effective solar-to-hydrogen conversion [8].

2.1.2 Bandgap tunability

In 2D heterostructures, band gap tunability refers to adjusting the difference of
energy between the valence and conduction band. This can be done by changing the
doping concentration, applying strain, making heterostructure with other suitable
2D material, or varying the number of layers of 2D material that leads to the quantum
confinement effect. For HER, the input energy required is 0 eV with respect to the
normal hydrogen electrode while for OER, this energy is 1.23 eV. The conduction
band minimum of the 2D heterostructure should be more negative than the H*/H,
(i.e. 0.0 eV) redox potential and the valence band should be more positive than O,/
H,0 (i.e. 1.23 eV). The band gap directly affects the optical properties by allowing
the material to absorb more visible light due to its narrowing. Narrowing of band
gap also improves the conductivity of charge carriers but it can also increase the
recombination of charge carriers. A wider band gap causes the effective separation of
photogenerated charge carriers which results in effective photocatalytic activity. The
electrical characteristics of 2D materials can be modified by altering their structures
and compositions or through external stimuli. Due to its tunability, band alignments
for certain processes can be optimized. Strain can affect the bandgap of 2D materials
Egas[6]:

Eg(e)zEg (0)—pxe 2)

Where E,(0) represents the bandgap at zero strain and p represents the material-
specific constant.
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Because of their large surface area and adjustable bandgap, 2D heterostructures
have emerged as a key component in effective hydrogen production by water splitting.
The bandgap of these materials is important as it determines how efficiently the light
is absorbed and how efficiently the charge carriers are generated and separated [10].

2.1.2.1 Bandgap engineering

In 2D heterostructures, bandgap engineering enables the optimization of light
absorption throughout the solar spectrum. Because of their tunable electrical char-
acteristics, which can be precisely adjusted by doping, applying strain, and creating
heterojunctions, materials like MoS,, WS,, and g-C;N, are widely used. For example,
shifting the bandgap through the application of external strain or the introduction of
transition metals can improve photocatalytic activity and solar light absorption [11].
Eq. (3) represents the connection between bandgap energy (Eg) and particle size or
strain of quantum dots.

h2
Eg=Eg0+— —~ 3
E =R e 3
Here, Eyo represents the bulk bandgap energy, h is Planck’s constant, m” is the
effective mass of the electron, and r is the radius of the quantum dot [11].

2.1.2.2 Material examples and their significance

Due to their stability and rich surface chemistry, MoS, and WS, are important for
photocatalytic water splitting. High catalytic activity and efficient charge transport
are made possible by their multilayer structure [12, 13]. Because of its polymer-like
structure, graphitic carbon nitride (g-C;N,) offers a strong foundation for photocata-
lytic applications, especially when exposed to visible light [14]. There are more active
sites available for photocatalytic reactions since 2D materials have a large surface area
by nature. This characteristic is essential for increasing the pace at which hydrogen
is produced because it permits a greater degree of interaction between the catalyst
and water molecules, which raises the photocatalytic efficiency [15]. Although using
2D heterostructures to produce hydrogen has advanced significantly, there are still
obstacles to overcome to achieve high quantum efficiency and scalability. Future stud-
ies are focused on creating novel heterostructures with ideal band alignment, creating
new 2D materials with exceptional stability, and creating scalable and cost-effective
methods [1]. In order to fulfill global energy demands, these discoveries and tech-
niques are opening the door for the creation of next-generation photocatalytic devices
that can use solar energy to produce hydrogen sustainably [6].

2.1.3 Enhanced charge carrier mobility

High electron and hole mobilities are common in 2D materials, which lower
recombination energy losses in photocatalytic reactions. The mobility p is calculated
by Eq. (4) [16].

u=erm’ 4)
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Where e is the charge on the electron, t represents the scattering time, and m”*
is the effective mass of charge carriers. In 2D materials such as graphitic carbon
nitride (g-CsNy4) and transition metal dichalcogenides (TMDs), charge carrier
mobility is an essential component. Effective light absorption and conversion
into chemical energy depend on the quick passage of charge carriers across the
material, which is made possible by it. The overall rate of hydrogen creation is
increased by high mobility, which ensures that electrons produced during light
absorption immediately reach the surface to take part in the hydrogen evolution
reaction. In order to efficiently fabricate 2D heterostructures, recent research
has investigated a variety of coating and printing methods. To sustain constant
photocatalytic activity over wide areas, uniform and continuous films are made
using methods like spray casting, inkjet printing, and 3D printing [7]. The incor-
poration of 2D heterostructures into scalable hydrogen production systems is
being made possible by the ongoing advancements in their synthesis and applica-
tion methods. Considerable improvements in the efficiency of hydrogen produc-
tion are expected as a result of continued research aimed at improving the charge
carrier dynamics and structural characteristics of these materials [16].

2.2 Significance in water splitting

The development of hydrogen, especially through the water-splitting process
using two-dimensional (2D) heterostructures, has gained attention as a result of the
search for sustainable energy options. These materials offer significant advantages
due to their atomically thin properties and high surface area for water splitting by
photocatalysis. The number of active sites available for enhancing the hydrogen
evolution reaction (HER) is directly correlated with the high surface area of 2D
heterostructures. This property is essential because it permits a wider range of
interaction between the catalyst and water molecules, which promotes higher rates of
water dissociation and the subsequent generation of hydrogen [17]. The overall water-
splitting reaction is expressed by Eq. (5).

H,0 - H, +1/20, AG(298k) =237.1kj mol (5)

The input energy requires a thermodynamic voltage of 1.23 V. Without bias,
the conduction band minimum of the semiconductor photocatalyst should be
more negative than the H'/H, redox potential and the valence band should be
more positive than O,/H,0. When a photon with energy equal to hv or greater
than the band gap energy of the semiconductor is absorbed, the electron in the
valence band gets excited and moves into the conduction band and positive holes
are left behind in the valence band. Generated electron takes a part in H, evolu-
tion at the cathode and the hole helps in O, evolution at the anode followed by the
following reaction.

Hydrogen evolution reaction is represented in Eq. (6).

2H" +2¢” —>H, (6)
Oxygen evolution reaction is represented in Eq. (7).
H,0 10, +2H" +2¢ @)
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In 1972, for the very first time, Honda and Fujishima first investigated water split-
ting through photoelectrochemical reaction using TiO, crystal as a photoanode and Pt
as a cathode. The reaction rate for hydrogen production can be expressed by Eq. (8).

E
Tj (®)

Rate = k-exp (— R -

Where k is the reaction rate constant, E, is the activation energy, R is the universal
gas constant, and T is the temperature. The availability of more active sites effectively
reduces E,, thereby increasing the reaction rate [18].

2.2.1 Materials and their photocatalytic roles

Graphene is known for its exceptional electrical conductivity and mechani-
cal strength, graphene serves as an excellent support material in heterostructures,
improving the electron mobility and durability of the catalyst [12]. Graphene and
molybdenum disulfide (MoS2) are commonly combined to create heterostructures
that improve photocatalytic activity by reducing recombination and improving charge
separation. MoS, edge sites are active for hydrogen adsorption and desorption [14].
The polymer-like substance known as graphitic carbon nitride (g-C;N,) has found
widespread application due to its stability under photocatalytic conditions and visible
light sensitivity. g-C3N, increases the range of light absorption when included in
heterostructures, which speeds up the synthesis of hydrogen [12]. The effectiveness of
these heterostructures is further increased by adjusting the interlayer spacing, strain
engineering, and doping which tuned their electrical properties. Researchers can
maximize hydrogen generation by adjusting these characteristics by optimizing the
band alignment for more effective charge transfer and separation. Combining several
2D materials frequently produces synergistic effects, where the qualities of the com-
posite are better than their individual properties. This effect is very useful because
the complexity of the reaction mechanisms in water splitting requires an extremely
effective catalytic system [3]. When considering photocatalytic water splitting, the
characteristics of 2D heterostructures are very important for a number of reasons:

2.2.2 Enhanced light absorption

The remarkable light-absorbing properties of 2D heterostructures, which are
ascribed to their distinct electronic structures, make them useful for solar-driven
hydrogen synthesis. These materials have highly adjustable bandgaps that enable
them to absorb maximum light by modifying the electrical characteristics through
doping, compositional changes, or structural alteration [19]. Materials like WS,
MoS,, and graphene are well known to absorb a wide range of light, including vis-
ible and near-infrared (NIR) regions which is essential for effectively promoting the
photocatalytic water-splitting process [20, 21]. Graphitic Carbon Nitride (g-C3;N,), an
extensively researched 2D material, shows excellent properties due to high stability
and suitable band gap for water splitting when exposed to sunlight [22, 23].

2.2.3 Facilitated electron-hole separation

In heterostructures, the strategic band edge alignment promotes effective charge
separation which is essential for enhancing the photocatalytic activity. The alignment of

127



Light-Driven Materials and Devices — Fundamentals and Emerging Applications

the valence band maximum (VBM) and conduction band minimum (CBM) across the
heterojunction is often used to illustrate this. Effective electron-hole pair separation is
essential to avoiding recombination, which is a common problem that drastically reduces
photocatalytic system effectiveness. This separation is made easier by 2D heterostruc-
tures, especially those made of layered materials, due to their integrated electric fields
and heterojunction interface. By facilitating rapid spatial separation of charge carriers,
layered TMDs can create van der Waals heterostructures that limit recombination and
enhance effective charge transport when combined with materials like graphene [17].

2.2.4 Strong mechanical stability

For 2D heterostructures to last and maintain their functional integrity in photo-
catalytic applications, their mechanical robustness is essential. Cross-layer linkage
and integration with substrates that offer extra mechanical support improve the
strength and flexibility of these materials. When combined with other 2D materials,
flexible materials like graphene improve overall structural robustness without losing
electrical or photocatalytic capabilities [17]. Commercial water-splitting devices by
integration of 2D heterostructure are still required to overcome challenges related
to scalability and cost-effectiveness. For the large-scale production of high-quality
materials, synthesis process innovations like chemical vapor deposition (CVD) and
exfoliation are essential [3]. 2D heterostructures provide a pathway to effectively
capture solar energy and have great potential for sustainable hydrogen production.
Their development is a major step toward the realization of practical and extensible
hydrogen fuel production systems, which are essential for meeting the world’s energy
demands in a sustainable manner. To fully utilize these materials’ potential and make
sure they satisfy the performance and cost requirements required for broad use in the
energy sectors, more research and development is required [3].

3. Basic principle of hydrogen production

This process involves the use of sunlight to split water into hydrogen and oxygen.
2H,0 +sunlight - 2H, + O, 9)

When sunlight is exposed to a 2D heterostructure, it generates electron and hole
pairs. For efficient hydrogen production, it is necessary that these photogenerated
charge carriers separate efficiently. Co-catalyst helps to separate these charge carriers.
The generated electrons move to the conduction band of the photocatalyst and holes
are left behind in the valence band which oxidizes water molecules and produces
oxygen gas and hydrogen ions. The electrons have enough energy to further react with
hydrogen ions and produce hydrogen gas followed by

2H" +2e¢ —>H, (10)

4. Proposed methods to improve H, production

In the transition to sustainable energy systems, hydrogen production is essential,
but conventional techniques often require a lot of energy or non-renewable resources.
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Significant efforts are being made to increase the efficiency and environmental
impact of hydrogen generation in response to the growing need for cleaner energy
options. The development of photocatalytic materials, particularly the strategic appli-
cation of co-catalysts over 2D heterostructures, has energized the search for effective
hydrogen production by water splitting. In order to improve hydrogen production,
this chapter explores the optimal photodeposition of co-catalysts on 2D materials,
emphasizing important techniques and their key ideas [24]. Here is a thorough break-
down of the several approaches currently being used to increase H, generation:

4.1 Steam methane reforming (SMR)

For industrial hydrogen production, Steam methane reforming (SMR) is the most
widely used and economically feasible technique. Methane and steam undergo a cata-
lytic reaction at high temperatures to produce carbon monoxide and hydrogen. This
approach is quite effective in terms of hydrogen generation and makes use of plentiful
natural gas resources. However, due to the significant emission of carbon dioxide dur-
ing this process, it also raises environmental challenges [25]. Steam and methane are
combined, and the mixture is heated to temperatures ranging from 700 to 1000°C,
while maintaining a pressure of 3-25 bar. This procedure involves an endothermic
reaction to generate carbon monoxide and hydrogen:

CH, (g)+H,0(g) —>CO(g)+3H,(g) (11)

Since nickel-based catalysts can withstand high temperatures and effectively
catalyze the reforming reaction, they are frequently utilized to speed up the process.
This method is the most prevalent for industrial hydrogen production, providing a
high yield of hydrogen [26].

4.2 Electrolysis

Electrolysis is a transformative technology that allows for the decomposition of
water into its elemental components, hydrogen and oxygen, using electrical energy.
This method is not only fundamental but also pivotal in the shift toward sustainable
and clean energy production. It decomposes water into oxygen and hydrogen using
electricity [27]. An electric current is passed through water containing an electro-
lyte, causing hydrogen and oxygen gases to be released at the cathode and anode,
respectively:

2H,0(1) > 2H, (g) + 0, (g) (12)

Noble metal catalysts like platinum and iridium are often used to enhance effi-
ciency and to provide a clean hydrogen production route, especially when powered by
renewable energy sources [28, 29].

4.3 Photocatalytic water splitting

Photocatalytic water splitting is a cutting-edge technique that leverages the power
of sunlight to convert water into hydrogen and oxygen, presenting a promising path-
way toward sustainable hydrogen production. This method utilizes solar energy to
catalyze the splitting of water molecules. The energy absorbed from sunlight excites
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the electrons in the photocatalyst, creating electron-hole pairs that are essential for
driving the chemical reactions needed to split water into its elemental components.
Photocatalysts absorb photons, generating electron-hole pairs that drive the water-
splitting reactions [30]. The efficiency (1) of photocatalytic water splitting can be
described by:

Power out (Hydrogen)

n= (13)

Power in (Solar)

The efficiency of the photocatalyst and the total solar-to-hydrogen conversion
efficiency can be evaluated with the use of this formula. Common materials include
TiO,, CdS, and newly developed perovskites. This method harnesses solar energy,
making it highly sustainable [27].

4.4 Biological production

Biological hydrogen production utilizes the intrinsic capabilities of certain micro-
organisms, such as algae and bacteria, to generate hydrogen, representing a renewable
approach to energy generation. This method taps into the metabolic processes of these
organisms, where biologically mediated reactions lead to hydrogen gas as a byprod-
uct. Certain microorganisms have metabolic pathways that, through direct bio photol-
ysis, indirect bio photolysis, or fermentation, produce hydrogen. These processes are
catalyzed by specific enzymes such as hydrogenases and nitrogenases [31, 32]. These
microorganisms are cultured under controlled conditions that optimize their growth
and hydrogen production efficiency. Parameters such as pH, temperature, nutrient
supply, and light intensity are meticulously managed to maximize yield. Advances
in genetic engineering and biotechnology have led to the development of modified
strains of bacteria and algae that demonstrate enhanced hydrogen production capa-
bilities compared to their natural counterparts [32].

4.5 Thermochemical water splitting

Thermochemical water splitting represents a high-temperature chemical process
designed to decompose water into hydrogen and oxygen, offering an alternative route
to traditional electrolytic methods. This method capitalizes on the thermodynamic
shifts that occur at elevated temperatures, enabling the efficient breakdown of water
molecules through a series of chemical reactions. This method utilizes multiple
thermochemical cycles, where heat energy is converted into chemical energy, facili-
tating the disassociation of water. The process typically involves two or more chemical
reactions. Heat is supplied, often from solar, nuclear, or residual industrial sources,
to drive endothermic reactions. These reactions are cyclically reversed to produce
hydrogen and oxygen separately. High-temperature ceramics and other refractory
materials are used to contain and manage the extreme conditions necessary for the
reactions. Various chemical compounds, such as metal oxides, are also employed to
mediate the reactions, undergoing reduction and oxidation in a cyclic manner [33].
This process offers a large-scale, continuous production capability and is especially
attractive when combined with nuclear or renewable energy sources. Compared
to fossil fuel-based techniques, thermochemical splitting can drastically lessen its
environmental impact by utilizing high temperatures and potentially emission-free
energy sources (Figure 2) [32, 33].
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Hydrogen production methods.

5. Processes involved in photocatalytic H, production

Photocatalytic hydrogen production utilizing 2D heterostructures involves a
number of steps, all of which are essential to increasing the system?’ effectiveness [7].

5.1 Photocatalytic mechanisms

For efficient photocatalytic processes, 2D heterostructures are designed to maxi-
mize light absorption and improve charge separation. Band gaps in 2D materials, such
as MoS,; and WS,, are ideal for absorbing significant portions of the solar spectrum.
For example, MoS2 can efficiently absorb visible light due to its band gap, which
varies between 1.2 and 1.9 eV depending on the thickness of its layer [34]. The optical
properties of these materials are impacted by their thickness, leading to quantum
confinement effects, which occur when electron mobility is restricted to two dimen-
sions. As the material’s dimensions reduce, this confinement may cause the band gap
to expand, improving the material’s ability to absorb light. Many 2D heterostructures,
such as MoS,/WS,, form type-II heterojunctions when combined. The valence band
maximum and conduction band minimum of the two materials in these heterojunc-
tions overlap one another, resulting in an inherent electric field at the interface [1].
By separating electron-hole pairs produced by light absorption, this field lowers
recombination rates and increases the lifetimes of charge carriers. Effective spatial
separation of charges is facilitated by the heterojunction’s energy band alignment.
Differences in electrochemical potential cause electrons and holes to be driven in
opposing directions, increasing separation efficiency, and decreasing recombination.
The distinct layered structures of materials like graphene, MoS,, and WS; facilitate
effective charge dynamics, which are essential for photocatalytic activity. These
materials have a high surface area to volume ratio due to their atomically thin and
layered structure, which increases the number of active sites available for reactions
and interactions with matter and light. For photocatalytic applications to effectively
disperse energy and adsorb additional reactant molecules, this large surface area is
essential. For instance, graphene’s remarkable electrical conductivity is well-known.
By acting as an electron sink or transport layer, graphene can help carry charge car-
riers from the photocatalyst surface to a reaction site when combined with other 2D
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materials such as MoS, or WS,. This boosts the photocatalytic process’ efficiency and
lowers the possibility of electron-hole recombination [35].

5.2 Band alignment and charge separation

The precise alignment of the materials’ valence band (VB) and conduction band
(CB) often hinders the efficiency of photocatalytic devices. For instance, charge
carriers can be effectively separated using type-II heterojunctions. A driving force
that separates the electron-hole pairs and prolongs their lifespan is created in these
systems when the CB and VB of one material are energetically lower than those of
another, increasing the efficiency of hydrogen production [10]. The conduction band
minimum (CBM) and valence band maximum (VBM) of one semiconductor material
are positioned energetically lower than those of another semiconductor in contact
with it in a Type-II heterojunction. Because this kind of band alignment separates
charge carriers spatially, it is essential. There is an inherent electric field or potential
gradient created by the offset between the CBM and VBM across the connection. This
field pulls the photogenerated electrons and holes in opposite directions, acting as a
driving force. Through spatial separation, the heterojunction considerably lowers the
likelihood of electron and hole recombination. A frequent problem in photocatalytic
systems is recombination, which lowers the effectiveness of charge carriers in pro-
moting the intended processes, including the creation of hydrogen. Charge carriers
are made available for catalytic reactions at the material surface due to their spatial
separation and long lifespan. When producing hydrogen, the separated electrons may
efficiently make their way to the catalytic sites and convert protons (H+) to hydrogen
(H,). The efficiency of the hydrogen generation process is increased overall because
of the efficient charge separation, which also allows the photocatalytic system to
better use absorbed solar energy by converting more of it into chemical energy in the
form of hydrogen [36].

6. Materials engineering for enhanced photocatalytic efficiency

Recent research has concentrated on van der Waals heterostructures, combining
materials such as g-C;N, and SiH, which have demonstrated potential in enhancing
the photocatalytic characteristics required for effective hydrogen evolution. Van der
Waals heterostructures are made up of two or more two-dimensional materials that
are layered together using van der Waals forces rather than a strong chemical con-
nection. Without the lattice mismatch problems that are typical of traditional hetero-
junctions, this special interaction makes it simple to tune electrical characteristics.
The combination of different 2D materials, such as SiH (silicon hydride) and g-C;N,
(graphitic carbon nitride), can result in optimized band alignment [37]. This align-
ment is crucial for improving charge separation and transport, as it can be engineered
to create a straddling band gap that facilitates efficient movement of electrons and
holes to their respective reaction sites. These materials provide a high surface area and
active sites crucial for the reaction. High surface area materials expose more catalytic
sites to the reactants. In the case of photocatalytic water splitting, this means more
available sites for water molecules to adsorb and subsequently be split into hydrogen
and oxygen. Graphitic carbon nitride (g-C;N,) and silicon hydride (SiH) are two
examples of 2D materials that can be combined to produce optimal band alignment
[37]. It is possible to manipulate this alignment to produce a straddling band gap that
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efficiently transports electrons and holes to their respective reaction sites, which is
essential for enhancing charge separation and transport. These substances offer a
large surface area and active areas that are essential to the reaction. Materials with

a large surface area reveal more catalytic sites to the reactants. More sites for water
molecules to adsorb and then split into hydrogen and oxygen are thus accessible in the
case of photocatalytic water splitting. Materials like g-C;N, are known for their stable,
polymeric structures that not only offer high surface areas but also possess suitable
electronic properties for catalysis. The presence of nitrogen in g-C3;N,, for instance,
introduces p-type semiconductor characteristics that are beneficial for the adsorption
and reduction processes involved in hydrogen production [38].

7. Photocatalytic water-splitting mechanism

The overall photocatalytic water-splitting process can be described by two
half-reactions:
Oxidation Reaction (Oxygen Evolution Reaction, OER):

2H,0 50, +4H" +4¢” (14)

Reduction Reaction (Hydrogen Evolution Reaction, HER):
4H" +4e” —2H, (15)

For efficient water splitting, the photocatalyst must have a CB energy level more
negative than the hydrogen reduction potential (0 V vs. NHE) and a VB energy level
more positive than the oxygen evolution potential (+1.23 V vs. NHE). These reactions
are driven by photoexcited electrons and holes generated upon light absorption by the
photocatalyst.

8. Type-II, Z-scheme, and S-scheme heterojunctions

To optimize photocatalytic hydrogen production, several heterojunction designs,
such as Type-II, Z-scheme, and S-scheme heterojunctions, are widely employed.
Each scheme has unique mechanisms for enhancing charge separation and reduc-
ing electron-hole recombination, which are critical for improving the efficiency of
photocatalytic processes (Figure 3) [39].

8.1 Type-II heterojunctions

Two semiconductors’ valence band (VB) and conduction band (CB) align staggered
in a Type-II heterojunction. While holes can go from one material’s VB to another’s VB,
electrons can migrate from one semiconductor’s CB to another’s lower-energy CB, thanks
to this band alignment. By reducing recombination, this spatial separation of electrons
and holes promotes more effective charge use [40]. For photocatalytic hydrogen evolu-
tion, the g-C;N4/MoS, system is a well-studied example of a Type-II heterojunction [39].
MoS,, a 2D material with appropriate band locations, and g-C;N,, a well-known pho-
tocatalyst with visible light activity, combine to generate a Type-II heterojunction that
improves electron transport and raises the efficiency of the hydrogen evolution reaction
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Figure 3.
Types of heterojunctions.

(HER). MoS;'s layered structure increases the surface area for catalytic reactions and
adds more active sites. A ZnS/ZnSe Type-II heterojunction, which enhances hydrogen
production because of its efficient hot photocarrier transfer mechanism, is demonstrated
in another noteworthy study [41]. The effectiveness of photocatalytic hydrogen genera-
tion is greatly increased by the rapid electron transfer from ZnS to ZnSe made possible
by the staggered band locations (Figure 4) [40].

8.2 Z-scheme heterojunctions

In the Z-scheme heterojunction, two distinct photocatalysts are connected to
produce a stepped potential gradient, simulating the natural photosynthetic process.
Unlike Type-II heterojunctions, Z-scheme systems allow for the recombination
of photogenerated electrons and holes between two semiconductors. This process
leaves behind highly energetic electrons and holes that are spatially separated, which
improves both the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) [43, 44]. For example, the ZnIn,S,/NiCoP Z-scheme system demonstrated

A B
*

h*h™h*

Like charges repel;
Opposite charges attract

Type-II heterojunction

Figure 4.
Electron transfer mechanism in type-II heterojunctions and their limitations reproduced with permission [42].
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enhanced visible-light-driven photocatalytic hydrogen production by improving
electron-hole separation and reducing recombination rates. The hydrogen production
rate in this Z-scheme heterojunction reached 5098.12 pmol.g ".h ™", showcasing its
superior performance compared to conventional photocatalysts. Another remark-
able Z-scheme system is the g-C;N,/TiO, nanotube-based photocatalyst, where the
interaction shifts from Type-II to Z-scheme heterojunctions as the ratio of g-C;N,
increases. This transition significantly enhances the photocatalytic hydrogen produc-
tion rate due to improved charge separation [43].

8.3 S-scheme heterojunctions

The S-scheme heterojunction is an advanced version of the Z-scheme, designed
to preserve strong redox potentials while improving electron transfer efficiency. An
S-scheme system is more effective than conventional Type-II or Z-scheme heterojunc-
tions because photogenerated electrons and holes are pushed to their appropriate cata-
lytic sites without sacrificing the oxidation and reduction potentials. A recent study
on ZnO/CdS S-scheme heterojunctions, for instance, showed increased photocatalytic
hydrogen production as a result of better electron transfer efficiency and carrier
separation. The hydrogen evolution rate is greatly increased by the handy conduit that
the tubular structure of ZnO and CdS affords for photogenerated charges. Another
study focuses on the Co9Se8/TiO, S-scheme heterojunction, which improved light
absorption and charge separation made possible by the S-scheme design, resulting in
a notable rise in H, evolution efficiency. The potential of S-scheme heterojunctions in
large-scale hydrogen generation applications was demonstrated by this heterojunc-
tion, which performed better than the individual components (Figure 5) [45].

9. Work function compatibility, pH, oxidation, and reduction potentials,
electronegativity

The photocatalyst and co-catalyst’s energy levels must line up for effective pho-
tocatalytic water splitting. To attain maximum performance, factors including pH,
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electronegativity, oxidation and reduction potentials, and work function compatibil-
ity must be properly considered [45].

The energy needed to extract an electron from a material’s surface to the vacuum
level is known as the material’s work function. The photocatalyst and the co-catalyst
need to have compatible work functions in order to promote charge transfer. For
instance, the conduction band of TiO, and the work function of platinum are well
matched in a Pt-modified TiO, system, enabling effective electron transport to the Pt
sites for hydrogen evolution [46].

The efficiency of charge transfer is also influenced by the difference in electro-
negativity between two materials. The difference in electronegativity between the two
materials in a heterojunction system such as g-C3;N,4/TiO, promotes electron flow from
TiO, to g-C3Ny, increasing the rate of hydrogen generation [46].

The oxidation and reduction potentials of the water-splitting reaction are
influenced by the electrolyte solution’s pH. The efficiency of hydrogen synthesis is
increased in an acidic environment because the reduction potential for hydrogen
evolution is decreased. For instance, it has been demonstrated that raising the pH to a
somewhat acidic level in S-scheme ZnO/CdS heterojunctions increases the efficiency
of H2 production [47].

To ascertain whether the photocatalyst can propel the hydrogen evolution and
oxygen evolution reactions, the oxidation and reduction potentials of water split-
ting are crucial. The photocatalyst’s valence band needs to be more positive than the
oxidation potential of H,0/0, (~1.23 V vs. NHE), and its conduction band needs to be
more negative than the reduction potential of H*/H, (~0 V vs. NHE) [47]. The band
alignment, for example, guarantees that the CB and VB positions are energetically
favorable for both HER and OER in the V,05/C3Ns Z-scheme heterojunction, leading
to increased photocatalytic hydrogen generation. For effective charge separation and
transfer in such systems, it is essential to match the Fermi energy levels and optimize
the interface design [43].

A very successful method for improving charge separation and lowering recombi-
nation in photocatalytic H, production is the application of Type-II, Z-scheme, and
S-scheme heterojunctions. The efficiency of solar-driven hydrogen production can be
greatly increased by these heterojunction devices by adjusting parameters including
pH, band alignments, electronegativity, and work function compatibility. Realizing
large-scale hydrogen production using photocatalytic water splitting requires ongoing
study into creating sophisticated heterojunction designs and comprehending their
charge transfer mechanisms [45].

10. Properties of co-catalyst
10.1 Bandgap of co-catalyst

The band gap of the co-catalyst is an important parameter for HER. For effective
H, production, the conduction band position of the co-catalyst should be aligned
appropriately with the conduction band position of a photocatalyst. To facilitate the
transfer of electrons, the conduction band energy level of the co-catalyst should be
more negative than the conduction band of the photocatalyst but at the same time, it
should be higher than hydrogen reduction potential to effectively carry the reduction
reaction [48, 49]. The positions of the valance band and conduction band are also
very crucial because a too-narrow band gap could cause the band position to drop
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below the potential needed for proton reduction which would make the photocatalyst
inactive [50]. A catalyst with a narrow band gap can capture a wider range of solar
light which improves light harvesting and increases photocatalytic activity [51]. For
semiconductors, the ideal band gap is 1.23 eV to absorb visible light but practically

it should be greater than 2.0 eV [52]. This makes it possible for the co-catalyst to
produce enough charge carriers for photocatalytic reaction by absorbing more light
from the solar spectrum. Band gap engineering of the covalent organic framework
has shown that narrowing the band gap significantly improves photocatalytic activity.
In the study of COFs, the COF-OH-3 exhibits the highest hydrogen production rate
of 9.89 mmol. g™.h™". This is due to the optimal band gap of 2.28 eV, which efficiently
utilizes solar energy and improves photocatalytic hydrogen production [53].

10.2 Surface-to-volume ratio of co-catalyst

The surface-to-volume ratio of the co-catalyst also affects the catalytic activity
because it provides more active sites. Co-catalyst with more active sites reduces the
activation energy for HER [54]. Improved catalyst-reactant contact made possible
by larger surface area makes hydrogen production more effective. Studies have
demonstrated that materials like silicon carbide (SiC) and other materials with large
specific surface areas provide much better catalytic performance when accompanied
by co-catalyst. A high surface-to-volume ratio allows better dispersion of catalyst
nanoparticles which improves the catalyst-reactant contacts and raises the H, produc-
tion rate [55]. Furthermore, the distinct nano-porous structures of these catalysts also
enhance charge separation, durability, and stability during reaction [56]. Studies have
shown that the porous structure of the co-catalyst maintains the catalytic activity for
along time and also prevents the agglomeration of catalyst particles which reduces
the surface area and consequently the catalytic performance. For example, Shah et al.
[57] reviewed about atomic scale structure of MoS, nanosheets and discussed the
formation of its heterostructure with TiO,, g-C3N, and other semiconductors that
boost H, production. Reducing the size of MoS, to quantum dots also resolves the
issue of appropriate band alignment.

10.3 Work function of co-catalyst

Work function is the amount of energy required to remove an electron from the
surface of a material. The work function of co-catalyst tells about the ease with which
electrons can move from catalyst to 2D material heterostructure. Studies show that
the modulation of the work function of the co-catalyst causes a redistribution of
electrons spontaneously which creates a built-in electric field that promotes water
adsorption and increases the charge transfer efficiency, which consequently increases
the activity of HER [58]. Lower work function makes it easier for electrons to transfer
from the conduction band of the photocatalyst to the co-catalyst. On the catalyst sur-
face, H-intermediate adsorption energy optimization ensures efficient adsorption and
desorption, which is critical for HER [58, 59]. Charge recombination also increases
with a decrease in work function. Co-catalysts with high work function cause the
trapping of photoelectrons, which is essential for photocatalytic activity. Beasley,
Kumaran Gnanamani [60] studied different co-catalysts like Pt and Pd and compared
their work function to that of TiO,. It was found that the work function of Pt and Pd
is higher compared to TiO,, which results in excellent hydrogen production. The work
functions of Ag, Ru, and Cu are either equal or less than TiO, due to which the excited
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electron moves back to TiO,. Materials having higher work functions have better
catalytic properties because they provide more active sites that facilitate the proton
to reduce to hydrogen gas. Co-catalysts with suitable work functions also increase the
stability of photocatalysts [61].

10.4 Strong interaction with 2D heterostructure

The robust interaction of co-catalyst with 2D heterostructure is a very impor-
tant parameter to maintain the long-term stability and catalytic performance of
2D heterostructure for hydrogen production [57]. Co-catalysts strongly coupled
with heterostructure efficiently transfer charges and reduce their recombination
[62]. Strong interaction between co-catalyst and 2D heterostructure makes the
system able to absorb a broader spectrum of solar radiations which leads to the
generation of more charge carriers. The interaction between co-catalyst and 2D
heterostructure produces more active sites [63]. For example, the introduction of
a metal-organic framework increases the density of catalytic sites, which increases
the catalytic performance by increasing the adsorption and activation of reactants
[64]. DFT calculations have also shown that such type of interaction lowers the
dissociation energy barrier of water molecules and increases the efficiency of
hydrogen production [59]. Weak interaction results in the reduced generation
and separation of photogenerated electron-hole pairs, inefficient absorption of
sunlight, lower density of catalytic sites, high energy barrier, and also reduced
stability and durability. Weak interaction also leads to poor charge transfer that
causes the recombination of photogenerated electron-hole pairs before they
participate in H, production [65].

10.5 Low overpotential

To produce H, gas, additional voltage is required to overcome inefficiencies
like energy losses, slow reaction kinetics, etc. This additional voltage is known
as overpotential. For efficient hydrogen production, the overpotential should be
as low as possible. Various factors affect the overpotential such as limitations in
mass transport and charge transfer, interfacial bonding, and kinetics barriers.
Adding a co-catalyst in 2D heterostructure significantly reduces the overpoten-
tial. The addition of a co-catalyst produces more active sites and decreases the
energy barrier, which consequently reduces the overpotential. It also improves the
charge transfer efficiency between photocatalyst and co-catalyst, which is crucial
because low charge transfer causes higher overpotential. For example, Yu et al.
[66] incorporated MoS; into a 2D heterostructure, which facilitates charge trans-
fer and increases electrical conductivity. Co-catalysts can stabilize reaction inter-
mediates which ensures their performance over a long time, increasing reaction
efficiency and lowering the need for extra voltage [67]. The electronic structure
of the 2D heterostructure is also modified by aligning the energy levels in a more
favorable position, as seen in MoS, heterostructure. This results in the optimiza-
tion of the binding energy of the hydrogen atom, thereby reducing overpotential
[68]. The optimal photodeposition method provides uniform distribution and
robust interaction between co-catalyst and 2D heterostructure that increase the
charge transfer efficiency, reduce the energy loss, and significantly reduce the
overpotential, thereby increasing hydrogen production.
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10.6 Chemical stability

The chemical stability of 2D heterostructure and co-catalyst is very crucial to
maintaining the H, production efficiency for a long time. Chemical stability refers to
the ability to resist any chemical change or degradation during an H, evolution reac-
tion. When a co-catalyst is added, its efficiency is affected in many ways. The high
amount of co-catalyst causes aggregation and blocks the active sites so the amount of
co-catalyst should be optimized to increase stability without aggregation [57]. The
active sites of heterostructure can be stabilized by co-catalyst, which ensures their
activation throughout the reaction [69]. The stability can be enhanced by controlling
the pH and temperature of the operating system. It can also be increased by using
advanced techniques to form strong bonds and well-defined interfaces between co-
catalyst and 2D material. Surface characteristics of 2D materials can also be modified
by adding a co-catalyst, which increases the resistance of material from photo corro-
sion and from other degradation or leaching processes. Weak interfacial interaction
between co-catalyst and photocatalyst causes leaching during chemical reactions,
which increases the structural instability and loss of their performance during HER.
Noble metals like Pt are highly stable and do not undergo corrosion for long-term use
for hydrogen production. The co-catalyst and photocatalyst should be stable at high
temperatures because they cause changes in the structural phase. For example, Xu
etal. [70] prepared a ternary composite photocatalyst and found improvement in the
production of hydrogen. This enhancement is due to a decrease in the recombination
rate of photogenerated charge carriers and higher chemical stability and electrical
conductivity. So, to enhance the long-term efficiency of hydrogen production, we
need materials that have high chemical stability.
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