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INTRODUCTION

Over the past decades, the study of increasing the efficiency of solar cells
(SCs) has remained one of the key directions of modern photovoltaics and
energy research. The classical single junction solar cell based on a p-n
junction, despite significant progress in fabrication technologies, has still not
reached the theoretical Shockley—Queisser of about 33% (Shockley &
Queisser, 1961). The main reason of this low value is the fundamental intrinsic
losses determined by the interaction of photons with the semiconductor
material (Hirst & Ekins-Daukes, 2011). Among them, the most significant are
spectral losses, which occur due to the absence of absorption of photons with
energy lower than the bandgap width (E,), and so called thermalization losses,
which are related to the dissipation of the excess energy of photons with
energy higher than E, in the form of heat during the rapid relaxation of hot
carriers. Together these two mechanisms account for up to 80% of all intrinsic
losses in solar cells (Hirst & Ekins-Daukes, 2011). The practical efficiencies
of about 26% for Si and 28% for GaAs still remain below the theoretical
maximum.

The development of third-generation photovoltaics is aimed at overcoming
these limitations through the use of multijunction structures, spectral
conversion, quantum wells and quantum dots, as well as the concept of hot
carrier solar cells. Such devices, thanks to the selective extraction of carriers
before their thermalization, have the potential to reach efficiencies of up to
66% (Ross & Nozik, 1982). However, the practical realization of these
structures faces technological challenges associated with the extremely short
lifetime of hot carriers, which lies within the picosecond range. At the same
time, hot carriers may induce a photovoltage of opposite polarity to the
generation-related component, thereby lowering the overall efficiency of a p-
n junction-containing solar cell (Masalskyi & Gradauskas, 2022).

In this context, the hot carrier phenomenon appears to play a dual role. On
the one hand, it represents an additional mechanism of intrinsic losses in
classical solar cells that questions the attainability of the theoretical efficiency
limit. On the other hand, it opens up prospects for the creation of new, highly
efficient photovoltaic structures and sensor devices in which hot carrier
processes can be deliberately and controllably exploited.



Objective

The objective of the research is to investigate the role of hot carriers in
single junction solar cells with a particular focus on their direct impact on the
photovoltaic response.

The study aims to evaluate the temperature and spectral conditions under
which hot carriers become dominant. Special attention is devoted to the
purposeful utilization of the hot carrier effect for the development of novel
semiconductor structures, in particular ratchet-based electromagnetic
radiation sensors, operating on the basis of hot carrier processes.

Tasks of the research

To achieve the objective of the research, the following tasks were
formulated:

1. To investigate current-voltage characteristics of GaAs and Si p-n
junctions under laser excitation with different wavelengths and intensities
and to analyze the interplay between generation and hot carrier
photocurrents.

2. To determine the temperature and spectral conditions under which the hot
carrier contribution becomes significant or dominant in the total
photovoltaic response.

3. To evaluate the effective hot carrier temperature from current-voltage
characteristics.

4. To develop, model, and experimentally test a GaAs/AlGai.xAs ratchet-
based sensor operating on the hot carrier effect for detection of the
electromagnetic radiation.

Scientific novelty

For the first time, the direct impact of hot carriers on the photovoltaic
response of single junction solar cells, particularly GaAs and Si p-n junctions,
has been experimentally demonstrated over a wide range of wavelengths and
temperatures. The effective hot carrier temperature has been determined based
on the analysis of current-voltage characteristics and their temperature
dependence, specifically for industrial silicon solar cells. In addition, a
GaAs/AlGa;«As ratchet-based sensor operating on the hot carrier effect has
been developed and experimentally tested. The investigations showed
viability of the sensor over a broad spectral and temperature range, providing
a novel approach to electromagnetic radiation detection.
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Practical value of the research findings

The obtained results make it possible to refine the mechanisms of
photovoltaic response formation in single junction solar cells and can be
applied to revise the efficiency limits of the conventional structures.

The determination of the effective hot carrier temperature in industrial
silicon solar cells enables more accurate prediction of their operational
characteristics under different operating conditions, especially in the
concentrated light systems.

The developed and experimentally tested GaAs/AlGai<As ratchet-based
sensor demonstrates the practical potential of utilizing the hot carrier
effect in devices for electromagnetic radiation detection, particularly in
the infrared region, without the need for cryogenic cooling.

Statements for defence

The hot carrier photocurrent is present in p-n junction-containing solar
cells independently of light photon energy; it results both from the
intraband and interband light absorption.

The hot carrier photocurrent becomes significant at voltage close to the
maximum power point of a solar cell, underscoring the fundamentally
detrimental impact of hot carrier processes on device operation.

The effective hot carrier temperature can be quantitatively determined
using the voltage-temperature coefficient method, providing a direct
experimental approach for analyzing carrier heating dynamics in
photovoltaic devices.

A GaAs/AliGa;<As ratchet-based sensor operates in a wide spectral range
detecting both sub- and above-bandgap photons, and its successful
operation in the IR range does not require cryogenic cooling.

Author contribution

The author independently carried out the main part of the experimental

investigations of GaAs and Si p-n junctions under laser excitation at different
wavelengths, intensities and temperatures. The author performed the analysis
and visualization of the collected data, separation of generation-related and
hot carrier photocurrent components, and the evaluation of effective hot

carrier temperature in industrial silicon solar cells. The concept and design of
the GaAs/AliGa;xAs ratchet-based sensor were developed with the direct
participation of the author, who also conducted its experimental testing and
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interpretation of the results. The author prepared the manuscripts of the related
scientific publications and presented the outcomes at international and
national conferences.
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1. LITERATURE REVIEW
1.1. History of Photovoltaics

The high growth of worldwide energy use, together with ongoing
environmental problems like climate change, has highlighted renewable
energies as critical to sustainable development. The increasing requirement
for replacement of fossil fuel-based energy systems with sustainable and clean
energy sources has caused particular interest towards solar photovoltaics.
Generation of electricity by solar cells represents one of the most promising
solutions identified for sustainably meeting the future energy requirements of
humanity. It transforms sunlight into electricity via the photovoltaic effect,
thus reducing gas emissions and utilizing the solar energy. Significant
reductions in photovoltaic module prices over the last twenty years have
triggered a rapid development of photovoltaic technology (Green, 2000;
Razykov et al., 2011; Green, 2019).

However, research on the conversion of solar energy to electrical energy
started as early as the 1800s. The French physicist Edmund Becquerel is
frequently acknowledged for initiating the evolution in solar energy utilization
through an article in 1839, in which he described an experiment with a wet
cell battery (Becquerel, 1839). In his study, Becquerel observed that exposing
silver plates to sunlight increased the output voltage of the battery. This
finding opened new opportunities for further research (Goetzberger et al.,
1998; Green, 1995). Nevertheless, it was not a priority at that time, as fossil
fuels were cheap and easily available. Further initiatives to support this initial
research were made in the 19th century. Adams and Day investigated the
impact of sunlight on selenium in their paper (Adams & Day, 1877). In 1883,
Charles Edgar Fritts, an electrician from New York, developed a prototype
solar cell with an efficiency ranging from 1-2%, which had similarities to the
typical solar cells used at the beginning of the 21st century (McCrea, 2008).
The efficiency of this and all other cells was calculated by measuring the
electricity produced from the total of possible energy that hits the photovoltaic
(PV) surface. This prototype featured many attributes similar to the earliest
manufactured solar cells: it included a glass covering, beneath which was a
mass of fine gold wires sandwiched between glass and a thin layer of
selenium. The early model offered scientists a foundation for future
modifications, however it required years of research to boost efficiency and
fully understand the reasons for the previously poor production.

The next significant development in the study of the photovoltaic effect
originated from Planck's light quantum hypothesis (Planck, 1901), which
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formed the foundation for Albert Einstein's 1905 research on the photoelectric
effect (Einstein, 1905) — a work that finally won him the Nobel Prize in 1921.

During the second part of the 20th century, development of photovoltaics
accelerated, propelled not only by advancements in natural sciences but also
by certain historical occurrences that helped the growth of photovoltaic cells.
In 1954, researchers at Bell Labs in the United States, made one of the most
significant discoveries that influenced the modern solar industry. They have
not known it was their study on semiconductors that ultimately advanced solar
cell technology (Tsokos, 2008; Perlin, 2004). Semiconductors exhibiting
properties between those of metals and insulators were developed using doped
silicon, which researchers at Bell Labs found to outperform previously tested
selenium. (Chapin et al., 1954). It was the first realization that solar cells could
potentially surpass 20% efficiency, compared to the current 1-2% range.
However, the researchers recognized that changing to a different material just
was not enough for this big advancement, and they continued investigations
to find an optimal p-n junction. Researchers at Bell Labs observed that by
combining arsenic with silicon and applying a thin layer of boron, they
achieved a cell efficiency of 6% (Schaeffer, 2008). Despite advancements, the
present product remained too expensive for terrestrial uses. Nevertheless, it
proved an ideal choice for the space power applications (National Centre for
Photovoltaic Research and Education (NCPRE), n.d.). With continuous
developments in solar cell technology, the scope of their potential applications
is used. In 1960, Hoffman Electronics created a solar cell with 14% efficiency,
initiating a transition from using these cells only in space applications to the
potential for terrestrial use. The progression of photovoltaic technology is
typically classified into three separate generations (Green, 2006).

1.1.1. First generation of solar cells

The first generation of solar cells includes devices fabricated from
traditional semiconductor materials, primarily silicon and I1I-V compounds.
They laid the foundation of modern photovoltaics and for decades remained
the dominant technology in the industry.

The operation of such cells is based on the classical p-n junction, where
photons with energies equal to or greater than the semiconductor bandgap E,
generate electron-hole pairs (Shockley & Queisser, 1961). The built-in electric
field in the space-charge region separates the carriers: electrons drift toward
the n-region and holes toward the p-region, forming a photocurrent in the
external circuit (Green, 2006; Riihle, 2016).
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In the 1980s, significant progress was achieved with gallium arsenide
single crystal cells, where the direct bandgap enabled strong absorption in the
visible spectrum. These devices reached efficiencies of about 22%. Further
development of structures with light concentrators allowed record
performance: by 2023 devices exceeded 30% efficiency (Fig. 1.1).
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Fig. 1.1. Efficiency development of the AiuBy SC family.

Among silicon-based technologies, monocrystalline structures have played
a leading role. Early single crystal Si cells achieved the highest efficiencies in
their family, often surpassing later design improvements (Fig. 1.2). In
contrast, polycrystalline silicon cells exhibited lower efficiencies due to grain
boundaries acting as recombination centers, which reduced the diffusion
length of carriers and, consequently, both short-circuit current and open-
circuit voltage (Razykov et al., 2011).
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Fig. 1.2. Efficiency development of the silicon SC family.

Overall, first-generation solar cells approached the theoretical Shockley—
Queisser efficiency limit for single junction devices (~30%) (Riihle, 2016).
However, large-scale deployment was limited by high production costs, the
requirement for highly purified materials, and complex technological
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processes. Despite these limitations, first-generation solar cells remain the
most widely used technology in global energy systems due to their durability
and mature fabrication methods (Green, 2000).

1.1.2. Second generation of solar cells

The second generation of solar cells is associated with the development of
thin-film technologies, which emerged in the late 1970s as a cheaper
alternative to crystalline silicon. These devices require significantly less
material, as thin layers can be deposited on different substrates, reducing costs
and enabling new applications (Green, 2006).

The main representatives of this generation are cadmium telluride (CdTe),
copper indium gallium selenide (CIGS), and amorphous silicon (a-Si). Both
CdTe and CIGS have shown remarkable progress over the past decades,
reaching laboratory efficiencies above 23%. In contrast, a-Si remained limited
to about 14% due to inherent material constraints (Green, 2019; Riihle, 2016).
Figure 1.3 illustrates the comparative efficiency evolution of these
technologies from the 1980s to 2025.
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Fig. 1.3. Efficiency development of the thin-film SC technologies.

Although their record efficiencies are still lower compared to crystalline
silicon, thin-film solar cells offer clear advantages — they are flexible,
lightweight, and cheaper to produce. For these reasons, they are widely used
in building-integrated photovoltaics, portable devices, and other fields where
versatility is required.

1.1.3. Third generation of solar cells

Like all technologies aiming for excellence, numerous inventions were
evaluated, resulting in both successful and unsuccessful outcomes. The
photovoltaic sector has seen the rise of promising emerging technologies that
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hold the potential to significantly impact the future of power generation.
Third-generation PV technologies aim to achieve over 60% efficiency by
combining high performance with low production cost while introducing
novel concepts such as multijunction architectures, nanotechnology, spectral
conversion, photonic and plasmonic light management, and mechanisms like
multiple exciton generation, hot carrier extraction, and intermediate band
photovoltaics. These technologies are engineered to capture a broader range
of the solar spectrum, minimize thermal energy losses, and achieve power
conversion efficiencies well beyond the single junction limit. The achieved
efficiencies of different photovoltaic technologies are summarized in Fig. 1.4
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Fig. 1.4. Record efficiencies of emerging photovoltaic technologies.
1.1.3.1. Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs), also called Gratzel cells, have emerged
as a technically and economically feasible alternative to traditional p-n
junction photovoltaic systems. DSSCs were among the first emerging
photovoltaic technologies, offering a promising path for solar energy
conversion due to its potential for economical production and design
adaptability (Ren et al, 2023).

DSSC operation is based on the excitation of electrons by photons
interacting with sensitizers (see Fig. 1.5). The absorbed energy enables
electrons to move from the valence band to the conduction band of the
semiconductor material (commonly TiO:). The electrons then pass through
the porous thin semiconductor layer toward the transparent electrode, creating
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photocurrent. In this way, DSSCs combine photophysical and electrochemical
processes, which together ensure their functionality (Shah et al., 2023).
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Fig. 1.5. Schematic diagram of a dye-sensitized solar cell. (Shah et al.,
2023).

Despite the advantages of easy fabrication and structural flexibility,
DSSCs still have lower power conversion efficiency compared to
conventional silicon-based solar cells. This is primarily due to inefficient
charge separation dynamics and electron recombination at the dye-
semiconductor interface, which reduces the number of generated carriers.
Nevertheless, intensive research in recent years has significantly improved the
performance of DSSCs: advances in dyes, electrolytes, and electrode materials
have increased efficiency from 7% to 15%, while the operational lifetime has
improved from several months to more than one year (Sharma, 2017).

Thus, DSSCs remain a promising direction in the development of third-
generation solar cells, although further work is still required to enhance their
stability and efficiency in order to ensure full competitiveness.

1.1.3.2. Perovskite solar cells

Perovskite solar cells (PSCs) generate photoelectric current through a
light-absorbing perovskite layer, usually composed of organic—inorganic
compounds such as methylammonium lead halide, or fully inorganic
substances such as cesium lead halide (Bello et al., 2022). They are recognized
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as one of the most promising alternative photovoltaic technologies due to their
high power conversion efficiencies, often surpassing those of conventional
silicon-based solar cells (Suresh Kumar & Chandra Babu Naidu, 2021).
Typical PSC architectures are divided into conventional (n-i-p) and
inverted (p-i-n) structures (Malinkiewicz et al., 2014; Liu et al., 2013). In the
former, electrons are transported through the ETM (Electron Transport
Material), whereas in the latter holes are extracted through the HTM (Hole
Transport Material). A comparison of these two designs is shown in Fig. 1.6.

Metal Metal
HTM ETM
Perovskite Perovskite
ETM HTM
TCO TCO
Glass Glass
(a) (b)

Fig.1.6. Perovskite solar cell device structure: (a) conventional and (b)
inverted (Shah et al., 2023).

The first attempts in this field were made in 2009 by Tsutomu Miyasaka et
al., who reported a 3.8% PCE using a DSSC-based design with mesoporous
TiO,; however, these early devices suffered from poor stability due to liquid
electrolytes (Lee et al., 2012). Subsequent progress was remarkably rapid, and
by 2025 the efficiency of PSCs exceeded 27%. This improvement is attributed
to the unique crystal structure of perovskites, which facilitates efficient charge
separation and transport.

Nevertheless, there remain critical challenges that limit the
commercialization of PSCs: carrier trap formation caused by electron-phonon
interactions (Wu et al., 2015), degradation under humidity and light exposure
(Brennan et al., 2017), and significant efficiency losses in large-area modules
due to scaling issues (Li et al., 2019). Industrial-scale fabrication techniques,
including vacuum and chemical vapor deposition, blade coating, slot-die
coating, and spray coating, are being developed to address these barriers (Liu
et al., 2023). Another key direction is device encapsulation, which is essential
to ensure long-term stability under real-world conditions.
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1.1.3.3. Organic photovoltaics

Organic photovoltaic (OPV) device is a type of third-generation solar cell
in which organic materials such as polymers or small molecules are used to
convert sunlight into electrical energy, and a schematic representation is
shown in Fig. 1.7. The main advantages of this technology include light
weight, flexibility, relatively low production cost, and compatibility with a
wide range of substrates. These features open opportunities for integrating
OPVs into portable electronics, wearable devices, window systems, and
building-integrated photovoltaics (Du et al., 2019; Petrus et al., 2017).

Cathode Energy Level

Fig.1.7. A schematic representation of the interfacial bilayer heterojunction
configuration employed in organic photovoltaic devices (Li et al., 2020).

Despite their potential, organic solar cells lag behind traditional silicon and
perovskite devices in terms of power conversion efficiency. The relatively low
PCE is mainly associated with losses during charge separation, recombination
at interfacial boundaries, and the limited mobility of charge carriers in organic
layers. For this reason, in recent years research interest has gradually shifted
away from OPVs toward alternative photovoltaic technologies.

Nevertheless, significant progress has been achieved: the development of
new non-fullerene acceptors and optimized polymer blends has enabled OPV
efficiencies to reach approximately 19.2%. Furthermore, the operational
stability of modern devices has improved considerably, with projected
lifetimes of polymer solar cells approaching 10 years (Du et al., 2019).

Thus, organic solar cells remain a promising technology thanks to their
flexibility, low production costs, and wide integration possibilities. However,
their role in the future development of photovoltaics will likely remain limited
to niche applications due to lower efficiencies compared with other
technologies.
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1.1.3.4. Quantum dot solar cells

Quantum dot solar cells (QDSCs) are a third-generation photovoltaic
technology that employs semiconductor nanoparticles, called quantum dots
(QDs), as light-absorbing materials. Nanoparticles in the 2—10 nm size range
exhibit variable bandgaps depending on their dimensions, enabling tunable
absorption across a broad portion of the solar spectrum. This property makes
QDs particularly attractive for multi-junction solar cells (Nozik, 2002;
Klimov, 2017).

Structurally, QDSCs are similar to dye-sensitized solar cells, but the dye
molecules are replaced by QDs (see Fig. 1.8). The working mechanism
involves the generation of electron-hole pairs within the QDs upon photon
absorption, followed by electron injection into a wide-bandgap metal oxide
(e.g., TiO2, ZnO, SnO,), while holes are transferred to an electrolyte or a
counter electrode (Kamat, 2013).
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Fig. 1.8. Schematic of a quantum dot solar cell (Shah et al., 2023).

Significant progress has been achieved using various QD sensitizers,
including CdSe, PbS, and perovskite QDs, with certain devices reaching
efficiencies above 19% (Sargent, 2012; Ning et al., 2015). Furthermore,
QDs have been widely studied as functional additives in perovskite solar cells,
serving as components in electron and hole transport layers or even replacing
them, thereby enhancing charge mobility, reducing recombination, and
improving device stability (Brennan et al., 2017; Liu et al., 2021).

Despite these advancements in efficiency and functionality, QDSCs still
face substantial challenges related to long-term stability, particularly under
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exposure to moisture and oxygen. Addressing intrinsic material degradation,
improving encapsulation strategies, and mitigating electrolyte volatility are
critical for their commercial viability (Kamat, 2013; Ning et al., 2015).

Thus, with continued progress in material science and device engineering,
quantum dot solar cells retain strong potential as a low-cost, high-efficiency
solar energy conversion technology. For more detailed discussions, see
Section 1.3.2.

1.1.3.5. Tandem solar cells

Tandem solar cells (TSCs) are advanced photovoltaic devices composed
of multiple layers of materials with different bandgaps stacked together to
more effectively absorb the solar spectrum (see Fig. 1.9). This architecture
enables them to reach significantly higher power conversion efficiencies than
single junction devices, with a theoretical efficiency limit of about 86% (De
Vos, 1980).
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Fig. 1.9. Schematic represntation of two-terminal monolithic (a) and four-
terminal (b) tandem structure (Ding et al., 2024).

Various designs have been explored, including two-terminal monolithic
and four-terminal mechanically stacked cells. Experimental results
demonstrated that combining a semitransparent perovskite solar cell with an
efficiency of 18.9% with a silicon cell of 22.9% resulted in a tandem structure
with an overall efficiency of about 26.0% (Lamanna et al., 2020; Chen et al.,
2020). Further improvements, employing triple-halide perovskites and
advanced interlayers, enabled stable efficiencies of around 27% (Xu et al.,
2020).

More recent advances have pushed the efficiency even higher: in 2023,
stable PSC/Si tandems with efficiencies exceeding 32.5% were reported and
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confirmed in updated NREL tables (Shah et al., 2023). Current research
continues to focus on improving band alignment, minimizing optical losses,
and enhancing stability, with the aim of moving tandem solar cells closer to
commercial deployment. For more detailed discussions, see Section 1.3.1.

1.1.3.6. Hot carrier solar cells

Hot carrier solar cells (HCSCs) represent an advanced photovoltaic
concept aimed at surpassing the Shockley—Queisser limit by harvesting excess
photon energy before it is lost through thermalization. An overview of the hot
carrier solar cell concept is provided in Fig. 1.10. Unlike conventional solar
cells, where photogenerated carriers quickly cool to the band edges, HCSCs
are designed to extract hot carriers while they still retain high kinetic energy.
This approach has the potential to significantly boost the power conversion
efficiency (Ross & Nozik, 1982).
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Fig 1.10. Schematic representation of the energy band diagram of a hot
carrier solar cell. E; denotes the band gap, Er the equilibrium Fermi level,
Efm and Esp) the electron and hole quasi-Fermi levels, respectively, Es the

transmission window of the energy-selective contact, and Ty the temperature
of the hot carriers (Conibeer, 2007).

Theoretical models predict that HCSCs could achieve a maximum
efficiency of up to 66% under standard 1 sun illumination and approximately
85% under concentrated sunlight (Conibeer, 2007; Green, 2019). In contrast
to tandem solar cells, hot carrier structures exhibit greater resilience to
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spectrum variability, making them potentially more robust under real-world
solar conditions (Green, 2019).

At the same time, the practical realization of HCSCs faces two primary
challenges:

1. The development of absorber materials capable of slowing carrier
cooling while maintaining excellent optoelectronic properties.
Research is focused on nanostructures with enhanced quantum
confinement effects and materials with suppressed carrier-phonon
scattering (Conibeer et al., 2014).

2. The creation of energy-selective contacts able to extract high-energy
carriers without inducing thermal relaxation. Such contacts are
required to act as narrow energy filters, allowing only carriers with
specific energies to pass through.

To address these challenges, new materials and nanostructures are being
actively investigated. In particular, quantum dots and nanocrystals have
shown promise in sustaining slow carrier cooling due to their discrete energy
levels and modified carrier-phonon interaction dynamics (Nozik, 2002).

Thus, hot carrier solar cells are regarded as one of the most promising
future technologies capable of overcoming the Shockley—Queisser limit.
However, their practical realization depends on the successful development of
absorber materials with prolonged carrier cooling and advanced selective
contacts.

1.2. The Shockley—Queisser limit

The evolution of photovoltaic technology has advanced through three
generations, all eventually focused on overcoming the Shockley—Queisser
efficiency limit.

The fundamental limit that defines the maximum theoretical efficiency of
photovoltaic conversion of solar radiation for single junction solar cells is the
Shockley—Queisser limit (SQL). Using detailed balance principles, William
Shockley and Hans-Joachim Queisser first introduced in 1961 a calculation
for the maximum achievable efficiency of a solar cell based on a p-n junction.
In their model, the solar spectrum represented as the emission of a black body
with a surface temperature of T, = 6000 K (Shockley & Queisser, 1961). They
considered an ideal solar cell in which radiative recombination is the only
essential recombination mechanism, thereby establishing the fundamental
upper limit for minority carrier lifetime (Queisser, 2009). According to their
assumptions, photons with energy below the semiconductor's bandgap are not
absorbed by the solar cell, whereas photons with energy above the bandgap
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generate electron-hole pairs with a quantum efficiency of 100%. Shockley and
Queisser determined this theoretical efficiency limit specifically for a single
junction solar cell operating at a temperature of 300 K (see Fig. 1.11).
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Fig. 1.11. Record solar cell efficiencies shown as a percentage of the
Shockley—Queisser limit (black curve), with the gray curves marking 75%
and 50% of that theoretical maximum. (AMOLF, n.d.).

Thus, the Shockley—Queisser limit determines the fundamental maximum
efficiency boundaries of solar cells based on idealized conditions. To
completely understand the practical performance possibilities of photovoltaic
devices, it is necessary to examine specific parameters affecting their
efficiency. These parameters include the bandgap energy, open-circuit
voltage, short-circuit current, and fill factor. A detailed analysis of these
parameters provides a better understanding of the origins of efficiency losses
and possible strategies to minimize them.

1.2.1. Solar Cell parameters

The Shockley—Queisser limit defines that the maximum efficiency of solar
cells is governed by several intrinsic parameters that determine their
theoretical performance under ideal conditions (see Fig. 1.12).
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Fig. 1.12. Standard current-voltage curve (red) and power-voltage curve
(green) of a solar cell. I refers to the short-circuit current, and V. to the
open-circuit voltage, while Vimp and Imp denote the voltage and current at the
maximum power point, respectively. Pyp represents the maximum generated
power.

1. Bandgap energy (E,).
The bandgap energy of a semiconductor determines the spectrum
range for photon absorption in a solar cell. Based on the Shockley—
Queisser theory, the optimal bandgap for achieving the highest
theoretical efficiency in converting sunlight from “one-sun”
illumination with the standard AM 1.5G solar spectrum is
approximately 1.34 eV (see Fig. 1.11), which corresponds to a
wavelength of 928 nm.

2. Open-circuit voltage (Voc).
V. i1s the maximum voltage generated by a solar cell under conditions
without any external load. Even under ideal conditions, the open-
circuit voltage V. remains below the bandgap energy. This is because
thermodynamic detailed balance dictates that the solar cell must
remain in equilibrium with its surroundings, leading inevitably to
spontaneous emission of photons from the cell. The related radiative
recombination of carriers shows up as a dark current, causing the open-

circuit voltage V. to be much lower than the bandgap voltage V; = %.
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3. Short-circuit current (Isc).

Isc represents the maximum current obtained when all photons with
energy above the semiconductor's bandgap (E,) are fully absorbed, and
all generated charge carriers are fully extracted. The quantum
efficiency of electron-hole pair generation is 100% under the
Shockley—Queisser limit assumptions.

4. The fill factor (FF) is a parameter that characterizes the quality of a
solar cell and is defined as the ratio of the maximum power output to
the product of the open-circuit voltage and the short-circuit current,
Even under ideal conditions, the fill factor remains below 100%, as the
maximum power point (maximum product of current and voltage,
IxV) always corresponds to a lower voltage (Vwmp) and a lower current
(Imp) compared to Vo and I, respectively.

5. The efficiency of solar cell is described as

— Pmp _ VmpInp _ VoclscFF (1.1)

Pin AXI AxI

where, Pump is the maximum power generated from the solar cell, Pj, is light

source power incident on the cell, Vmp and Imp are voltage and current at

maximum power (see fig. 1.12), A is the surface area of the solar cells, I is
light irradiance incident on cell.

The mentioned parameters define the theoretical performance limit of a
solar cell within the Shockley—Queisser model. However, under real-world
conditions, achieving these ideal values is constrained by various losses that
occur during light absorption, as well as during the generation, transport, and
recombination of charge carriers.

1.2.2. Typical loss mechanisms in a solar cell

Although the Shockley—Queisser model establishes the theoretical
efficiency ceiling, practical solar cells are subject to significant energy losses
during the conversion of sunlight into electricity. These losses fall into two
groups: intrinsic losses, determined by the fundamental physical constraints
of a single junction device (illustrated in Fig. 1.13), and extrinsic or
technological losses, which arise from imperfections in design, material
quality, or optical management (Hirst & Ekins-Daukes, 2011).
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Fig. 1.13. Relationship between the band gap and intrinsic loss

mechanisms (Hirst & Ekins-Daukes, 2011).

The main types of losses in photovoltaic devices are typically
classified as follows:

a)

b)

c)

d)

Spectral losses — caused by the inability to absorb photons
with energy below the bandgap, as well as the loss of excess
energy during carrier thermalization.

Optical losses — due to unabsorbed light as a result of
reflection, imperfect anti-reflective coatings, or insufficient
thickness of the active layer.

Recombination losses — related to the loss of charge carriers
through radiative, defect-related (SRH), or Auger
recombination before they are collected at the contacts.
Electrical losses — include losses due to series and shunt
resistance, contact resistance, and voltage drops resulting
from uneven current distribution.

Entropic and thermodynamic losses — reflect intrinsic
constraints related to emission, the increase in the emission
solid angle (Boltzmann losses), and the inability to fully
concentrate solar radiation.
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1.2.2.1. Spectral losses

Spectral losses represent the majority of energy losses in photovoltaic
devices, resulting from a difference between the solar radiation spectrum and
the semiconductor's ability to efficiently absorb photons within a particular
energy range. These losses are generally divided into two main mechanisms:

1. Below Bandgap Losses.

Photons with energy below the semiconductor bandgap (E < Eg) are
treated as unabsorbed and do not contribute to the generation of
electron-hole pairs. These photons are considered a lost portion of the
solar spectrum. The magnitude of such losses depends on the choice
of material and its corresponding Eg, which determines the absorption
threshold (Shockley & Queisser, 1961; Henry, 1980).

2. Thermalisation Losses.

Photons with energy higher than E, are absorbed, but the excess energy
(i.e., hv— E,) cannot be effectively utilized. After excitation, carriers
quickly lose this extra energy as heat by interactions with phonons.
Therefore, only the portion of the photon’s energy that is equal to E, is
converted into electrical work, and the rest is lost as heat (Wiirfel,
2016; Hirst & Ekins-Daukes, 2011).

In combination, these two mechanisms can explain up to 80% of the overall
energy losses in single junction solar cells during the conversion of sunlight
into electricity (Hirst & Ekins-Daukes, 2011). Thus, choosing an optimal
bandgap value (approximately 1.1-1.4 eV for the AM 1.5G spectrum) is
necessary for achieving high efficiency.

1.2.2.2. Optical losses

Optical losses are formed already at the initial stage of solar energy
conversion, when the light flux interacts with the solar cell. Their magnitude
is largely determined by the structural features of the device, the quality of the
semiconductor material, and the surface architecture. Although many
semiconductors are characterized by a high absorption coefficient, a
significant part of the photons still does not participate in the generation of
electron-hole pairs.

One of the main mechanisms of such losses is reflection. A considerable
portion of the incident light is reflected from the surface of the solar cell
instead of entering the active layer. For bare silicon, the reflectance can reach
up to 30% (Green, 1981), which significantly decreases the number of useful
photons. These losses can be reduced by applying antireflection coatings, such
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as Si3Ny or TiO,, as well as by introducing surface texturing, which enables
multiple passes of photons through the absorber layer (Nelson, 2003). Recent
studies highlight that surface engineering and nanostructured coatings offer
additional opportunities to significantly suppress reflectance even in high-
efficiency silicon and perovskite cells (Kumar & Gupta, 2024; Spaans et al.,
2025).

Another mechanism is incomplete absorption in the active layer. This
effect is particularly pronounced in thin-film structures, where the absorber
thickness is only a few microns, or in materials with a relatively low
absorption coefficient, such as GaAs under long-wavelength illumination. In
such cases, some photons pass through the layer without interaction and do
not generate charge carriers. To reduce incomplete absorption, light-trapping
methods, back reflectors, and other technological solutions that extend the
optical path length are commonly employed (Polman et al., 2012; Nelson,
2003). Additional modeling using the transfer matrix method demonstrates
that for perovskite/Si tandem structures, optimization of layer thicknesses and
refractive indices can substantially reduce optical losses (Rafieipour et al.,
2023). Similar approaches are being actively implemented in thin-film CIGS
devices, where optical path management is considered decisive for
approaching theoretical efficiency limits.

A further contribution comes from parasitic absorption. It occurs in layers
that do not directly contribute to current generation, such as transparent
electrodes (ITO), buffer layers, or protective coatings. In this case, the
absorbed energy is converted into heat, which not only fails to enhance
photocurrent but can also negatively affect the long-term stability of the solar
cell (Nelson, 2003). Modern studies indicate that careful selection of
transparent conductive oxides, reduction of buffer-layer thickness, and
optimization of front glass can substantially minimize parasitic absorption in
CdTe and heterojunction Si devices (Spaans et al., 2025).

Overall, optical losses in conventional solar cells typically amount to about
5-10% of the incident energy flux. Their minimization is especially crucial
for thin-film and multijunction structures, where the effective utilization of
each photon directly determines the final device efficiency.

1.2.2.3. Recombination losses

Recombination losses represent an important mechanism that restricts the
efficiency of solar cells. They occur when electron-hole pairs are lost before
they can be collected at the contacts and are directly associated with
recombination processes taking place within the bulk of the semiconductor.
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Shockley—Read—Hall (SRH) recombination arises due to the presence of
trap states within the bandgap. These traps are formed as a result of structural
defects, impurities, or chemical contamination. When an electron is captured
by a trap, it can recombine with a hole without the emission of a photon. Such
processes are particularly pronounced in low-quality materials or structures
with a large surface-to-volume ratio. The SRH recombination rate is
determined by the trap density, their energy levels, and the carrier lifetime
(Shockley & Read, 1952).

Another important mechanism is Auger recombination. It occurs under
conditions of high carrier concentration, when the energy released during
electron-hole recombination is transferred to a third particle — another electron
or hole. The excited carrier rapidly loses this energy through phonon
interactions with the lattice. Auger recombination becomes especially relevant
under intense sunlight or in high-efficiency devices with elevated carrier
injection levels. As a non-radiative process, it significantly reduces device
performance at high current densities (Green, 1995; Richter et al., 2012).

A distinct mechanism is radiative recombination, in which an electron in
the conduction band recombines with a hole in the valence band accompanied
by the emission of a photon. This process dominates in direct bandgap
semiconductors, such as GaAs and InP, and is less probable in indirect
bandgap materials, such as silicon. Radiative recombination is a fundamental
mechanism that defines the Shockley—Queisser limit and sets the theoretical
maximum efficiency of a solar cell in the absence of other loss channels
(Shockley & Queisser, 1961; Wiirfel, 2016).

In summary, recombination losses impose a substantial limitation on the
achievable open-circuit voltage and remain one of the principal challenges in
the development of high-efficiency photovoltaic devices. Minimizing these
losses is of critical importance, as effective control over recombination
processes is essential for approaching the theoretical efficiency limits.

1.2.2.4. Electrical losses

Electrical losses constitute a specific mechanism that reduces the
efficiency of solar cells, as they are directly related to resistances and
irregularities in current distribution within the device. As a result, both the
voltage and the fill factor are reduced, ultimately limiting the overall output
power.

A significant role is played by series resistance, which includes the
cumulative resistance of all layers through which current flows. This
encompasses the semiconductor region, transparent conductive oxides,
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metallic grid fingers, and interconnects. When the series resistance is too high,
voltage drops occur within the device, particularly under high current
conditions, which directly lowers the fill factor and overall power output.
Reduction of these losses can be achieved by optimizing layer thickness and
conductivity, shortening current pathways, and employing low-resistivity
silver contacts (Green, 1981).

Equally important is the shunt resistance, which arises from alternative
current pathways bypassing the p-n junction. Such leakage channels may
result from microcracks, fabrication defects, or contamination. Low shunt
resistance is particularly detrimental under low illumination, when the
photocurrent is small and even minor leakage currents can cause significant
reductions in voltage and efficiency. Conversely, high shunt resistance is
desirable and can be ensured through strict process control and isolation of
defective regions (Green, 1981).

Another factor is the contact resistance, which characterizes the resistance
at the interface between the semiconductor and the electrodes or transparent
conductive layers. Elevated values of this parameter lower the voltage at the
external terminals and hinder efficient carrier collection. Minimizing contact
resistance is important for high-efficiency devices and can be achieved
through surface chemical treatments, the use of intermediate contact layers, or
high-temperature annealing (Aberle, 2001).

Therefore, electrical losses hinder the attainment of optimal solar cell
performance. Optimization of materials, contacts, and fabrication
technologies is required for improving efficiency and approaching the
theoretical limits.

1.2.2.5. Entropic and thermodynamic losses

Entropic and thermodynamic losses are fundamental limitations of energy
conversion in a solar cell. They occur even in the absence of material defects
and are determined by the general laws of thermodynamics and statistical
physics, forming an intrinsic part of the voltage generation process.

One unavoidable mechanism is emission loss. According to Kirchhoff’s
law, any material capable of absorbing radiation must also emit it. In solar
cells, particularly near open-circuit voltage, spontaneous radiative emission of
photons takes place. This process reduces V. and manifests as dark current.
Even in theoretically ideal structures, emission losses cannot be eliminated,
which is why they are included in the Shockley-Queisser limit. Their
magnitude depends on the device geometry, the reflection of emitted radiation,
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and the efficiency of recombination processes (Shockley & Queisser, 1961;
Wiirfel, 2016).

Another fundamental limitation is represented by Carnot losses. A
photovoltaic converter operates between two thermal reservoirs — a hot one
(the Sun, about 6000 K) and a cold one (the solar cell, about 300 K). This
configuration is analogous to a heat engine, and thermodynamic principles
impose an upper limit on the maximum voltage a solar cell can generate. The
concept of Carnot loss thus demonstrates that the temperature difference
between the reservoirs defines the theoretically achievable maximum
efficiency of solar energy conversion (Hirst & Ekins-Daukes, 2011).

A further category is Boltzmann losses, which arise from the mismatch
between the solid angles of absorption and emission. Sunlight enters the cell
within a limited solid angle, whereas emitted photons are radiated in all
directions. This leads to an entropic increase in photon flux and a reduction of
the maximum voltage available for conversion. Within the Landsberg
formalism, such losses are described as a reduction in the free energy of
photons due to the expansion of photonic modes (Landsberg & Tonge, 1980;
Hirst & Ekins-Daukes, 2011; Wiirfel, 2016). Figure 1.14 illustrates this
process: in a conventional solar cell, the emission solid angle greatly exceeds
the absorption angle (Qemit >> Qups), While in systems with maximum light
concentration or restricted emission, their matching minimizes free-energy
losses and enables higher V. (Ekins-Daukes et al., 2013).

Qemit >> Qabs
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Fig. 1.14. Schematic illustration of Boltzmann losses in a conventional

—

Maximum concentration or restricted emission

Conventional solar cell

solar cell and in systems with light concentration or restricted emission
(Ekins-Daukes et al., 2013).

36



1.3. Potential techniques to overcome the Shockley—Queisser limit

The previously discussed loss mechanisms define the efficiency limits of
classical single junction solar cells and explain why, in practical conditions,
their performance is lower than the theoretical maximum. Improved
fabrication technologies, material engineering, and device architecture can
minimize some of these losses, such as recombination or optical losses.
Others, such as thermodynamic losses, are intrinsic and cannot be removed
under the traditional approach.

However, modern photovoltaics is moving beyond the classical paradigm.
The implementation of innovative concepts provides a means of overcoming
the fundamental limitations formulated in the Shockley—Queisser model.

1.3.1. Multijunction technology

Multijunction solar cells (MJSCs) were developed to minimize the
spectrum losses related to single junction devices. Rather than depending on
a single material to absorb every wavelength of the solar spectrum, MJSCs
combine many semiconductor layers in a cascade structure, each with a
different bandgap, optimized to convert a specific part of the solar spectrum.
This configuration enables significantly higher theoretical efficiencies,
exceeding 45% under concentrated light, by absorbing and utilizing a broader
range of the solar spectrum more effectively (Baiju & Yarema, 2022; Henry,
1980; Marti & Araujo, 1996). In the standard MJSC architecture, the top cell
with the highest bandgap absorbs high energy (short wavelength) photons,
while lower energy photons penetrate and are absorbed by succeeding subcells
that have smaller bandgaps. This configuration minimizes thermalization
losses, where extra photon energy is lost as heat, and below-bandgap losses,
where low energy photons are unabsorbed (Baiju & Yarema, 2022; Polman et
al., 2016).

Each subcell operates as a separate p-n junction, with its population of
photogenerated carriers. In monolithic multijunction configurations, these
subcells are stacked and interconnected by tunnel junctions or recombination
contacts that facilitate carrier transport with minimal voltage drop. This
configuration necessitates strict current matching, as all subcells are
connected in series and the overall current is limited by the lowest-performing
junction (Kurtz et al., 2008). Incorrect current matching can result in power
loss and increased recombination. Alternatively, spectrum-splitting systems
use optical filters or dichroic mirrors to spatially separate incoming photons
based on wavelength, directing them to appropriately matched single junction
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cells (see Fig. 1.15). This decouples the subcells electrically, eliminating the
need for current matching and enabling independent optimization of each
absorber (Nell & Barnett, 1987).

(a) (b) (<)

Incoming light

Top cell (Perovskite)

Incoming light

i

Transparent Electrode

Si & :
Silicon or CIGS Silicon or CIGS Bottom cell (CIGS;
(Bottom Cell) (Bottom Cell)

Fig. 1.15. Schematic diagram of tandem solar cell, (a) mechanically
stacked four terminal (4T), (b) monolithically integrated 2T, and (c) optical
splitting of the solar spectrum (Shah et al., 2023).

The basic material systems and structural designs employed in MJSCs
determine the effect of different absorber combinations and architectural
approaches on achieving high efficiency solar energy conversion.

GalnP/GaAs/Ge epitaxial multijunction structures are widely used in space
and concentrator photovoltaics because of their higher radiation resistance,
flexible bandgap configurations, and excellent crystal stability (Henry, 1980;
Marti & Araujo, 1996). The top layer of GalnP and middle GaAs subcells
have direct bandgaps, enabling in effect radiative recombination and strong
photon absorption, important for achieving high open-circuit voltages (Baiju
& Yarema, 2022). Although Ge, used as the bottom subcell, has an indirect
bandgap, it effectively absorbs long-wavelength photons and contributes to
current generation. Geisz et al. (2020) presented a six-junction III-V device
achieving over 47% efficiency under concentrated illumination (Geisz et al.,
2020).

Perovskite/Si tandems represent a highly promising strategy for achieving
increased efficiency at reduced costs in multi-junction solar cell technology
(Henry, 1980; Marti & Araujo, 1996). Perovskites offer solution-processable
fabrication, tunable bandgaps achieved either by modifying halide
composition or by controlling the number of atomic layers (a process known
as dimensional engineering), and compatibility with existing crystalline
silicon technologies (Baiju & Yarema, 2022). Their strong absorption
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coefficients and long carrier diffusion lengths allow for thin, high-performing
layers atop silicon subcells. Monolithic two-terminal designs have achieved
above 33% efficiency in laboratory conditions, whereas three-terminal or
mechanically stacked solutions are still under investigation to alleviate
current-matching limitations (Al-Ashouri et al., 2020; Bush et al., 2017).

Hybrid configurations, including combinations of CIGS, organic
semiconductors, or quantum dots with silicon or perovskite subcells, provide
a versatile platform for designing flexible, lightweight, and solution-
processable tandem structures. These hybrid architectures can exploit the
complementary absorption ranges of different materials while also reducing
production complexity and cost. The tunability of organic and quantum dot
bandgaps makes them advantageous for integration in spectrum-matched
tandem devices with relaxed lattice-matching requirements (Baiju & Yarema,
2022).

Despite the significant potential of multijunction solar cells, some critical
technological challenges must be overcome to fully realize their potential.
These include bandgap selection and lattice matching between layers, optical
losses and imperfect antireflection coatings, series resistance in tunnel
junctions that reduces the fill factor, and the high cost and complexity of III-
V material growth (Yamaguchi et al., 2008).

1.3.2. Quantum-structured materials

Quantum-structured materials use the quantum confinement effect, which
arises when the size of semiconductor structures is reduced to the nanometer
scale. This allows for precise control over the bandgap energy, absorption
spectrum, and recombination mechanisms, paving the way to overcome the
classical limitations of single junction solar cells.

Quantum dots are zero-dimensional (0D) semiconductor nanocrystals that
confine charge carriers in all three spatial dimensions. This complete quantum
confinement leads to an increase in the bandgap energy as the dot size
decreases. Such a property allows precise tuning of the spectral sensitivity by
varying the size of the nanocrystals (Nozik, 2002). Materials such as PbS,
PbSe, CdSe, InP, as well as perovskite-based quantum dots (e.g., CsPbXs), are
widely used in QD-based solar cells, down-shifting coatings, and multiple
exciton generation (MEG) concepts (Semonin et al., 2011). Strong spatial
confinement also reduces carrier scattering but increases sensitivity to surface
defects. Therefore, surface passivation (e.g., organic ligands or dielectric
shells) is essential to suppress non-radiative recombination and prolong carrier
lifetimes (Kamat, 2013).

39



Quantum wells are two-dimensional (2D) nanostructures in which carriers
are confined to one dimension (usually with a thickness of less than 10 nm)
while remaining free to move in the other two. QWs are created by
sandwiching a low-bandgap semiconductor layer (e.g., GaAs) between two
higher-bandgap layers (e.g., AlGaAs). Figure 1.16 shows schematic energy
band diagrams for QWs under the influence of the electric field in a solar cell.
The top diagram illustrates the thermal escape of carriers across potential
barriers, whereas the bottom diagram demonstrates carrier tunneling through
the barriers.
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Fig. 1.16. Energy band diagrams of quantum wells in a solar cell: top —
thermal escape of carriers; bottom — tunneling of carriers.

The resulting quantum confinement leads to discrete energy levels,
enabling tailored absorption properties and improved light absorption at
particular photon energies (Nelson, 2003). In photovoltaics, QWs are used to
increase optical absorption, enable intermediate-band-like behavior, and
reduce recombination losses. Additionally, they support advanced effects,
including resonant tunneling, quantum cascade transitions, and carrier
collection optimization in tandem structures (Wiirfel, 2016).

Quantum wires are one-dimensional (1D) nanostructures in which carriers
are confined in two dimensions, allowing free transport only along the wire
axis. This anisotropic geometry enhances carrier collection, enables natural
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surface texturing for reduced reflection, and supports integration into flexible
or transparent solar cell designs (Garnett & Yang, 2010). Quantum wires can
demonstrate transverse mode quantization, surface plasmon resonance effects,
and effective mass reduction of carriers due to spatial confinement. They also
improve light-trapping through enhanced scattering and guiding effects in
nanowire arrays (Hu & Chen, 2007).

Despite their considerable potential for improving efficiency, quantum-
structured materials have several limitations that hinder their practical
application. Quantum dots, while enabling precise bandgap tuning and
multiple exciton generation, are sensitive to surface traps that cause non-
radiative recombination and shorten carrier lifetimes. Additionally, they often
contain toxic elements (Pb, Cd) and demonstrate low stability (Nozik, 2002;
Semonin et al., 2011; Kamat, 2013). Quantum wells improve spectrum
absorption, but carrier confinement in thin layers increases recombination
probability and complicates electrical extraction, while device integration
requires precise lattice matching (Nelson, 2003; Wiirfel, 2016). Quantum
wires provide anisotropic transport and improved light harvesting but are
prone to surface recombination and require complex growth processes to
maintain crystalline quality (Garnett & Yang, 2010; Hu & Chen, 2007).

1.3.3. Spectral manipulation techniques

Spectral manipulation techniques aim to minimize the spectral mismatch
between the solar spectrum and the absorption properties of photovoltaic
devices. The main aim is to redirect energy that would be lost as unabsorbed
sub-bandgap photons or thermalization losses in a standard solar cell into
useful energy to generate electron-hole pairs (Trupke et al., 2002; Richards,
2006; Van Sark et al., 2005).

Up-conversion is a nonlinear optical process that transforms two or more
low-energy photons, each with energy below Eg, into a single-photon with
energy exceeding E,, thus enabling its absorption by the PV device (see Fig.
1.17). This process has been investigated in rare-earth doped systems,
semiconductor nanocrystals, and organic molecular assemblies. Up-
conversion operates through sequential photon absorption, excited-state
absorption, or cooperative energy transfer, both requiring long-lived
intermediate states.
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Up-converter Solar Cell

Fig. 1.17. Schematic energy diagrams of the mechanism of up-conversion
(Santos et al., 2025).

Excited-state absorption refers to the process whereby an electron (or
activator ion) first absorbs a photon, promoting it to an intermediate energy
level. A subsequent photon then excites it to a higher level above Eg, from
which it can contribute to conduction band population. Energy transfer up-
conversion occurs when two nearby excited ions interact through dipole-
dipole coupling, transferring energy from one to the other, which is elevated
to a higher excited state capable of emitting a photon with energy above the
bandgap. The practical implementation of UC is limited by the intrinsically
tiny absorption cross-sections of rare-earth ions, the necessity for high
excitation density to populate excited states, and the requirement to suppress
nonradiative relaxation associated with phonon interactions. Embedding ions
into host matrices with low phonon energies, such as fluorides, enhances the
probability of radiative transitions and improves UC efficiency (Auzel, 2004;
Shalav et al., 2007; Richards, 2006).

Conversely, down-conversion (or spectral down-shifting) entails the
splitting of a single high-energy photon into two lower-energy photons, both
of which can be absorbed to produce charge carriers, as represented in Fig.
1.18.
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Down- Solar Cell
converter

Fig. 1.18. Schematic energy diagrams depicting the down-conversion
mechanism (Santos et al., 2025).

This technique reduces thermalization losses by optimizing the
redistribution of excess photon energy. Physical implementations often
include cooperative energy transfer between rare-earth ions or semiconductor
quantum dots, where a single absorbed high-energy photon excites two lower-
energy transitions. The objective is to achieve high quantum yields while
minimizing nonradiative recombination. Down-shifting, a related mechanism,
involves shifting high-energy photons to slightly lower energies (still above
E,) to match the spectral response of the absorber and reduce energy lost as
heat (see Fig. 1.19).

Down-shifter Solar Cell

Fig. 1.19. Schematic energy diagrams illustrating the mechanism of
down-shifting (Santos et al., 2025).
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Although experimentally simpler than UC, DC/DS systems require precise
spectral matching and high luminescence quantum yields to achieve
measurable efficiency improvements (Richards, 2006; Trupke et al., 2002).

Multiple exciton generation, also known as carrier multiplication, is a
process in which a single high-energy photon can generate more than one
electron-hole pair. In contrast to photon-based methods (e.g., down-
conversion), MEG transpires directly within the semiconductor material and
involves the redirection of excess energy from hot carriers, which under
standard conditions typically gets lost through rapid phonon relaxation. This
technique is closely related to impact ionization, whereby the excess kinetic
energy of a hot electron or hole is used to excite an additional electron-hole
pair (Nozik, 2002). In bulk semiconductors, this effect is highly improbable
due to the dominance of ultrafast energy dissipation through phonon
scattering. However, in nanocrystals (quantum dots), quantum confinement
significantly enhances Coulomb interactions between carriers, thereby
increasing the likelihood of carrier-carrier collisions necessary for MEG
(Schaller & Klimov, 2004). Moreover, the discretization of energy levels in
quantum dots suppresses certain scattering channels, making the process more
efficient compared to bulk crystals (Beard et al., 2014). Experimental
investigations have shown that in PbSe, PbS, and CdSe quantum dots,
quantum yields can exceed 100%, meaning that a single high-energy photon
can initiate two or more electron-hole pairs (Semonin et al., 2011). This
establishes a pathway for minimizing thermalization losses and increasing the
maximum efficiency of solar cells beyond the Shockley—Queisser limit.
Nevertheless, the practical realization of MEG-based solar cells faces several
challenges. Chief among these is the ultrafast cooling of hot carriers,
characterized by relaxation periods in the range of hundreds of femtoseconds,
which competes with the formation of additional excitons (Klimov, 2006).
Moreover, the generated multiexciton states are susceptible to Auger
recombination, significantly reducing their efficiency. As a result, current
research is focused on strategies to slow down hot carrier cooling, engineering
interfaces for efficient extraction of multiexcitons into the external circuit, and
minimizing Auger recombination (Beard et al., 2014). MEG remains one of
the most promising mechanisms for overcoming fundamental loss channels in
photovoltaics, but it requires further advances in material design and device
engineering to enable practical implementation.

Spectral manipulation techniques aim to enhance the spectral response of
solar cells while also reducing fundamental thermalization and sub-bandgap
losses, as predicted by the Shockley—Queisser model. These approaches
underscore the significance of photon management as a strategy for enhancing
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efficiency by redistributing or harnessing photon energy that would otherwise
go to waste. However, their practical implementation faces significant
limitations such as low quantum yields, fast carrier cooling, and parasitic
recombination channels. These limits indicate the importance of
complementary concepts that target carrier dynamics directly.

1.4. Hot carriers in semiconductors and their role in photovoltaics

Despite the strong theoretical potential of the approaches discussed above,
their practical impact remains limited, highlighting the necessity for alternate
strategies. Among such paradigms, the hot carrier processes may serve as a
direct strategy to overcome thermalization losses (Ross & Nozik, 1982).

1.4.1. Concept of hot carriers

In equilibrium, charge carriers in semiconductors follow the Fermi—Dirac
distribution at the lattice temperature To. Absorption of photons with energies
exceeding the bandgap or the action of strong electric or microwave fields
drives electrons and holes into a nonequilibrium state with excess energy.
Such carriers are termed hot carriers, and their distribution is often
approximated by an effective temperature T. > Ty that reflects the average
energy of the electron or hole gas. This approximation is valid when carrier-
carrier scattering rapidly establishes a quasi-thermal distribution, while in
other cases the actual non-thermal distribution function must be considered
(Dienys & Pozela, 1971; Zhang et al., 2021). The physical nature of the hot
carrier effect manifests in two main scenarios. First, during interband photon
absorption, the excess energy after electron-hole pair generation is transferred
to carriers, leading to their heating and following rapid thermalization into the
lattice (Ahmed et al., 2021). Second, sub-bandgap photons (hAv < E,) or
microwave radiation can directly heat free carriers, producing an additional
electromotive force (EMF) across inhomogeneous structures.

1.4.2. Mechanisms of hot carrier generation

Several approaches to hot carrier excitation have been described in the
literature, each with its own advantages and limitations (Dienys & Pozela,
1971; Pozela, 1993). One of the earliest methods is microwave irradiation.
The frequency range 0.3—300 GHz corresponds to photon energies far below
the semiconductor bandgap (Zhou et al., 2019). As early as 1959 it was shown
that a combination of a dc electric field and microwave modulation in n-type

45



Ge leads to measurable changes in conductivity (Morgan, 1959). This method
enables contactless carrier heating and reduces the influence of structural
inhomogeneities in the sample. At the same time, it has a number of
drawbacks: the periodic nature of heating complicates the quantitative
interpretation of results, and there is considerable uncertainty in determining
the actual amplitude of the electric field inside the specimen (Pozela, 1993).

Another widely used approach is excitation by short voltage pulses applied
to samples with ohmic contacts. The pulse duration is chosen so that carriers
can gain excess energy without causing significant lattice heating. Additional
heat dissipation techniques are applied to stabilize the crystal temperature
(Dienys & Pozela, 1971). An advantage of this method is the possibility to
control the energetic state of carriers in the time domain, which is particularly
important for studying their relaxation dynamics.

For photovoltaics, the most relevant approach is optical excitation, as it
directly reflects the operational conditions of solar cells. When the photon
energy /v > E,, absorption generates electron-hole pairs, and the excess
photon energy is transferred into carrier kinetic energy, leading to heating. In
the case of v < E,, direct interband excitation is impossible, yet photons can
still interact with electrons already present in the conduction band, promoting
them to higher energy states via intraband absorption. Thus, optical irradiation
induces two parallel processes: classical interband generation of carriers and
direct heating of free carriers (Ahmed et al., 2021).

1.4.3. Hot carrier cooling processes

After excitation, hot carriers lose their excess energy through a multistage
cascade of scattering events that typically lasts from several tens of
femtoseconds up to a few picoseconds (Conibeer et al., 2014; Zhang et al.,
2021). In the initial stage, rapid carrier-carrier scattering, including electron-
electron and electron-hole collisions, leads to the formation of a quasi-thermal
distribution that can be described by a Fermi—Dirac function at an elevated
effective temperature T.. Subsequent cooling proceeds mainly through the
emission of optical phonons, which serve as the dominant energy relaxation
channel in most semiconductors. Because the energy of an optical phonon is
limited, carriers must emit a large number of phonons to dissipate their excess
energy, resulting in the formation of an intense phonon cascade. In the next
step, these optical phonons undergo decay into acoustic phonons, which
transfer the energy into the crystal lattice. This process leads to local lattice
heating and modifies material parameters such as carrier mobility and the
bandgap width, the latter often manifested as bandgap narrowing.
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Ultimately, nearly all of the excess energy of hot carriers is converted into
heat (see Fig. 1.20), which significantly reduces the efficiency of photovoltaic
conversion.
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Fig. 1.20. Process of hot carrier cooling in semiconductor materials.
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The overall hot carrier lifetime is on the order of 1 ps, and this ultrafast
relaxation is regarded as the main obstacle to the practical extraction of hot
carrier energy in optoelectronic devices. Therefore, one of the central
challenges in modern semiconductor physics and photovoltaics is either to
slow down the relaxation process by engineering materials and structures (for
example, introducing quantum wells, nanostructures, or phonon bottleneck
layers), or to extract hot carriers through energy-selective contacts before
cooling occurs. Both approaches are considered essential requirements for the
realization of efficient hot carrier solar cells (Ahmed et al., 2021; Zhang et al.,
2021).

1.4.4. Photovoltaics of hot carriers

The first experimental evidence of hot carrier photovoltage was obtained
in Ge p-n junctions irradiated with a CO; laser (A = 10.6 pm, hv = 0.12 eV <
E,). The observed signal exhibited a polarity opposite to that of the classical
generation-induced photovoltage, and this phenomenon was later termed the
hot photo-carrier effect (Umeno et al., 1978). Subsequent investigations by
Lithuanian researchers made a significant contribution to understanding the
peculiarities of the hot carrier photoeffect in gallium arsenide structures. It
was established that the amplitude and polarity of the induced photovoltage
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strongly depend on the junction configuration (p-n, p-p*, or n-n*) as well as
on the electrical parameters of the base layer (ASmontas et al., 1997). In
particular, measurements showed that samples with low-resistivity bases (Fig.
1.21 (b)) exhibited a stronger hot carrier signal compared to those with high-

resistivity bases (Fig. 1.21 (a)).
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Fig. 1.21. Dependence of photocurrent on bias voltage in n-p* junctions
exposed to CO; laser radiation: (a) structure with a high-resistivity base
measured at various lattice temperatures, (b) structure with a low-resistivity
base measured at room temperature (ASmontas et al., 1997).

This behavior was explained by the enhanced role of the built-in electric
field and the distribution of space charge in shaping the transport and
separation of heated carriers. These tendencies are clearly illustrated in Fig.
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Fig. 1.22. Photoelectromotive force in p-n junctions with a high-
resistance base and in I-h junctions as a function of CO; laser intensity at
room temperature (ASmontas et al., 1997).
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The results reveal that asymmetric n-n" and p-p" junctions produce
significantly higher photovoltages than p-n junctions under identical
excitation conditions. At low excitation levels, the signal across the p-n
junction remains weak, while n-n* and p-p* structures already exhibit
measurable voltages above 1 mV. With increasing laser power, the response
of the I-h junctions grows linearly, reaching values an order of magnitude
higher than those observed in p-n junctions (ASmontas et al., 1997). This
comparative analysis confirms that the magnitude of the hot carrier signal is
governed not only by excitation intensity but also by the junction asymmetry
and doping profile, which determine the potential barrier and the strength of
the internal electric field. Consequently, highly doped n-n* and p-p* junctions
are much more effective in separating heated carriers and generating strong
photoresponses.

Later works demonstrated that, under CO; laser excitation, the GaAs n-n*
junction photoresponse consists of two temporal components (Fig.1.23): a fast
signal arising nearly simultaneously with the laser pulse, attributed to carrier
heating, and a slower signal associated with thermal processes in the lattice
(ASmontas et al., 1999). Importantly, the hot carrier contribution exhibited a
polarity opposite to that of the generation-induced component, confirming its
distinct physical origin (ASmontas et al., 2001).
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Fig. 1.23. Experimental waveforms of the CO; laser pulse (1) and the
photovoltage across a GaAs n-n" junction (4) at T = 300 K, along with
calculated curves of the fast (3) and slow (2) components (ASmontas et al.,
1999).
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Furthermore, it was demonstrated that in GaAs p-n junctions under
Nd:YAG laser excitation (4 = 1.064 um), the photovoltage consists of two
components of opposite polarity (Fig. 1.24): a fast hot carrier contribution and
a slower generation-related component caused by two-photon absorption
(ASmontas et al., 2014). The hot carrier signal appears almost instantaneously
with the arrival of the laser pulse, indicating its origin from intraband heating
of free electrons in the conduction band. In contrast, the generation component
develops with a noticeable delay and exhibits slower dynamics, since its
formation is associated with nonlinear interband generation of electron-hole
pairs.
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Fig. 1.24. Waveforms of the laser pulse (bottom) and the corresponding
photoresponse (top) (ASmontas et al., 2014).

It was established that the amplitude of the hot carrier signal increases
linearly with excitation intensity, which confirms its nature as a result of
single-photon intraband absorption (Fig. 1.25 (a)). By comparison, the
generation component follows a square dependence on intensity (Fig. 1.25
(b)), which is characteristic of two-photon absorption, where two photons
simultaneously interact with an electron, providing sufficient energy for the
transition across the bandgap.
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Fig.1.25. Laser-intensity dependence of hot carrier EMF (a) and
photovoltage in GaAs p-n junctions (b) at 300 K (ASmontas et al., 2014).

Additional investigations, carried out both experimentally and through
modeling, revealed that the total photoresponse in GaAs p-n structures has a
complex, multicomponent nature and can be decomposed into three distinct
contributions (Fig. 1.26): hot carrier (Ux.), generation (U,e,), and thermal (Us)
(Gradauskas et al., 2020). It was shown that the hot carrier component follows
the laser pulse, confirming its origin from rapid intraband heating of free
carriers. The generation component appears with a short temporal delay and
is associated with interband processes of electron-hole pair creation. The
thermal contribution develops on much longer timescales, reflecting the
transfer of energy from carriers to the phonon system, which leads to lattice
heating.
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Fig. 1.26. Simulated sequence of photovoltage pulses: (a) generation-
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induced component (green); (b) hot carrier contribution (red) together with

the combined signal of the two components (blue); (¢) thermal lattice-

heating contribution (violet) and the total signal including all three
components (orange). The experimental photovoltage trace is shown in black
for comparison (Gradauskas et al., 2020).
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This decomposition allowed not only qualitative but also quantitative
evaluation of the roles of different physical mechanisms in shaping the overall
photovoltage. Importantly, the polarity of the hot carrier component was found
to be opposite to that of the generation contribution, providing clear evidence
of their distinct physical origins. The thermal component, in turn, determines
the long “tail” in the signal decay.

Spectral studies confirmed that the generation-induced photovoltage in
GaAs p-n junctions disappears at wavelengths 4 > 1.75 um (Fig. 1.27) since
photon energies in this range are insufficient to overcome the bandgap and
generate electron-hole pairs (ASmontas et al., 2018).

100 ‘= JLJ N B S I LI B L NN I:IOO
E @ - he E
: | C U] o
—~ i xe— B | =
& @)
F 10k w) 410 &
E - " ] &
: f ] | =
3 0 " e ]
= - -
A~ - 4
l PO ST S N | TN N (NN T SO SR T AN T S S 1
1.0 1.5 2.0 2:5 3.0

Wavelength (um)

Fig. 1.27. Wavelength dependence of hot carrier photovoltage (Unc) and
classical photovoltage (Upn) at a laser intensity of I = 0.22 MW/cm?.
Experimental points (asterisk and triangles) are compared with the
theoretical solid curve of the two-photon absorption coefficient B (ASmontas
et al., 2018).

In contrast, the hot carrier component continues to appear under the same
conditions. Its persistence is explained by two mechanisms: intraband
absorption, in which free carriers in the conduction or valence band absorb
sub-bandgap photons and are promoted to higher energy states, and the
utilization of residual energy after interband transitions, which is not fully
dissipated through thermalization.

Photovoltaic phenomena associated with the heating of carriers have also
been investigated in GaAs/AlGaAs semiconductor heterostructures, where the
presence of band discontinuities and controllable potential barriers
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significantly influences the formation of the photoresponse (ASmontas et al.,
1997; ASmontas et al., 2008; ASmontas et al., 2003). In particular,
heterostructures of the GaAs/AlGaAs type have experimentally demonstrated
the emergence of hot carrier photoresponse under infrared laser irradiation
with photon energies much lower than the bandgap of the base material. Under
such conditions, interband generation of electron-hole pairs is absent, and the
dominant interaction mechanism between the radiation and the semiconductor
is intraband absorption by free carriers, which leads to an increase in their
average energy and the formation of a thermoelectric photo-EMF of hot
carriers. The characteristic features of the hot carrier photovoltaic response in
GaAs/AlGaAs heterostructures are illustrated in Fig. 1.28.
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Fig. 1.28. Photoresponse of a GaAs/AlGaAs heterojunction diode under CO,

laser irradiation: (a) temporal behaviour of the photoresponse signal induced

by a CO; laser pulse; (b) dependence of the photoresponse on laser intensity,
with the maximum intensity Imax = 100 kW/cm? (ASmontas et al., 2008).

The figure 1.28a presents the temporal profiles of the CO; laser pulse and
the corresponding photoresponse signal recorded across the heterojunction at
room temperature. As shown, the photoresponse temporally correlates with
the laser pulse, indicating its origin associated with the direct heating of free
charge carriers due to intraband absorption. The dependence of the
photoresponse amplitude on the excitation intensity is presented in Fig. 1.28b.
The photoresponse increases almost linearly with increasing laser intensity
within the investigated range. Such behavior is characteristic of photoeffects
associated with the free carrier heating.

Photovoltaic effects of hot carriers were also studied in silicon p-n
junctions under infrared excitation by a CO; laser (A = 10.6 um). The photon
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energy in this case is approximately 0.12 eV, which is significantly lower than
the bandgap of silicon. Under such conditions, interband generation of
electron-hole pairs is impossible, and the primary interaction mechanism
between the radiation and the material is intraband absorption by free charge
carriers. It has been experimentally established that the photovoltage induced
by CO; laser pulses in Si p'-n diodes exhibits a complex structure and may
consist of components with different polarities and distinct temporal scales
(Encinas Sanz et al., 1993). A pronounced nonlinear dependence of the
photoresponse on the excitation intensity was observed, with a sudden change
in slope separating the low- and high-intensity regimes. Such behavior reflects
the competition between carrier heating, carrier relaxation processes, and
carrier generation via impact ionization in the hot carrier plasma (Encinas
Sanz et al., 1993). Moreover, a pronounced dependence of the photovoltage
amplitude on the junction temperature has been established, indicating the
crucial role of thermal factors in the mechanism of the effect formation
(Encinas Sanz & Guerra, 2003).

Further investigations of photovoltage formation across a Si p-n junction
were carried out under laser irradiation of different wavelengths (ASmontas et
al., 2018). It was shown that at a wavelength of 1.489 um, a photoresponse of
two polarities is also observed, where Uy corresponds to the
thermoelectromotive force of hot carriers, and U, is the classical photovoltage
of opposite polarity caused by electron-hole pair generation. The oscilloscope
traces presented in Fig. 1.29a clearly demonstrate the temporal separation of
these two components. Similar to the case of GaAs, the classical photovoltage
U, increases with increasing laser intensity according to the square law,
indicating the dominant role of two-photon absorption in the sub-bandgap
excitation regime. In contrast, the hot carrier thermoelectromotive force Uy
shows a linear dependence on intensity, which is a characteristic feature
thermal processes.
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Fig. 1.29. Photovoltage formation across Si p-n junction under laser
irradiation: (a) oscilloscope traces of the 1.489 um laser pulse (bottom) and
the photovoltage signal (top) consisting of two components; (b) spectral
dependences of the hot carrier thermoelectromotive force Uy and the
classical photovoltage U, under intense laser illumination (ASmontas et al.,
2018).

It was also shown that the predominance of each component is determined
by both the excitation intensity and the radiation wavelength. At low
excitation levels, the hot carrier thermoelectromotive force prevails, whereas
at higher intensities the generation-related contribution becomes dominant. It
was demonstrated (see Fig. 1.29b) that the hot carrier contribution does not
vanish with increasing wavelength, as it is governed by intraband absorption
of free carriers, while the classical photovoltage decreases due to the reduction
of the two-photon absorption coefficient.

The hot carrier photosignal was also detected in narrow-bandgap
semiconductors under conditions of intraband excitation of free charge
carriers.

HgosCdo2Te is a narrow-bandgap semiconductor characterized by a
bandgap of approximately 0.16 eV at room temperature. This value is
comparable to the photon energy of a CO; laser (4 = 10.6 pm, hv = 0.12 V).
Such correspondence occurs only at temperatures close to room temperature.
Unlike conventional semiconductors such as GaAs and Si, in which the
bandgap decreases with increasing temperature, Hgi«CdiTe exhibits an
inverse temperature dependence of E; (Rogalski, 2005). For the composition
x = 0.2, the bandgap at liquid nitrogen temperature (80 K) is approximately
0.09 eV, which is lower than the photon energy of the CO, laser. Under these
conditions, cooling the HgosCdo2Te p-n junction to 80 K enables
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simultaneous observation of both the classical interband absorption-caused
photocurrent and the hot carrier contribution in the total photoresponse
(ASmontas et al., 2002). Figure 1.30 presents the temporal profile of the CO,
laser pulse together with the corresponding photoresponses measured across
the HgosCdo.Te sample at various laser intensities.

200 ns

a laser

Q

Fig. 1.30. Temporal profiles of the laser pulse (a) and the corresponding
photoresponses (b—d), recorded at progressively increasing laser intensities
from low to high (ASmontas et al., 2002).

At low excitation intensities (see Fig. 1.30b), a classical photoresponse
caused by interband absorption was observed. With increasing excitation
intensity (Fig. 1.30c), the classical photovoltage became saturated due to the
limitation imposed by the potential barrier height. A further increase in
intensity led to the appearance of a photoresponse component of opposite
polarity, as shown in Fig. 1.30d. This negative component originated from
carrier heating under strong illumination. Importantly, the hot carrier signal
fully followed the temporal profile of the laser pulse. The intensity
dependences of both the classical and the hot carrier signals were
approximately linear within their respective regimes (ASmontas et al., 2002).

A similar behavior was also observed in InSb, which has a bandgap of
approximately 0.23 eV at 80 K, where E; exceeds the photon energy of the
CO; laser (ASmontas et al., 2003). At moderate intensities, the photovoltage
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corresponded to the classical response associated with electron-hole pair
generation via two-photon absorption, as evidenced by its square dependence
on laser intensity. The amplitude of the classical photovoltage was limited by
the potential barrier height. A further increase in intensity led to the
appearance of a hot carrier component of opposite polarity. This component
originated from carrier heating and their diffusion across the potential barrier.
Reducing the barrier height by applying a forward bias resulted in the
emergence of the hot carrier signal at lower excitation intensities. Thus, in
InSb, both classical and hot carrier photoresponses could be observed
simultaneously, with their relative contributions determined by the excitation
intensity and the potential barrier height (ASmontas et al., 2003).

The reviewed literature shows that, despite major advances in
photovoltaics, single junction solar cells remain fundamentally constrained by
intrinsic loss mechanisms. According to the Shockley—Queisser theory,
spectral and thermalization losses dominate these limitations, accounting for
up to 80% of intrinsic energy dissipation. Although approaches to reach or
exceed this limit are typically described as methods for reducing these losses,
both can also be interpreted through the lens of hot carrier physics. Spectral
losses, or nonabsorption of low energy photons, contrast with experimentally
observed intraband absorption, where free carriers absorb infrared radiation
and generate a hot carrier photocurrent across a p-n junction or other potential
barrier. Thermalization losses, in turn, result from the dissipation of excess
hot carrier energy to the lattice after high energy photon absorption.

Modern efficiency enhancement strategies can therefore be viewed not
only as pathways to surpass the Shockley—Queisser limit but also as means of
reducing the negative impact of hot carriers on the total photoresponse. The
total photoresponse of a p-n junction is a superposition of three components:
classical electron-hole generation, the hot carrier thermoelectromotive force,
and the lattice heating-induced component, the latter two having opposite
polarity to the classical response. These mechanisms have been observed in
both wide bandgap (GaAs, Si) and narrow bandgap (HgCdTe, InSb)
semiconductors, with their relative contributions governed by temperature,
excitation wavelength, barrier height, and bias. Still, a systematic analysis of
hot carrier photocurrent as a function of temperature, bias, and excitation
spectrum is still required.

At the same time, the hot carrier phenomenon offers promising
opportunities for infrared sensing based on intraband excitation of free
carriers. Unlike conventional narrow bandgap photodetectors that require
cryogenic cooling to suppress dark current and maintain p-n junction
functionality, devices exploiting controlled barrier hot carrier transport may
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operate at room temperature, significantly broadening their practical
applicability.

These considerations define the scientific motivation and justify the
methodological approaches developed in the following chapters of the
dissertation.
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2. METHODOLOGY

The theoretical part focuses on the modeling of advanced photovoltaic
structures by solving the coupled one-dimensional Poisson & Schrodinger
equations by means of software 1D Poisson, allowing for the determination of
the energy band diagrams. This provides an effective model for predicting
carrier dynamics and photovoltaic characteristics in novel device
architectures. The experimental part is based on two fundamental techniques:
the measurement of current-voltage (I-V) characteristics of semiconductor
junctions under varying external conditions and registration of photoelectric
response induced by pulsed laser radiation. Within this concept, two main
tasks are pursued: (a) investigation of the mechanisms of photovoltage
component formation across a p-n junction and their dependence on
temperature, applied bias, and excitation wavelength and intensity; (b)
photoelectrical characterization of the developed ratchet sensor, allowing
evaluation of its functional performance and correlation with theoretical
predictions.

2.1. Structure simulation and fabrication

Semiconductor samples were fabricated using liquid phase epitaxy (LPE)
and molecular beam epitaxy (MBE) techniques to grow structures based on
GaAs and GaAs/AliGajxAs compounds. For MBE, the development
procedures of layered structures were pre-optimized by Schrodinger—Poisson
simulations with the Poisson 1D software, enabling the determination of band
diagrams and carrier distributions within the layers. This approach provided
validation for novel structures without requiring labor-intensive technological
pre-testing and simplified the prediction of the electrical characteristics of the
samples. During the simulations of the ratchet-based sensor, the parameters of
each layer were defined, including the AlAs mole fraction in AliGa;4As,
conductivity type (n), doping carrier concentration, and layer thickness (see
Fig. 2.1). These inputs allowed for the reconstruction of the potential
distribution and band structure, which determine the operational
characteristics of the semiconductor structures.
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Fig. 2.1. Energy band diagram of ratchet-based sensor.

The MBE technique relies on the deposition of monocrystalline layers at
ultra-high vacuum (<10® Torr) using highly pure Ga, As, and Al supplied
from effusion cells as molecular beams. The regulation of growth rate,
composition, dopant concentration, and layer thickness occurs at the atomic
layer level, allowing high-quality purity and reproducibility. The LPE process
entails the deposition of layers from high-temperature melts within a quartz
furnace. The semiconductor substrate is partially dissolved in the melt,
resulting in the crystallization of a crystalline layer on its surface. This
technology ensures faster growth and enables the formation of comparatively
thick layers, while it is inferior to MBE regarding purity and precision control.
The thickness of the epitaxial layers was determined by optical microscopy of
cross-sections, whereas the electrical characteristics (electron concentration
and mobility) were evaluated using the Van der Pauw method at both room
and temperatures.

2.2. Investigated samples
2.2.1. Industrial polycrystalline silicon solar cells

The samples were prepared from industrial polycrystalline silicon solar
cells (SoliTek, Vilnius, Lithuania). The emitter and base regions had carrier
concentrations of approximately n = 10?° cm™ and p = 10'6 cm?, respectively.
The cells were diced into pieces of 2 x 2 mm?. To prevent the generation of a
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photoresponse at the metal contacts, the contacts were positioned at the edges
of the samples. A schematic view of the layered structure is shown in Fig. 2.2.

Top contact——»

Anti-reflection coating——
n*-type Si——»

p-type Si——»

Back surface p~ field ——»
Bottom contact

Fig.2.2. Layered structure of a polycrystalline silicon solar cell.
2.2.2. GaAs p-n junction structure

The GaAs p-n junction consisted of a 5 um-thick p-type layer grown by
liquid-phase epitaxy on an n-type substrate, with hole and electron densities
of 5 x 10'7 cm™ and 3 x 10" cm?, respectively. A thin, heavily doped p* layer
with a hole concentration of 2 x 10'® ¢cm™ was produced to guarantee reliable
ohmic contact. The device fabrication employed standard photolithography,
succeeded by thermal evaporation and annealing of Au-Ge-Ni ohmic contacts.
To prevent direct illumination and the formation of unwanted photoresponses
at the top p-p* and semiconductor—metal contacts, the p* layer was selectively
etched away, leaving it solely beneath the metal contacts. The contacts were
positioned at the edge of the 2.5 x 2.5 mm? sample. The layout of the GaAs p-
n junction with ohmic contacts is shown in Fig. 2.3.

Top contact
Au-Ge-Ni -

p-type GaAs ——»

n-type GaAs —>

Bottom cgntacl >
Au-Ge-Ni

Fig. 2.3. Design of the semiconductor sample based on a GaAs p-n junction.
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2.2.3. Ratchet-based sensor

The structures were MBE-grown up on an n-type GaAs substrate with an
electron concentration of 3 x 10" ¢m™. An additional 200 nm-thick n-type
GaAs buffer layer with equal doping concentration was deposited to improve
the crystalline quality. The active region consisted of ten AlGai.<As layers,
each 200 nm thick (total thickness 2 um), with the AlAs mole fraction (x)
progressively decreasing from 0.3 to 0. The electron density in these layers
was sustained at 1 x 10" cm?. A 500 nm-thick n-type GaAs cap layer, with
an electron concentration of 3 x 10'® cm, was deposited atop the active region
to achieve structural and electrical symmetry. Ohmic contacts were defined
using photolithography, followed by thermal evaporation and annealing of an
Au-Ge-Ni alloy, which provided low-resistance electrical connections. To
avoid parasitic photoresponses, the contacts were positioned along the
periphery of the samples. Fig. 2.4 illustrates the schematic architecture of the
GaAs/AlGaj«As sensor structure.

Top contact Au-Ge-Ni—— /
Cap GaAs layer —

First AlyGaj..As layer ——

10" Al,Gaj-xAs layer —
n-GaAs buffer layer ——
n-GaAs substrate —
Bottom contact Au-Ge-Ni——

Fig. 2.4. Layout of the GaAs/AliGa;<As multiheterostructure for the ratchet
sensor

2.3. Experimental setup

2.3.1. Analysis of electrical properties of samples in direct current
regime

Measurements of the semiconductor samples in direct current (DC) mode
were conducted utilizing a probe station. This method involves positioning the
probes on the sample's ohmic contacts and determination of key electrical
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properties of the semiconductor structure, such as current-voltage
characteristics and electrical resistance.

The I-V characteristic is one of the primary tools for evaluating the
fundamental electrical parameters of semiconductor samples, as it describes
the dependence of current flow on the applied voltage. In this work, I-V
measurements were performed using the DC probe station “SUSS Microtec
EP6” equipped with “SUSS Microtec PH110” probes and precision
measurement equipment, specifically the I-V analyzer “Agilent E5270B” with
“Agilent E5287A” modules. A schematic block diagram of the measurement
setup is shown in Fig. 2.5. Each probe was connected to the I-V analyzer slots
(Fig. 2.5—-1) via BNC coaxial cables. The probes were positioned on the ohmic
contacts of the diode using the probe station (2).

Slots ® :

~ /Coaxlal Cable
S e n o
[-V

; ZDBEB: Station
A
SuSEZ M sample

B
o PCU Display )
[Printer]

Fig. 2.5. Schematic block representation of the probe station setup for [-V
measurements.

The measurements were controlled by the PC software “Agilent
EasyExpert”, which provided options to configure the voltage range, step size,
and probe polarity. The controlling PC (3) was connected to the [-V analyzer
using USB, and the virtual control interface is illustrated in Fig. 2.6. The
resulting [-V characteristics were obtained for each sample.
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Fig. 2.6. View of the “Agilent EasyExpert” PC software: (a) settings for
I-V characterization, (b) experimentally obtained I-V characteristic.

2.3.2. Measurement scheme and equipment

The photoelectrical study employed a specialized measurement circuit,
laser sources with defined wavelengths, and temperature-regulated conditions
to examine, characterize, and analyze the hot carrier effect in GaAs p-n
junction diodes, industrial polycrystalline silicon solar cells, and the ratchet-

based sensor. Figure 2.7 illustrates the schematic diagram of the measurement
circuit.

Oscilloscope

Diaphgmg I- '

ISampleILoad (50 Ohm)é

splitter

Fig. 2.7. Structural diagram for investigating photocurrent across the sample.
Dashed rectangle indicates the measurement circuit (MC).

All measurements were conducted in the photocurrent regime. Four

different lasers were employed to illuminate the samples. A load resistor (R =
50 Q) was used to ensure impedance matching of the circuit and to obtain
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reliable time-resolved characteristics of the photoresponse. A custom-built
DC voltage source (0-9 V, 0-0.3 A) was used to provide the bias voltage
during the measurements. The measurement circuit used to investigate the
influence of different excitation wavelengths comprised the sample, a 50 Q
load resistor, a digital storage oscilloscope, and a DC voltage source (see Fig.
2.7). The temporal profiles of both the photovoltage and the laser pulse were
recorded with a digital storage oscilloscope "DSO6102A" (Agilent
Technologies Inc., Santa Clara, CA, USA), offering registration accuracy of
+ 2.0% full scale (vertical/voltage), = 0.0015% (horizontal/time), and a time
resolution of 2.5 ps. The laser pulse shape was simultaneously observed using
a high-speed optical signal reference detector “11HSP-FS1” (Standa Ltd.,
Vilnius, Lithuania). The experiments were conducted within a temperature
range of 80-300 K. Low-temperature conditions were ensured using a custom-
built optical cryostat.

2.3.3. Optical schemes of lasers for investigation

The excitation wavelength of 0.532 pum, corresponding to a photon energy
of 2.32 eV, was employed in order to probe the hot carrier effect when the
incident photon energy is greater than the bandgap of the investigated
structures. For excitation of the samples, a diode-pumped, frequency-doubled
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser with an LBO
nonlinear crystal NL202 (Ekspla Ltd., Vilnius, Lithuania) was employed. The
laser generated 7—12 ns-long pulses at a wavelength of 532 nm with a
repetition rate of 50 Hz. A harmonic separator (dichroic beamsplitter; Eksma
Ltd., Vilnius, Lithuania) was used to eliminate the residual infrared radiation
and transmit the 532 nm beam. A part of the radiation was directed to an
optical reference detector (Standa Ltd., Vilnius, Lithuania) via a beam splitter
plate. The beam power was adjusted using a variable attenuator (Eksma Ltd.)
consisting of a Brewster-type polariser and a quartz half-wave plate. The
average power of the radiation was measured with an optical power meter
PM400 (Thorlabs Inc., Newton, NJ, USA). The maximum pulse power was
about 0.414 MW/cm?. The laser beam was directed onto the sample in the
measurement circuit (MC) using a detachable beam splitter plate (BSP). The
schematic block diagram of the experimental system is presented in Fig. 2.8.
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Laser diode LBO 5 BSP VA BSP PM
NL202 1.064 pm—>—{ |- ’6"5"33 ------- »O»\Q
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Fig. 2.8. Block scheme of the measurement system used for experiments
with 532 nm laser irradiation. Labels: NL202 — diode-pumped Nd:YAG
laser, LBO — nonlinear crystal for second harmonic generation; HS —
Nd:YAG harmonic separator; BSP — beam splitter; VA — variable attenuator
for the 532 nm beam; MC — measurement circuit with the sample; PM —
optical power meter.

Laser radiation of a wavelength of 1.064 um was selected with respect to
the GaAs bandgap width of 1.42 eV. The corresponding photon energy of 1.16
eV is lower than the bandgap energy. As the source of 1.064 um radiation, a
neodymium-doped yttrium aluminium garnet (Nd: Y AG) laser was employed,
operating with pulses of 10-17 ns duration, a repetition rate of 50 Hz, and a
maximum pulse intensity of 10 MW/cm?. The schematic diagram of the
experimental setup is shown in Fig. 2.9.

Laser diode BSP OFs BSP PM

NL202 1.064 pm-—»‘———» ______ ||||-;\.---O

Optical detector MC

Fig. 2.9. Experimental setup for measurements under laser irradiation at
1.064 um wavelength. Labels: BSP — beam splitter plate; OFs — set of optical
filters; PM — optical power meter; MC — measurement circuit with the
sample.

The laser output power was modified using optical filters with varying
transmission coefficients at a wavelength of 1.064 um. The sample was
illuminated by the laser beam through a detachable beam splitter plate (BSP).
The average power of the radiation was measured using an optical power
meter, and the pulse power was later computed by considering the repetition
rate and pulse duration.
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A laser with a wavelength of 1.342 um (photon energy 0.92 eV) was
chosen based on the bandgap of polycrystalline silicon, which is
approximately 1.1 eV. This wavelength was selected specifically to prevent
single-photon excitation of electron-hole pairs. The radiation source was a
neodymium-doped yttrium orthovanadate (Nd:Y VO,) diode laser functioning
at 1.342 pum, with a pulse duration of 1.7 ns and an intensity range of 0.06
kW/cm? to 0.4 MW/cm?. The output intensity was controlled by varying the
laser pump power. Schematic diagram of the laser system with the sample
within the measurement circuit (MC) is shown in Fig. 2.10.

Laser diode
808 nm, 1.3 W 1 &2
] : B pass
T3O ms, 1kHZ -3 & 4 pass 5
@ L, L,NdYVO, N’ M,

/=25 mm f%37 mm

2 M,
7 SM
L, Nd&YvVOo, M, L | H
=1 =) 4 1 3
i M, M5 r=500 mm

— i —— §
i V:YAG g /=100 mm
808 nm, 1.3 W q
330 ms, 1KHZ 4mm &
Laser diode sadtca

Fig. 2.10. Schematic diagram of the Nd:Y VO laser system used to generate
radiation at 1.342 um. Labels: L — lenses; M — mirrors; SM — spherical
mirror (R = 500 mm); MC — measurement circuit with the sample. Red lines
represent the first and second passes of the beam, while yellow lines
correspond to the third and fourth passes.

Additional experiments were performed using laser excitation at a
wavelength of 2 um, which corresponds to a photon energy of 0.62 eV. This
value is more than twice lower than the bandgap of GaAs (E, = 1.42 eV), thus
preventing the generation of electron-hole pairs through one- and two-photon
absorption. The schematic layout of the laser system is presented in the
referenced work: Augustinas Petrulénas, Femtosecond Pulse Generation in the
1.1-3 um Range by Parametric and Stimulated Raman Amplification of
Supercontinuum (Petrulénas, 2025). The excitation parameters during the
experiment were defined by ultrashort pulses with a duration of ~0.5
picoseconds and an intensity range of 1.76-3 MW/cm?, which allowed
reproducing the conditions of extremely fast processes in the semiconductor
structure.
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3. RESULTS AND DISCUSSION
3.1. Spectral Analysis of Hot Carriers

The photoresponse in semiconductor solar cells is primarily determined by
the solar spectrum, as electron-hole pairs are generated through the absorption
of photons with energies equal to or exceeding the bandgap E,. According to
the Shockley—Queisser theory, photons with energies below Eg are not
absorbed by the material and therefore do not contribute to carrier generation.
When the photon energy exceeds E,, electron-hole pairs are generated with
excess energy. This extra energy does not contribute to carrier generation but
is instead dissipated into the crystal lattice. As a result, part of the absorbed
photon energy is lost to lattice heating, which reduces the overall efficiency
of a solar cell.
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Fig. 3.1. Solar spectrum AM1.5 (green oblique-lined area), and its potential
contribution to electron-hole pair generation (blue area) and carrier heating
in GaAs (a) and Si (b). Red areas illustrate the portion of the spectrum
corresponding to carrier heating by photons with energies exceeding the
bandgap (hv — E;), and photons with energies below the bandgap (Av < Ey).

The wavelength (or photon energy) determines the characteristics of both
hot carrier formation and the generation-related photoresponse. In the context
of the proposed model (Fig. 3.2), four mechanisms regulating photocurrent
rise can be defined: conventional interband electron-hole pair generation
(process 1), free-carrier heating through intraband light absorption (process
2), simultaneous electron-hole pair generation and carrier heating via two-
photon absorption of below-bandgap photons (process 3), and combined
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electron-hole generation with carrier heating induced by absorption of photons
with energies exceeding the bandgap (process 4).

Thus, hot carriers can be generated by photons with energies both below
and above the semiconductor bandgap. Although the free-carrier absorption
coefficient is considerably smaller than the interband one, the existence of
such heating and the formation of a pre-thermalized HC electrical response
have been experimentally verified in semiconductor structures (Fig. 3.2,
process 2). For instance, irradiation with a CO, laser (hv = 0.12 eV) induced
HC photocurrent in Ge, Si, and GaAs p-n junctions with bandgaps of 0.66,
1.12, and 1.42 eV, respectively (Umeno et al., 1978; ASmontas et al., 2017,
Asmontas et al., 1997). Also, spectral investigations revealed appearance of
HC photovoltage under illumination with higher-energy photons (ASmontas
etal., 2018).

Hot carrier current

3A

Generation current

Fig. 3.2. Schematic illustration of the generation-induced (blue) and hot
carrier (red) photocurrent across the p-n junction. Stepped arrows represent
the cooling and diffusion of hot electrons; analogous processes involving hot
holes are not shown to maintain visual clarity.

To investigate the properties of hot carriers at different wavelengths
(spectral characteristics), laser irradiation with wavelengths of 532 nm, 1.064
pm, and 1.342 um was employed. These values were selected with respect to
the bandgap widths of the investigated materials, GaAs and Si:
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1. Radiation at a wavelength of 532 nm provides photons with an energy
of 2.34 eV, which significantly exceeds the bandgaps of both GaAs
and Si. Under these conditions, interband generation of electron-hole
pairs takes place, while the surplus energy, &v — E,, equal to 0.92 eV
for GaAs and 1.22 eV for Si, is used for carrier heating (Fig. 3.2,
process 4).

2. Atawavelength of 1.064 um, the photon energy is 1.16 eV. For GaAs,
this value is below the bandgap, which prevents direct interband
generation, only two-photon absorption is possible, with the excess
energy of 2hv — Eg= 0.9 eV (Fig. 3.2, process 3). Additional carrier
heating may also occur via the intraband light absorption (Fig. 3.2,
process 2). For Si, this photon energy is close to the bandgap edge,
which enables interband generation together with carrier heating, Av —
E,=0.04 eV (Fig. 3.2, process 4).

3. Atawavelength of 1.342 um, the photon energy is 0.92 eV, which lies
below the bandgap of both materials. In this case, interband generation
is possible only through two-photon absorption, with excess energies
of 2hv — Eg equal to 0.42 eV for GaAs and 0.72 eV for Si, respectively
(Fig. 3.2, process 3). Carrier heating under these conditions may arise
from both intraband absorption and the above-mentioned extra energy
(Fig. 3.2, processes 2+3).

The hot carrier photocurrent exhibits several characteristic features. Its
polarity indicates carrier transport against the potential barrier and contrasts
with that of the generation process. In addition, it demonstrates a linear
dependence on excitation power and responds rapidly to laser pulses. The
temporal dynamics of the hot carrier effect is fundamentally determined by
the carrier energy relaxation time, which is on the picosecond scale (Zhang et
al., 2021; Dargys & Kundrotas, 1994).

Figure 3.3 presents the I-V characteristics of the GaAs p-n sample under
1.064 um laser irradiation of 0.7 MW/cm? intensity at room temperature. The
inset displays a representative oscilloscope trace of the photoresponse
consisting of two components with opposite polarities. The negative
photocurrent component (see inset in Fig. 3.3) is interpreted as a manifestation
of the hot carrier effect for two reasons: (a) its rapid behavior is governed by
the carrier energy relaxation time, and (b) its polarity corresponds to carrier
transport across the p-n junction barrier in the opposite direction, as illustrated
by the red stepped arrows in Fig. 3.2.
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Fig. 3.3. I-V characteristics of the GaAs p-n junction in the dark (black
line) and under illumination: the red line represents the HC photocurrent,
and the blue line signifies the generation photocurrent. The inset shows a

typical oscilloscope trace of a photocurrent pulse composed of two
components, negative and positive, and a laser pulse below (not to scale)

(ASmontas et al., 2024).

The contribution of the lattice heating-induced component was disregarded
because of its minor role in the total photocurrent (Gradauskas et al., 2020).
Due to the opposite polarities of the generation-related (blue) and hot carrier
(red) photocurrents, their competition is evident in the current-voltage
characteristics, with both components being strongly affected by the applied
bias.

The magnitude of the hot carrier photocurrent increases with applied
forward bias (Fig. 3.4). At around 0.7 V, the dependence exhibits a
characteristic inflection point, after which the photocurrent starts rising
sharply. This exponential growth results from the transition of the pulsed
displacement current, which occurs under reverse and low forward biases, to
the transport of hot carriers across the p-n junction barrier lowered by the
applied voltage. The displacement photocurrent of hot carriers is analogous to
the alternating current flowing through a capacitor and appears only under
pulsed carrier heating followed by junction recharging (Asmontas et al.,
1997). A further increase in forward bias leads to the saturation of the hot
carrier photocurrent due to the reduction of the potential barrier (Umeno et al.,
1978).
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Fig. 3.4. Bias-voltage dependence of the normalized hot carrier photocurrent
across GaAs p-n junction measured at room temperature under excitation at
532 nm (green) and 1.064 um (red) laser wavelength.

Fig. 3.5 presents the current-voltage characteristics under laser
illumination at different wavelengths, all maintained at the same intensity.
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Fig. 3.5. I-Vs of GaAs p-n junction exposed to 0.4 MW/cm?-intense laser
radiation of 1.064 um (solid lines), 1.342 um (dashed lines) and 0.532 pum
wavelength (dotted lines) at room temperature (Gradauskas et al., 2024).
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Photons with wavelength of 1.342 pum (0.92 ¢V) predominantly contribute
to the hot carrier photocurrent, as their energy is insufficient to produce a
noticeable generation-related response. At 1.064 pm (1.16 eV), the hot carrier
component prevails over the classical photocurrent originating from two-
photon absorption. This behavior can be explained by the surplus energy of
0.9 eV remaining after the formation of an electron-hole pair through the
conventional interband mechanism, which is further used for carrier heating.
Under irradiation with photons of 0.532 pm (2.32 eV, above the GaAs
bandgap), a significant hot carrier photocurrent is also detected, which
contradicts classical expectations. This effect is most likely associated with
the residual 0.92 eV energy retained after the single-photon interband
absorption process.

As Fig. 3.6 shows, the spectral characteristics of the two photocurrent
components exhibit ambiguos behavior. When the excitation intensity is kept
constant but the photon energy is reduced (wavelength of 1.342 pum instead of
1.064 pm), the generation-related component Ig., almost completely
disappears, whereas the hot carrier component /yc also decreases, though to a
lesser extent. Such a reduction cannot be explained solely by the free-carrier
absorption mechanism, which in the classical approximation follows the oc 1
law (Szuszkiewicz, 1996).
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Fig. 3.6. Spectral dependence of short-circuit hot carrier (red dots) and
carrier generation (blue dots) photocurrents of GaAs p-n junction exposed to
0.4 MW/cm?-intense laser light at room temperature (Gradauskas et al.,
2024).
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This indicates that carrier heating, and thus the formation of the hot carrier
photocurrent, is additionally governed by the residual energy left after two-
photon absorption: lowering the photon energy from 1.16 eV to 0.9 eV results
in a decrease of the excess energy from 0.92 eV to 0.42 eV. Under shorter-
wavelength excitation (0.532 pm instead of 1.064 um), interband single-
photon absorption becomes dominant, leading to an enhancement of the
generation-related photocurrent component. At the same time, the residual
photon energy of about 0.92 eV continues to contribute to free-carrier heating,
emphasizing the complex interplay between generation-induced and hot
carrier mechanisms.

Figure 3.7 presents the typical temporal profiles of the photocurrent pulse
across the silicon p-n junction under conditions of zero external bias (green
curve) and under a forward bias of +0.4 V (olive curve), when excited by a
1.342 um laser pulse (bottom pink curve) at room temperature.

Photocurrent (mA)

Si p-n junction, no bias

02F Si p-n junction, +0.4 V bias |
— 1.342 pm laser pulse

0 50 100
Time (ns)

Fig. 3.7. Typical shapes of photocurrent pulse under conditions of no (green)
and forward +0.4 V (olive) bias voltage under the excitation of 1.342 um
wavelength laser pulse (below in pink). Room temperature. Laser pulse
shown not to scale. (Gradauskas et al., 2024).

It can be seen that the temporal shape of the response is also composed of
several components. The fast rise of the initial subpulse, as well as its
direction, clearly indicate that this component can be attributed to the hot
carrier photocurrent /yc. Application of the forward bias works in favour of
the hot carrier photocurrent across the lowered potential barrier, and
suppresses the generation current.
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Figure 3.8 shows the dependence of the peak values of the photocurrent
subpulses on the applied voltage. A sharp increase of the hot carrier
component /yc above a forward bias of 0.5 V is particularly noteworthy.
Similar behavior has also been reported by other authors (Marmur & Oksman,
1975; Umeno et al., 1978; ASmontas et al., 2017), which confirms the
universality of the effect. This steep rise is interpreted as the achievement of
favorable conditions for hot carriers to cross the junction associated with a
lowering of the potential barrier height.
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Fig. 3.8. Hot carrier photocurrent (red) and generation photocurrent (blue)
vs. bias voltage at room temperature (Zharchenko et al., 2024).

These findings demonstrate the decisive role of forward bias in the
formation of the hot carrier photocurrent in Si p-n junctions. It reduces the
barrier for carrier injection and provides the conditions for rapid carrier
transport across the junction, which is manifested in the steep rise of the
photocurrent.

In a silicon p-n junction, the hot carrier photocurrent induced by radiation
with a wavelength of 1.064 um (photon energy above the band gap) is not
observed under the short-circuit conditions. Its appearance is detected only at
sufficiently high forward bias ~0.8 V (see insert Fig. 3.9), when the potential
barrier becomes low enough for hot carriers to cross, while the contribution of
the generation photocurrent is relatively weak. When the excitation
wavelength is increased to 1.342 um, the amplitude of the generation
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photocurrent decreases, whereas the hot carrier component is enhanced (Fig.
3.9).
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Fig. 3.9. Current-voltage characteristics of the Si solar cell at room
temperature. In the inset: enlarged high-bias region of I-V curves under
1.064 pm illumination (Zharchenko et al., 2024).

This different response of the hot carrier photocurrent to long-wavelength
excitation in Si compared to GaAs is most likely related to the steeper spectral
dependence of interband absorption near the bandgap edge, which leaves a
larger excess energy available for intraband free-carrier heating. Additional
experiments with Si under 0.532 pum excitation revealed no hot carrier
photocurrent. The intense interband absorption of photons with energies
hv > 2E, fully suppresses the contribution of the hot carrier photocurrent.

3.2. Influence of laser intensity on the formation of hot carrier
photoresponse

In p-n junctions, the illumination-induced photocurrent is formed as a
superposition of three distinct components. The first one, Ugen, is associated
with electron-hole pair generation, i.e., it corresponds to the classical
photovoltage. The second component, Upc, exhibits polarity opposite to the
classical one and reproduces the temporal profile of the laser pulse. The third
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component, Ur, has the same polarity as Uxc but develops much more slowly.
(Gradauskas et al., 2020).

Laser excitation of GaAs samples was carried out at 1.064 um with
different intensities, and the corresponding typical photoresponses are
presented in Fig. 3.10.
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Fig. 3.10. Typical photoresponse pulse under low (a) and high (b) laser
intensities at room temperature. Laser pulse shown not to scale (Gradauskas
et al., 2024).

The negative-polarity pulse observed in the photoresponse can be
interpreted as a superposition of the hot carrier component, /¢, and the
thermoelectric component, /7 (Fig. 3.10a). At relatively low laser intensities,
the excitation conditions are insufficient to generate the classical photocurrent
through two-photon interband absorption (Fig. 3.2, process 3). Consequently,
the output signal originates exclusively from the second mechanism, i.e.,
intraband absorption by free carriers (Fig. 3.2, process 2). Under such
conditions, the temporal behaviour of the photoresponse clearly reflects the
dynamics of hot carriers: the signal follows the profile of the laser pulse, and
after the termination of the optical excitation, the hot carrier photocurrent
vanishes. The residual “tail” of the signal is then attributed to lattice heating
caused by carrier thermalization, which is expressed as the slower
thermoelectric component, /7. A different situation is demonstrated in Fig.
3.10b, where the laser intensity is sufficiently high to initiate two-photon
interband absorption in addition to the intraband heating process. In this
regime, the photoresponse consists of two components havingopposite
polarities. The coexistence of negative and positive components evidences the
simultaneous action of both mechanisms (Fig. 3.2, processes 2 and 3) in the
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formation of the output signal. Specifically, the negative part of the response
remains a result of the combined influence of hot carrier and thermoelectric
contributions (Ixc + Ir), while the positive part corresponds to the classical
photocurrent, /e, induced by the generation of electron-hole pairs.

The current-voltage characteristics presented in Fig. 3.11 demonstrate that

is the increase of the excitation level isfavorable for the rise of both
components.

Current (mA)

Voltage (V)

Fig. 3.11. I-Vs of GaAs p-n junction exposed to 1.064 pm laser radiation of
0.4 MW/cm? (solid lines) and 0.7 MW/cm? (dashed lines) intensity at room
temperature (Gradauskas et al., 2024).

The experimental data indicate that a increase in 1.064 um laser power
further enhances the contribution of the hot carrier component. Higher optical
excitation intensity supplies a larger number of carriers with excess energy,
while the forward bias ensures their efficient extraction across the junction.
Thus, the combined effect of elevated laser power and stronger forward bias
creates optimal conditions for the manifestation of hot carrier photocurrent.
Note, the generation-related component is more sensitive to laser intensity
increase because of its two-photon absorption nature.

The dependence photoresponse components on laser power of 1.064 um is
shown in Fig. 3.12. The hot carrier current /zc demonstrates a linear
dependence on laser intensity, which is a typical signature of free-carrier
heating processes: the number of hot carriers scales proportionally with the
absorbed power. Conversely, the generation-induced current /g., shows a
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quadratic dependence on excitation intensity, indicating that two-photon
interband absorption is the dominant mechanism responsible for carrier
generation under these conditions.

10 T T T T
R * Iy *
°
é ® ]Gen “.‘
= o?
= e®
% 1k .® i
2 . ¢
)
=
o (1}
ERON ® 3 .
%_:’ ® °
?
=1
1)
=
72
0.01 4
0.001 0.01 0.1 1

Laser intensity (MW/cm?)

Fig. 3.12. Dependence of hot carrier (red circles) and generation-induced
(blue circles) short-circuit photocurrents across GaAs p-n junction on the
laser intensity at 1.064 pm at room temperature (Gradauskas et al., 2024).

As the laser intensity increases, both components become more
pronounced, but the linear growth of /¢ is accompanied by a much steeper
rise in /g This leads to competition between the two photocurrent
components. At relatively low excitation levels, the hot carrier contribution
dominates the photoresponse, while at higher intensities the generation-
induced current rapidly surpasses it, eventually becoming the prevailing
mechanism.

In contrast to the excitation at a wavelength of 1.064 pm, the mechanism
of photocurrent formation differs under laser illumination with a wavelength
of 0.532 pum, as described in the previous section (Fig. 3.2, process 4). The
obtained results for this case are demonstrated in Fig. 3.13.
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Fig. 3.13. Intensity dependence of hot carrier (red circles) and generation-
induced (blue circles) short-circuit photocurrents across GaAs p-n junction
under 0.532 pm illumination at room temperature.

On the other hand, the hot carrier current /c emerges more gradually and
becomes visible primarily when the classical component reaches saturation.
Its presence indicates that part of the absorbed photon energy exceeding the
band gap is transferred to carrier heating. These hot carriers, before
thermalization, are capable of overcoming the potential barrier and
contributing to the HC photoresponse.

Experiments under 1.342 pm illumination were also conducted, and their
results are depicted in Fig. 3.14.
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Fig. 3.14. Laser intensity dependence of hot carrier (red circles) and
generation-induced (blue circles) short-circuit photocurrents across GaAs p-
n junction measured under 1.342 um excitation at room temperature.

80



The resulting hot carrier photocurrent again exhibits a nearly linear
dependence on the laser intensity. In addition, a photocurrent of opposite
polarity is observed. This component can be attributed to the photocapacitive
effect associated with hot carriers. Its appearance reflects the redistribution of
laser-heated carriers close to the potential barrier, leading to a displacement
current that flows in the opposite direction relative to the classical generation-
induced photocurrent (ASmontas et al., 1997).

For silicon samples, a pronounced dependence of the photoresponse on the
laser power was also observed. This behavior indicates the universality of hot
carrier phenomena not only in direct-bandgap materials such as GaAs, but also
in indirect-bandgap semiconductors, including industrial silicon solar cell
structures. Fig. 3.15 presents the obtained results, which reflect how the
photocurrent in industrial silicon p-n junctions depends on laser light intensity.
In the inset are represented the short-circuit photocurrent pulse and laser pulse.
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Fig. 3.15. Dependence of the short-circuit photocurrents /¢ and /g., on laser
light intensity under illumination at 1.342 pm in industrial silicon structures
at room temperature. Straight lines are guides for the eye of the respective
linear and square laws. In the inset: short-circuit photocurrent pulse and laser
pulse below (not to scale) (Zharchenko et al., 2024).

In the case of Si, the generation-induced photocurrent shows an almost

quadratic dependence on excitation intensity, which is typical for two-photon
absorption (Gradauskas et al., 2020; Bristow et al., 2007). This behavior is
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explained by the fact that, under these conditions, interband transitions occur
through multiphoton processes shown in Fig. 3.2, process 3. If the hot carrier
photocurrent in silicon were governed solely by the intraband absorption, its
dependence on intensity would be linear, as observed earlier for photons with
energies much smaller than E,; (ASmontas et al., 2001). However, the obtained
Iuc dependence is clearly sublinear. This can be explained by several factors.
First, the two-photon absorption coefficient increases with excitation power,
reducing the number of photons available for free-carrier absorption. Second,
the residual single-photon energy available for carrier heating after two-
photon generation is much smaller, (2A4v — E,) = 2 = 0.365 eV, compared to
the direct single-photon absorption case (kv = 0.92 eV). Third, the generation
component suppresses the hot carrier contribution of opposite polarity, since
it grows much faster with excitation intensity.

3.3. Influence of Temperature on Hot Carrier Photocurrent
Formation

It is well known that the energy relaxation time of hot electrons in
semiconductors is strongly temperature dependent. In GaAs, at 80 K, it is on
average an order of magnitude longer than at room temperature (Dargys &
Kundrotas, 1994). This implies that, at lower temperatures, hot carriers lose
their excess energy much more slowly, thus remaining in an excited “hot”
state for a longer period of time. Consequently, the contribution of hot carrier
processes to the formation of photoresponse in semiconductor structures is
expected to increase as the temperature decreases. Experimental confirmation
of this phenomenon demonstrated that the amplitude of the hot carrier
photoresponse at 80 K was significantly higher compared to that at 300 K in
GaAs p-n junctions (ASmontas et al., 1996). This behaviour is consistent with
theoretical expectations concerning the slowed thermal relaxation of carriers
in the crystal lattice at cryogenic temperatures.

At room temperature, the intensity of the 1.064 um laser pulse is sufficient
to initiate the classical photocurrent via the two-photon absorption (Fig. 3.2,
process 3). Under such conditions, the hot carrier component originates from
intraband absorption (Fig. 3.2, process 2), which is additionally supported by
the excess energy released during interband transitions (Fig. 3.2, process 3
stepped arrows). The results presented in Fig. 3.16 indicate vanishing of
generation-related photocurrent as the GaAs p-n junction cools down from
300 K to 80 K temperature.
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Fig. 3.16. I-V characteristics of the GaAs p-n junction exposed to
0.4 MW/cm? intense laser radiation of 1.064 um wavelength for both room
temperature (solid lines) and liquid nitrogen temperature (dashed lines)
(Gradauskas et al., 2024).

This effect is attributed to the widening of the band gap, which
significantly decreases the absorption coefficient (Dargys & Kundrotas, 1994)
and reduces the probability of two-photon absorption. The reduction of the hot
carrier photocurrent in the short-circuit mode at low temperatures can be
explained by two main factors: firstly, by the lower value of the intraband
absorption coefficient (Dargys & Kundrotas, 1994), and secondly, by the
absence of surplus energy for carrier heating in the process of two-photon
excitation. Thus, taken together, these two factors exert a stronger influence
on the photocurrent than the extended relaxation time of hot carriers.

Figure 3.17 illustrates the temperature dependence of the short-circuit
photocurrent components for GaAs p-n junctions under 1.064 pum laser
irradiation at different intensities.

At relatively low laser intensity (0.4 MW/cm?), both the hot carrier
photocurrent /zc and the generation-induced photocurrent /., exhibit a weak
dependence on temperature within the range from 300 K down to 80 K.
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Fig. 3.17. Dependence of short-circuit photocurrents of hot carriers (red
dots) and generation (blue dots) on temperature under 1.064 um laser
radiation of 0.4 MW/cm? (open dots) and 4 MW/cm? (solid dots) intensity
(Gradauskas et al., 2024).

This indicates that under moderate excitation conditions the overall
photocurrent is stable against thermal variations, and neither the hot carrier
nor the generation process dominates significantly. However, at higher
excitation intensity (4 MW/cm?), a markedly different behavior is observed.
The generation-induced current, which is relatively strong at room
temperature, decreases sharply as the temperature is lowered. In contrast, the
hot carrier photocurrent shows a slight but noticeable increase with decreasing
temperature. This opposite trend reflects the different physical origins of the
two components: the generation current is strongly influenced by two-photon
interband absorption processes, while the hot carrier contribution is mainly
related to intraband absorption. It is important to note that both the two-photon
absorption coefficient and the free-carrier absorption coefficient decrease with
lower temperatures (Krishnamurthy et al., 2011). Consequently, the
persistence and even growth of the hot carrier photocurrent under such
conditions suggests that it cannot be attributed solely to the intraband
absorption. Instead, its magnitude results from the interplay and competition
between carrier generation and carrier heating processes.
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As Fig. 3.16 shows, the dark I-V curve shifts to the higher voltage values
with lower temperature, reflecting an increase in potential barrier height. The
same property is observed for the silicon samples (Fig. 3.18).
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Fig. 3.18. Current-voltage characteristics of the Si solar cell in the dark at
room and liquid nitrogen temperatures (black lines), and I-V of HC at room
temperature (red line) (Zharchenko et al., 2024).

There exists the so called voltage temperature coefficient or, which
characterizes the shift of the diode’s I-V curve with temperature (Schaffner &
Shea, 1955):

ar = i—:ll = const]|. (3.1)

In practical photovoltaic devices, or usually has a negative value: with
increasing temperature, the voltage at a fixed current decreases, and each
semiconductor material has characteristic values of this coefficient. For
silicon, typical values fall within the —1.8 to —2.2 mV/K range, confirming the
high sensitivity of the barrier height to temperature changes (Green & Blakers,
1982; Zhao et al., 1994; Cotfas et al., 2018). In this study, the same effect was
employed as an “internal thermometer” for evaluating the hot carrier
temperature under sub-bandgap laser irradiation. According to the dark I-V
characteristics, at a fixed current of 0.238 mA, the voltage changes
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from Usp= 0.525 Vat T = 300 K to Usp= 0958 V at T = 80 K. This
corresponds to the temperature coefficient of ar = —1.97 mV/K, which is in
good agreement with the reported value for silicon solar cells. Under laser
illumination, the current also reaches 0.238 mA at room temperature (see red
line in Fig. 3.18). In this case, the sole difference between the dark current and
the photocurrent, which are equal in magnitude, is determined by the carrier
temperature. From the corresponding voltages Upuk = Usgp = 0.525 V and
U= 0.250 V (Fig. 3.18), and applying the calculated value of ar, the
temperature difference between the carriers and the lattice is obtained as:

AT = Wu = 0.238 mA| = 140 K. (3-2)
T

For the calculation, the current magnitude of 0.238 mA was selected based
on the assumption that the dark current at Uy = 0.250 V is sufficiently small
and can be neglected. Under these conditions, the net current is defined
exclusively by the HC photocurrent, which makes the evaluation of carrier
temperature more reliable. The proposed model is further supported by a
number of consistent arguments: as the excitation intensity increases, the
photocurrent is amplified; the illuminated [-V curve (the red one in Fig. 3.18)
shifts upward; Ui becomes lower and the voltage difference AU at a fixed
current becomes larger; and, accordingly, the value of the carrier temperature
increases in agreement with equation (3.2). Thus, this method provides a direct
way to detect the hot carrier temperature in single junction solar cells.

Comparison of the obtained hot carrier temperature with results reported
by other authors cannot be straightforward because different studies use
various experimental techniques and conditions. For instance, optical
investigations typically depend on above-bandgap stimulation, which
effectively elevates carrier temperatures. Numerical pump-probe simulations
using femtosecond laser pulses of very high intensity (TW/cm?) have
produced electron temperatures in silicon over 4600 K (Sato et al., 2014).
Time-resolved luminescence studies of bulk GaAs, on the other hand, have
demonstrated a strong dependence of carrier temperature on excitation level
and delay time, showing a decrease from 1200 K at a 1 ps delay to 300 K at a
100 ps delay (Pelouch et al., 1992). In this context, the evaluated carrier
temperature in silicon is approximately 440 K when subjected to sub-bandgap
laser irradiation at 1.342 pm, with a power density of 0.36 MW/cm? and a
nanosecond pulse duration seems reasonable. Importantly, the suggested
approach delivers an approximate, though consistent, assessment of the hot
carrier temperature. This estimate is expected to be relatively insensitive to
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the choice of the constant current value, since the dark I-V curves at T =300 K
and T = 80 K are nearly parallel, and therefore the voltage difference
Uin — Upur, as used in equation (3.2), remains almost unchanged.

3.4. Ratchet-based radiation sensor of broad radiation spectrum.

Various types of light sensors are characterized by specific limitations that
determine their suitability for particular applications. Some are limited by
insufficient sensitivity to weak signals, others by maximum response speed,
spectral detection range, or the requirement for operation within a restricted
temperature interval. Therefore, the search for alternative principles of
infrared radiation detection remains a relevant task in modern semiconductor
physics. One of the promising directions is the utilization of free carrier
heating effects induced by infrared radiation. Previous studies have shown that
in nonuniform semiconductor structures (p-n, p-i-n, 1l-h junctions,
heterojunctions, and Schottky barriers), photovoltage can be generated due to
the thermoelectromotive force of hot carriers even when the photon energy is
lower than the semiconductor bandgap (ASmontas et al., 2003). In this case,
intraband absorption dominates, and the photoresponse is determined by the
emission of hot carriers across the potential barrier. It has also been
demonstrated that such structures are capable of producing a response signal
at room temperature and provide nanosecond response times, which
fundamentally distinguishes them from conventional narrow bandgap
photodetectors. At the same time, in conventional p-n and heterostructures,
the formation of the photoresponse is strongly associated with the potential
barrier height and structural symmetry. In the absence of spatial asymmetry,
the motion of heated carriers remains statistically symmetric, and the
efficiency of converting their chaotic energy into a useful electrical signal is
limited.

Electronic ratchet-type devices offer a fundamentally different approach.
Unlike classical sensors, electronic ratchets are based on the creation of a
periodic, asymmetric electric potential, which can give the random motion of
charge carriers a directional character (Lau & Kedem, 2020). In such
structures, a spatially asymmetric potential converts the chaotic motion of
carriers, including hot carriers, into directed transport without the need for an
external bias. In this way, such structures are able to rectify chaotic oscillating
signals, for example, thermal noise, generating a unidirectional voltage or
current (Roeling et al., 2011). The combination of carrier heating mechanisms
with controlled potential asymmetry opens the possibility of developing
highly sensitive infrared sensors capable of operating at room temperature
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without the need for cryogenic cooling. Depending on the implementation,
"flashing" and "rocking" ratchets are distinguished (Kedem et al., 2017; Linke
et al., 1999). Despite its theoretical appeal, the practical implementation of
ratchet structures is technologically challenging. Their fabrication often
requires advanced nanolithography, quantum-confined heterostructures, and
sometimes low temperatures. Organic semiconductor ratchets can operate at
room temperature but suffer from low carrier mobility and density, while
GaAs/AlGaAs ratchets demand nanowires and nanoscale Schottky gates,
making the technology complex (Tanaka et al., 2013). A theoretical model of
a ratchet sensor based on Si/Si;«Gexwas proposed, where the asymmetric
potential was created by mechanical elastic deformation gradients (Lau et al.,
2017). Although this approach allowed the photovoltaic effect to be realized
under far-infrared illumination, it had several significant disadvantages:
complexity of controlling composition and growth of layers, limited active
layer thickness ( ~100 nm), high internal resistance, and sensitivity to surface
defects. The scientific and practical need is to create a ratchet radiation sensor
capable of operating at room temperature, without complex technological
limitations, and with an extended spectral sensitivity range.

The proposed concept of the AliGaixAs ratchet sensor (see Section 2.1)
overcomes the limitations of the existing analogues, such as the limited
thickness of the active region and the technological complexity of forming a
periodic potential in Si/Si;xGex structures. It is notable that the potential
barrier height can be adjusted within the range of 100 — 500 meV (x = from
0.3 to 0, respectively), allowing the sensor to be tailored to specific spectral
sensitivity requirements. The distance over which the conduction band edge
decreases within the graded layer (the period) is chosen to be longer than the
electron diffusion length, ensuring effective carrier drift transport. The
electron concentration in the active region is selected to provide an optimal
compromise between high sensitivity and low noise. The ratchet sensor
operates on the basis of the hot carrier effect, schematically illustrated in Fig.
3.19.

In the absence of irradiation, free electrons are concentrated in the potential
wells of the periodic asymmetric potential (Fig. 3.19a). Under illumination,
the average electron energy increases, they become the hot carriers that diffuse
in both opposite directions along the x-axis (Fig. 3.19b).
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Fig. 3.19. Periodic potential of the ratchet sensor and schematic distribution
of electrons in the conduction band: (a) absence of irradiation; (b) heating of
free electrons and diffusion of hot electrons in both directions; (c) electron
relaxation and redistribution between potential wells. E. denotes the
conduction band edge, and the plus and minus signs in circles indicate the
polarity of the induced electromotive force.

As the hot electrons lose their excess energy, they relax to the bottom of
the conduction band and drift under the influence of the potential gradient
toward adjacent potential wells (Fig. 3.19c). Some carriers cross the barrier
and enter the neighboring well, while the others return to the initial one. As a
result, an electromotive force is induced at the sensor terminals, and in a
closed electrical circuit, a direct current flows.

During the experimental investigation, the fabricated ratchet-based sensor
based on Alo3Gag.7As was exposed to laser radiation of different wavelengths
to analyze its spectral response features. Figure 3.20a presents representative
oscillograms recorded under illumination with a laser of 0.532 um wavelength
corresponding to 2.34 eV photon energy . This energy significantly exceeds
the GaAs band gap (E; = 1.42 eV), thus ensuring efficient interband
absorption. Also, the sensor was also illuminated with pulsed laser radiation
of 1.064 um wavelength, corresponding to photon energy of 1.16 eV (Figure
3.20b). In this case, free carrier heating occurs mainly due to the intraband
absorption.
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Fig. 3.20. Normalized to unity typical photocurrent signals (red)
measured at room temperature under irradiation with intensities of 0.3
MW/cm? for 0.532 um (a) and 7.4 MW/cm? for 1.064 um (b) laser pulses

(green). Laser pulses are not to scale.

The rapid rise of the recorded pulse and the polarity of the signal are
consistent with the “+” and “~ designations shown in Fig. 3.19. A comparison
of the oscillograms obtained under both excitation conditions reveals that the
developed sensor is capable of responding not only to photons with energies
exceeding the GaAs bandgap but also to photons with energies below it. This
observation provides clear evidence that the sensor operates on the basis of
the hot carrier effect. Furthermore, the ability to detect both above- and below-
bandgap radiation demonstrates its broadband sensitivity, which significantly
separates the proposed device from conventional quantum photodetectors
limited to the interband absorption processes.

For a more comprehensive comparison of detection efficiency in different
spectral regions, the photocurrent was analyzed as a function of incident laser
intensity at wavelengths 0.532 um (Fig. 3.21a), 1.064 pm (Fig. 3.21b), and 2.0
um (Fig. 3.21c¢). The wavelengths were chosen to compare the sensor’s ability
to detect photons with energies significantly higher than the GaAs band gap
(hv=2.34 ¢eV), close to the band gap (hv =1.16 V), and substantially lower
(hv =0.62 eV). This approach makes it possible to evaluate the contributions
of interband absorption, intraband carrier heating, and the manifestation of the
hot carrier effect in the formation of the photocurrent.
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Fig. 3.21. Dependence of the photocurrent across the typical two ratchet-
based sensors on 0.532 um (a), 1.064 um (b) and 2 um (c) lasers intensity at
room temperature.

When illuminated with 4 = 0.532 um, efficient interband absorption takes
place in the structure. The photocurrent shows an linear dependence on the
incident laser power. As Fig. 3.21b and Fig. 3.21c shows, both samples exhibit
a linear dependence of photocurrent on 1.064 pm and 2.0 pm laser power
throughout the entire investigated range. This indicates that the signal
formation mechanism is not governed by interband (two-photon) absorption
but rather by intraband carrier heating and the subsequent dynamics of hot
carriers. The linear behavior confirms that with increasing irradiation
intensity, the average carrier energy rises proportionally, leading to a stable
photocurrent increase without signs of saturation within the investigated
power range.

The results above demonstrate the potential of the ratchet-based sensor for
broadband photodetection ranging from visible to the infrared spectra. Figure
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3.22 presents the temporal oscillograms of the electromotive force induced
across the sensor under laser pulse excitation of 0.532 pm and 2.0 um
wavelengths.
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Fig. 3.22. Induced electromotive force signals under exposure to 2.0 um
laser irradiation of 3 MW/cm? intensity and 0.532 um laser irradiation of 0.2

MW/cm? intensity. Pulse magnitudes are not normalized.

In the case of short-wavelength excitation, the signal amplitude is clearly
four times higher than under the long-wavelength irradiation. This difference
is directly related to the strong spectral variation of the absorption coefficient
in gallium arsenide. The absorption coefficient of GaAs at A = 0.532 um is
approximately 3000 times greater than that at A = 2.0 um (see Fig. 3.23). Asa
result, at shorter wavelengths, the interband absorption takes place much more
efficiently, which leads to a higher photoresponse amplitude. In contrast,
under irradiation at 1 = 2.0 pm, the photon energy is lower than the GaAs band
gap, and the signal is formed mainly through much weaker intraband
processes.

Figure 3.23 shows spectral dependence of the experimentally obtained
responsivity values of the developed ratchet-based sensor alongside with the
absorption coefficient of GaAs.
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Fig. 3.23. Spectral dependences of the responsivity values (red dots) of the
developed ratchet-based sensor and absorption coefficient of gallium
arsenide (green line, taken from (Dargys & Kundrotas, 1994; Adachi, 1989;
Green, 2008)).

It is seen, that the responsivity of the developed ratchet-based sensor
follows the general trend of the GaAs absorption coefficient across the
investigated spectral range.

As part of the investigation, the influence of temperature on the
characteristics of the developed sensor was also analyzed. Figure 3.24 presents
the photocurrent dependence on laser intensity at two temperature regimes:
room temperature (T = 300 K) and liquid nitrogen temperature (T = 80 K).
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Fig. 3.24. Dependence of photocurrent on laser intensity at room
temperature (red dots) and liquid nitrogen temperature (blue dots): (a) under

0.532 pm irradiation; (b) under 1.064 pm irradiation.
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Across the entire investigated range of 0.532 pm irradiation intensities
(Fig. 3.24a), the photocurrent is higher at room temperature than at liquid
nitrogen temperature. This difference can be explained by the fact that the
interband absorption coefficient in GaAs is higher at room temperature
(Dargis & Kundrotas, 1994), and widening of the bandgap with lower
temperature leaves less energy for heating of the generated carriers.

In contrast, in the case of 1.064 pum laser irradiation (as Figure 3.24b
shows), the temperature-dependent deviation between the curves is minimal.
This behavior can be attributed to the fact that the photoresponse is formed
exclusively via the intraband absorption which is independent of the
semiconductor bandgap, while the two-photon absorption is supressed by the
bandgap widening with lower temperature.
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CONCLUSIONS

The formation of hot carrier photocurrent in GaAs and Si p-n junctions
is governed by excitation wavelength. Sub-bandgap irradiation
promotes free carrier heating and a pronounced hot -carrier
contribution, whereas shorter wavelengths favor generation-related
photocurrent, with partial energy transfer to carrier heating.

The photocurrent is strongly excitation-dependent and follows distinct
scaling laws. Under sub-bandgap irradiation, the hot-carrier
contribution is nearly linear at low intensities, while at higher levels a
generation-induced term appears with a quadratic dependence
characteristic  of two-photon interband absorption. Under
above-bandgap excitation, the generation photocurrent dominates, and
the hot carrier component becomes apparent only once this
contribution saturates.

Carrier heating and the competition between hot carrier and generation
currents are universal across both direct- and indirect-bandgap
semiconductors, as demonstrated in GaAs and Si — including industrial
solar cells — highlighting their fundamental role in photovoltaic
conversion.

The applied bias voltage is a key parameter controlling the realization
of hot carrier photocurrent. When the potential barrier is sufficiently
reduced, hot carriers can effectively cross the junction, resulting in a
sharp increase of the hot carrier contribution.

Temperature has a non-trivial influence on the interaction between hot
carrier and generation-induced photocurrent components. Cooling
simultaneously enhances carrier heating effects through increased
energy relaxation time and suppresses both intraband and interband
absorption processes. The resulting dominance of either mechanism
depends on excitation intensity, with hot carrier contribution
prevailing at low intensities and becoming more pronounced at
reduced temperatures.

The voltage-temperature coefficient methodology enables quantitative
evaluation of hot carrier temperature in p-n junctions. Analysis of -V
shifts under sub-bandgap illumination demonstrates that carrier
temperature can be directly extracted from electrical characteristics,
providing a diagnostic tool for nonequilibrium carrier dynamics
consistent with literature data.

The developed ratchet-based sensor operates under both above- and
sub-bandgap excitation. Its photoresponse arises from hot carrier
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heating induced by both classical interband and intraband absorption
mechanisms, ensuring broadband spectral sensitivity beyond the limits
of conventional interband photodetectors.

Temperature studies show that sensor sensitivity increases with
temperature under interband excitation, while remaining nearly
temperature independent under intraband excitation. This confirms
stable room temperature operation and highlights a key advantage over
conventional infrared sensors requiring cryogenic cooling.
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SANTRAUKA

Per pastaruosius deSimtmecius saulés elementy (SE) efektyvumo didinimo
tyrimai islieka viena svarbiausiy Siuolaikinés fotovoltikos ir energetikos
mokslo kryp¢iy. Klasikinis vienos p-n sandiiros saulés elementas, nepaisant
gamybos technologijy pazangos, iki Siol nepasieké teorinés Shockley—
Queisser ribos, siekianCios apie 33 % (Shockley & Queisser, 1961).
Pagrindiné maZzo efektyvumo priezastis yra fundamentaliis vidiniai nuostoliai,
salygojami fotony sgveikos su puslaidininkine medziaga (Hirst & Ekins-
Daukes, 2011). Svarbiausi jy yra spektriniai nuostoliai, atsirandantys dél to,
kad fotonai, kuriy energija yra mazesné uz draudziamosios energijos tarpa
(Eg), néra sugeriami, bei vadinamieji termalizacijos nuostoliai, susij¢ su
perteklinés fotony energijos (kai jy energija virsija E,) iSsklaidymu kristalinei
gardelei $ilumos pavidalu karstyjy kriivininky relaksacijos metu. Kartu Sie du
mechanizmai sudaro iki 80 % visy vidiniy nuostoliy saulés elementuose (Hirst
& Ekins-Daukes, 2011). Praktikoje pasiekti mazdaug 26 % silicio ir 28 %
galio arsenido saulés elementy efektyvumai vis dar islicka mazesni uz teoring
riba.

Treciosios kartos fotovoltikos vystymas yra orientuotas j Siy apribojimy
jveikimg, pasitelkiant daugiasandiirines struktiiras, spektring konversija,
kvantinius Sulinius ir kvantinius taskus, taip pat karStyjy kriivininky saulés
elementy koncepcijg; pastaryjy efektyvumas, esant selektyviam kriivininky
iStraukimui dar pries jy termalizacija, teoriSkai gali pasiekti iki 66 % (Ross &
Nozik, 1982). Taciau praktinis tokiy jtaisy realizavimas susiduria su rimtais
technologiniais i$Siikiais, susijusiais su itin trumpa karStyjy kriivininky
gyvavimo trukme, siekiandia pikosekundziy eile. Zvelgiant i§ kitos
perspektyvos, karstieji kruvininkai gali indukuoti fotovolting jtampg, kurios
poliskumas yra priesingas elektrono-skylés generacijos salygotai fotojtampai,
taip mazindami bendrg p-n sandiiros saulés elemento efektyvuma (Masalskyi
& Gradauskas, 2022).

Taigi, karStyjy kriivininky reiskinys pasireiSkia dvejopu vaidmeniu. Viena
vertus, jis gali buti traktuojamas kaip papildomas vidiniy nuostoliy
mechanizmas klasikiniuose saulés elementuose, keliantis klausimy dél
teorinés efektyvumo ribos pasiekiamumo. Kita vertus, jis atveria perspektyvas
kurti naujas, itin efektyvias fotovoltines struktiiras ir jutiklinius jtaisus,
kuriuose karstyjy kravininky vyksmai gali buiti sgmoningai ir kontroliuojamai
panaudojami.
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Tikslas

Tyrimo tikslas yra istirti kars$tyjy krtvininky vaidmen;j vienos sandiros
saulés elementuose, ypatingg démesj skiriant jy tiesioginei jtakai
fotovoltiniam atsakui.

Tyrimu siekiama jvertinti temperatiirines ir spektrines salygas, kuriomis
karstyjy kruvininky indélis tampa dominuojantis. Taipogi, papildomas
démesys yra skiriamas tikslingam kar$tyjy kriivininky reiskinio panaudojimui
kuriant naujas puslaidininkines struktiiras — reketinius elektromagnetinés
spinduliuotés jutiklius, — veikianc¢ius karstyjy kriivininky pagrindu.

Tyrimo uzdaviniai

Siekiant tyrimo tikslo, buvo suformuluoti $ie uzdaviniai:

1. Istirti GaAs ir Si p-n sandiiry voltamperines charakteristikas, esant
lazeriniam suzadinimui skirtingy bangos ilgiy ir intensyvumy
spinduliuote, bei iSanalizuoti generacijos ir karstyjy kravininky
fotosroviy tarpusavio sgveika.

2. Nustatyti temperatiirines ir spektrines salygas, kuriomis karstyjy
kriivininky indélis tampa reik§mingas arba dominuojantis bendrame
fotovoltiniame atsake.

3. [Ivertinti efektyviajg karStyjy kriivininky temperatiirg, remiantis
volatamperiniy charakteristiky analize.

4. Sukurti, sumodeliuoti ir eksperimentiskai istirti GaAs/AliGaixAs
reketinj elektromagnetinés spinduliuotés jutiklj, veikiantj karStyjy
kriivininky reiskinio pagrindu.

Mokslinis naujumas

Pirma karta eksperimentiSkai parodytas tiesioginis karsStyjy kriivininky
poveikis vienos sandiiros saulés elementy, ypa¢ GaAs ir Si p-n sandiiry,
fotovoltiniam atsakui placiame spinduliuotés bangos ilgiy ir temperatiiry
diapazone. Efektyvioji karStyjy kriivininky temperattira nustatyta remiantis
voltamperiniy charakteristiky ir jy temperatiirinés priklausomybés analize,
démesj skiriant pramoniniams silicio saulés elementams. Be to, sukurtas ir
eksperimentiSkai iStirtas GaAs/AliGaixAs reketinis jutiklis, veikiantis
karstyjy kriivininky reiSkinio pagrindu. Tyrimai atskleidé Sio jutiklio veikimo
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galimybes pla¢iame spektriniame ir temperatiiriniame diapazone, tokiu btidu
pasitilant naujg elektromagnetinés spinduliuotés detekcijos koncepcijg.

Tyrimo rezultaty praktiné verteé

1. Gauti rezultatai leidzia patikslinti fotovoltinio atsako formavimosi
mechanizmus vienos sandiiros saulés elementuose ir gali bati taikomi
perzitrint bei tikslinant klasikiniy struktiiry efektyvumo ribas.

2. Efektyviosios karStyjy kriivininky temperatiiros nustatymas
pramoniniuose silicio saulés elementuose sudaro prielaidas tiksliau
prognozuoti jy veikimo charakteristikas esant skirtingoms
eksploatavimo  salygoms, ypa¢ koncentruotos spinduliuotés
sistemose.

3. Sukurtas ir eksperimentiskai iStirtas GaAs/AlGai<As reketinis
jutiklis parodo praktinj karS$tyjy kriivininky reiskinio panaudojimo
potencialg elektromagnetinés spinduliuotés, ypa¢ infraraudonosios
srities, detekcijos jrenginiuose, nereikalaujant kriogeninio auSinimo.

Ginamieji teiginiai

1. Karstyjy krivininky fotosrové egzistuoja saulés elementuose su p-n
sandura nepriklausomai nuo Sviesos fotony energijos; ji susidaro tiek
dél laisvakruves, tiek dél tarpjuostinés Sviesos sugerties.

2. Karstyjy kriivininky sukelta fotosrové tampa reikSminga jtampy srityje
ties maksimalios galios tasku, kas parodo esminj karstyjy krtivininky
vyksmy neigiama indélj  saulés elemento veikima.

3. Efektyvioji karStyjy krivininky temperatiira gali buti kiekybiskai
nustatyta taikant jtampos-temperatiiros koeficiento metoda, kuris
suteikia tiesioginj eksperimentinj biidg tirti kriivininky kaitimo
dinamika fotovoltiniuose jrenginiuose.

4. GaAs/AlGa«As reketo tipo jutiklis veikia plac¢iame spektriniame
ruoze, detektuodamas fotonus, kuriy energija yra tieck mazesné, tiek ir
didesn¢ uz draudziamosios energijos tarpg, o jo s€kmingam veikimui
infraraudonyjy spinduliy srityje nereikia kriogeninio ausinimo.

Autoriaus indélis
Autorius savarankiSkai atliko pagrinding GaAs ir Si p-n sandiiry

eksperimentiniy tyrimy dalj, taikant lazerinj Zadinima skirtingy bangos ilgiy,
intensyvumy ir temperatiiry saglygomis. Autorius vykdé surinkty duomeny
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analize ir vizualizavimg, generacijos nulemtos ir KkarStyjy krivininky
fotosrovés dedamyjy atskyrima, taip pat efektyviosios karStyjy krivininky
temperatiiros  jvertinimg pramoniniuose silicio saulés elementuose.
GaAs/AlGai<As reketinio jutiklio koncepcija ir konstrukcija buvo sukurta
tiesiogiai dalyvaujant autoriui, kuris taip pat atliko jo eksperimentinius
tyrimus ir gauty rezultaty interpretacija. Autorius parengé susijusiy moksliniy
publikacijy rankrasCius ir pristaté tyrimy rezultatus tarptautinése bei
nacionalinése mokslinése konferencijose.

Literattiros apzvalga

Elektros energijos gamyba saulés elementais yra vienas perspektyviausiy
sprendimy tvariam pasauliniy energijos poreikiy tenkinimui. Saulés
elementai, veikdami fotovoltinio reiskinio principu, konvertuoja saulés
spinduliuote j elektros energija taip mazindami Siltnamio efekta sukelianCiy
dujy emisijas ir naudodami gausy atsinaujinancios energijos Saltinj. Per
pastaruosius du deSimtmecius reikSmingas fotovoltiniy moduliy kainy
sumazgjimas paskatino sparty $iy technologinj vystymasi (Green, 2000;
Razykov et al.,, 2011; Green, 2019). Fotovoltinés saulés elementy
technologijos dazniausiai yra skirstomos | tris kartas (Green, 2006). Pirmosios
kartos saulés elementai, gaminami i$ tradiciniy puslaidininkiniy medziagy,
silicio ir III-V grupés junginiy, veikia klasikinés p-n sandiiros principu.
Fotonai, kuriy energija virSija draudZiamosios energijos tarpa, generuoja
elektrony-skyluciy poras, kurios atskiriamos vidinio elektrinio lauko, taip
sukuriant fotosrove (Shockley & Queisser, 1961; Green, 2006; Riihle, 2016).
Tokiy vienos sandiros elementy efektyvumas yra mazesnis uz teoring
Shockley—Queisser verte (~33 %), o dar platesnj jy panaudojima riboja auksti
medziagy grynumo reikalavimai ir sudétingi gamybos procesai. Vis délto, dél
savo patikimumo ir brandziy gamybos metody, jie iSliecka dominuojancia
fotovoltine technologija pasaulyje (Green, 2000). Antrosios kartos saulés
elementai atsirado kaip plonasluoksnés technologijos XX a. aStuntojo
desimtmecio pabaigoje, sililan¢ios mazesnj medziagy sunaudojimg ir
mazesnes gamybos sgnaudas (Green, 2006). Nors jy efektyvumas paprastai
yra mazesnis nei kristalinio silicio pirmosios kartos elementy, plonasluoksniai
saulés elementai pasizymi tokiais privalumais kaip lankstumas, mazas svoris
ir tinkamumas pastatuose integruotoms bei neSiojamoms taikomosios
paskirties sistemoms. Treciosios kartos fotovoltinés technologijos siekia
vir§yti vienos sandiiros elemento efektyvumo ribg ir pasiekti didesnj nei 60 %
efektyvuma, taikant pazangias koncepcijas, tokias kaip daugiasandiirinés
architektiros, nanostruktiiriniai dariniai, spektriné konversija ir nauji
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kriivininky valdymo mechanizmai, jskaitant daugybinj eksitony generavima,
kar$tyjy krivininky ekstrakcija ir tarpinés juostos fotovoltika. Sie metodai
skirti iSplésti efektyvy saulés spektro panaudojima ir sumazinti Siluminés
relaksacijos nuostolius.

Didziausias teorinis fotovoltinés energijos konversijos efektyvumas vienos
sandiros saulés elementuose apibréziamas Shockley—Queisser riba
(Shockley—Queisser limit, SQL). Anot §io modelio, fotonai, kuriy energija yra
mazesné uz puslaidininkio draudziamosios energijos tarpa, iSvis néra
sugeriami, o fotonai, kuriy energija virsija E,, generuoja elektrony-skyluciy
poras su 100 % kvantiniu efektyvumu (Shockley & Queisser, 1961).
PaverCiant Sviesos energija elektra, saulés elementuose yra patiriami
reik§mingi energijos nuostoliai. Sie nuostoliai paprastai skirstomi j vidinius
(intrinsic), kylancius dél fundamentaliy vienos sandiros jtaisy apribojimy, ir
iSorinius (technologinius), kuriuos lemia medziagy netobulumai, jrenginio
konstrukcija, optiniai nuostoliai bei elektriniai nuostoliai, susij¢ su varziniais
efektais (Hirst & Ekins-Daukes, 2011). Didzigja vidiniy nuostoliy dalj sudaro
spektriniai nuostoliai, susij¢ su mazos energijos fotony pralaidumu
(nesugerimu) bei kriivininky termalizacija; jiems priskiriami ir
rekombinaciniai nuostoliai dél spindulinés, Shockley—Read—Hall ir Auger
rekombinacijos, taip pat entropiniai arba termodinaminiais nuostoliai, susije¢
su spinduliavimu ir ribota saulés spinduliuotés koncentracija. Spektriniai
nuostoliai sudaro iki 80 % visy energijos nuostoliy vienos sandiiros saulés
elementuose (Hirst & Ekins-Daukes, 2011), todél jy mazinimas yra vienas
pagrindiniy tyrimy tiksly. Svarbu pabrézti, kad Sie nuostoliai yra tiesiogiai ar
netiesiogiai susije su kar$tyjy kriivininky generavimu saulés elementuose.

Nors gamybos technologijy, medziagy kokybés ir jrenginiy architektiiros
pazanga leidzia sumazinti rekombinacinius, optinius ir varzinius nuostolius,
Siuolaikiné fotovoltika vis dazniau perzengia klasikinés vienos sandiiros
paradigmos ribas. Siekiant jveikti fundamentalius Shockley—Queisser
efektyvumo apribojimus, yra kuriamos novatoriskos koncepcijos. Viena
svarbiausiy i§ jy — daugiasandiiriai saulés elementai (MJSC) siiilantys
sumazinti spektrinius nuostolius. Uzuot naudoj¢ vieng absorberj, MJSC taiko
keliy sandiiry kaskada i§ skirtingy draudZiamosios energijos tarpo
puslaidininkiy, kuriy kiekvienas yra optimizuotas tam tikram saulés spektro
ruozui. Toks metodas leidzia pasiekti gerokai didesnius efektyvumus,
teoriskai vir§ijancius 45 % esant koncentruotai apsvietai (Henry, 1980; Marti
& Araujo, 1996; Baiju & Yarema, 2022). Tipinéje MJSC architektiiroje
didelés energijos fotonai sugeriami placios draustinés juostos virSutinéje
sandiroje, o mazesnés energijos fotonai pasiekia tolesnes, mazesnio
draudziamosios energijos tarpo sandiiras, taip sumazinant tiek termalizacijos,
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tiek maZos energijos fotony nuostolius (Baiju & Yarema, 2022; Polman et al.,
2016). Vis délto praktinj tokiy jrenginiy pritaikymg riboja tokie i$sukiai kaip
optimalaus  draudziamosios energijos tarpo parinkimas, gardelés
suderinamumas, tuneliniy sandtiry varza, optiniai nuostoliai ir didelés II1-V
medziagy auginimo sgnaudos (Yamaguchi et al., 2008).

Kitas novatoriSkas pozitris yra pagristas kvantiSkai struktirizuotais
dariniais, naudojanciais kvantinj apribojimg draudziamosios energijos tarpui,
sugerties spektrui ir kriivininky rekombinacijos keliams valdyti. Nors tokios
medziagos sitilo perspektyvias galimybes didinti efektyvuma, jy plataus masto
taikyma riboja rekombinaciniai nuostoliai, ilgalaikio stabilumo problemos,
toksiSkumo klausimai ir sudétingi gamybos procesai.

Spektrinés manipuliacijos metodai siekia sumazinti neatitikima tarp saulés
spektro ir fotovoltiniy jtaisy sugerties charakteristiky, paverciant kitais
atvejais nepanaudotg fotony energijg elektriskai naudinga forma (Trupke et
al., 2002; Richards, 2006; Van Sark et al., 2005). Siems metodams priskiriama
konversija auksStyn (up-conversion), kai keli mazos energijos fotonai yra
sujungiami j vieng didelés energijos fotong, ir konversija zemyn (down-
conversion), kai vienas didelés energijos fotonas suskaidomas j du mazesnés
energijos fotonus galinCius generuoti kriivininkus. Daugybiné eksitony
generacija, arba kruvininky dauginimas, yra alternatyvus mechanizmas, kai
vienas didelés energijos fotonas tiesiogiai puslaidininkyje sukuria kelias
elektrony-skylu¢iy poras, panaudodamas pertekling karStyjy krivininky
energija, kuri kitu atveju buty prarasta termalizacijos btidu. Nepaisant
koncepciniy privalumy, §ias fotony ir kriivininky valdymo strategijas Siuo
metu riboja mazas kvantinis efektyvumas, greitas kriivininky atvésimas ir
parazitiniai rekombinacijos procesai.

Karstyjy kriivininky reiSkiniai gali buti laikomi tiesiogine strategija
termalizacijos nuostoliams jveikti (Ross & Nozik, 1982). Pusiausvyros
salygomis kriivininkai puslaidininkiuose pakliista Fermi—Dirako skirstiniui,
apibréztam gardelés temperatiira To. Sviesos sugertis, stipriy elektriniy ar
mikrobanginiy lauky poveikis gali perkelti krivininkus | nepusiausvyring
biiseng, kurioje jie turi pertekling kineting energija. Tokie krivininkai
vadinami karStaisiais kriivininkais, o jy energijos skirstinys daznai apraSomas
efektyvigja kriivininky temperatira T. > To, jeigu greita kravininkas-
kriivininkas sklaida uZztikrina kvaziterminj pasiskirstyma. Tais atvejais, kai §i
salyga nejvykdoma, biitina taikyti neSiluming pasiskirstymo funkcijg (Dienys
& Pozela, 1971; Zhang et al., 2021). Literatiiroje yra aprasSyti jvairiis karstyjy
krivininky suzadinimo metodai, jskaitant $vitinimg mikrobangomis 0,3—
300 GHz dazniy diapazone (Zhou et al., 2019), ar trumpy itampos impulsy
taikyma, kai impulsy trukmé ir Siluminis valdymas parenkami taip, kad biity
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i8vengta gardelés kaitinimo (Dienys & Pozela, 1971; Pozela, 1993). Veikiant
spinduliuotei, karstieji kriivininkai gali buti generuojami dviem atvejais.
Pirma, tarpjuostinés sugerties metu (hv > E,) pertekliné fotono energija, likusi
po elektrono-skylés poros generacijos, perduodama kriivininkams, kurie
tampa karstaisiais (Ahmed et al., 2021). Antra, maZos energijos fotonai (hv <
E,) gali tiesiogiai kaitinti laisvuosius kriivininkus per viding (laisvakriive)
sugertj. Dél to plataus spektro optiné spinduliuoté vienu metu gali sukelti tick
klasiking tarpjuosting kriivininky generacija, tiek tiesioginj kriivininky
kaitinimg (Ahmed et al., 2021). Po suzadinimo karstieji kriivininkai relaksuoja
per sklaidos procesy kaskada, trunkanti nuo keliy desiméiy femtosekundziy
iki keliy pikosekundziy. Greita kriivininkas-krtivininkas sklaida pirmiausia
suformuoja kvaziterminj pasiskirstymg esant padidéjusiai T, o véliau energija
i§sklaidoma per optiniy fonony emisija (Conibeer et al., 2014; Zhang et al.,
2021). Bendra karstyjy kriivininky gyvavimo trukmé yra pikosekundziy eilés.
Galiausiai didzioji dalis perteklinés kriivininky energijos virsta Siluma (Zr.
1.20 pav.), o tai sudaro viena pagrindiniy nuostoliy kanaly, ribojanciy
fotovoltinés konversijos efektyvumg.

NevienalycCiuose dariniuose karstieji kriivininkai gali indukuoti fotojtampa
(ar fotosrove). Buvo parodyta (Umeno et al., 1978; ASmontas et al., 1999;
Asmontas et al., 2014), kad fotony, kuriy energija yra gerokai mazesné uz
draudziamosios energijos tarpa, sugertis p-n sandiiroje sukelia vadinamaja
anomaligja karStyjy krivininky fotojtampa, kurios poliSkumas yra prieSingas
Iprastajai fotojtampai salygotai elektronas-skylé pory generavimo. Tokia
karstyjy kriivininky fotojtampa yra budinga daugumai puslaidininkiniy
medziagy, naudojamy fotovoltiniy jtaisy gamyboje. Bendrai imant, fotoatsakg
p-n sandiiroje sudaro trys dedamosios (Zr. 1.26 pav.) dél: klasikinés elektrony-
skyliy pory generacijos, karstyjy kriivininky termoelektromotorinés jégos ir
gardelés pakaitimo sukeltos dedamosios; pastarosios dvi yra prieSingo
poliskumo nei klasikinis atsakas (Gradauskas et al., 2020). Sie mechanizmai
buvo stebéti tiek placiajuosCiuose puslaidininkiuose (GaAs, Si), tiek
siaurajuos¢iuose (HgCdTe, InSb), o jy santykinis indélis priklauso nuo
temperatiiros, suzadinimo bangos ilgio, potencialinio barjero auks¢io ir
pridétos jtampos. Todél yra poreikis atlikti sisteming karStyjy kriivininky
fotosrovés susidarymo analize, atsizvelgiant | temperattrg, iSoring jtampg ir
suzadinimo spektrg.

Kita vertus, kar$tyjy kriivininky reiskinys atveria perspektyvias galimybes
kurti infraraudonosios spinduliuotés jutiklius, veikianc¢ius karstyjy kriivininky
reiSkinio pagrindu. Skirtingai nuo jprastiniy siaurajuos¢iy puslaidininkiniy
fotodetektoriy, kuriems reikalingas kriogeninis auSinimas tamsinei srovei
slopinti ir p-n sandiiros funkcionalumui palaikyti, jrenginiai, naudojantys
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karstyjy kravininky pernasg per valdomg potencialinj barjerg, gali veikti
kambario temperatiiroje, taip reikSmingai iSpleCiant jy praktinio taikymo
galimybes.

Metodai

Siame skyriuje pateikiama tyrime taikyty metodiky apzvalga. Teoriné
analizé grindziama fotovoltiniy strukttiry modeliavimu sprendziant susietas
vienmates Poisson-Schrodinger lygtis naudojant 1D Poisson programing
jrangg, leidzianCia nustatyti energiniy juosty diagramas ir kriivininky
pasiskirstyma. Eksperimentiné metodika paremta puslaidininkiniy sandtry
voltamperiniy (VACh) charakteristiky matavimu esant jvairioms suzadinimo
ir temperatiiros salygoms ir fotoelektrinio atsako, indukuoto impulsine
lazerine spinduliuote, matavimu.

Tyrime buvo naudojami tokie bandiniai:

1. Pagaminti i§ pramoniniy polikristalinio silicio saulés elementy (UAB
SoliTek). Emiteryje ir bazéje elektrony ir skyluciy koncentracijos
buvo atitinkamai n = 10?° cm? ir p = 10'® cm~. Saulés elementai buvo
supjaustyti j 2 x 2 mm? dydZio bandinius, o metaliniai kontaktai
suformuoti jy kraStuose, siekiant iSvengti fotoatsako, galimai kylancio
1§ apSviesty kontakty srities.

2. GaAs p-n sandiira buvo sudaryta i§ 5 pm storio p-tipo sluoksnio,
iSauginto skystosios fazés epitaksijos budu ant n-tipo padéklo;
skyluciy ir elektrony koncentracijos atitinkamai buvo 5 x 10" cm™ ir
3 x 10" cm?. Siekiant uztikrinti patikimg ominj kontaktg, pavir§iuje
buvo uzaugintas plonas stipriai legiruotas p* sluoksnis, kurio skyluciy
koncentracija sudaré 2 x 10'® cm™, Jtaisy gamyba apémé standarting
fotolitografija, po kurios seké Au-Ge-Ni ominiy kontakty terminis
garinimas ir atkaitinimas. Siekiant iSvengti parazitiniy fotoatsaky p-
p" ir puslaidininkis-metalo sandirose, p" sluoksnis buvo selektyviai
iSésdintas, paliekant jj tik po metaliniais kontaktais. Kontaktai buvo
suformuoti 2.5 x 2.5 mm? dydzio.

3. Jutiklio struktiiros buvo iSaugintos MBE metodu ant n tipo GaAs
padéklo (elektrony koncentracija 3 x 10'® ¢m™). Siekiant pagerinti
kristaling kokybe, papildomai buvo uzaugintas 200 nm storio n-tipo
tokio paties legiravimo lygio GaAs buferinis sluoksnis. Aktyvioji
sritis buvo sudaryta i§ deSimties Al«GaixAs sluoksniy, kuriy
kiekvieno storis buvo 200 nm (bendras storis — 2 pm), o AlAs moliné
dalis (x) periodiskai palaipsniui mazéjo nuo 0,3 iki 0. Elektrony tankis
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Siuose sluoksniuose buvo palaikomas 10 cm? lygyje. Ant
aktyviosios srities buvo uzaugintas 500 nm storio n-tipo GaAs
sluoksnis (elektrony koncentracija 3 x 10'® cm™), siekiant uztikrinti
struktirine ir elektring simetrija. Ominiai kontaktai buvo suformuoti
naudojant fotolitografija, po kurios seké Au—Ge—Ni lydinio terminis
garinimas ir atkaitinimas, uztikrinantys mazos varzZos elektrinius
kontaktus.

Siame darbe VACh buvo matuojamos naudojant nuolatinés srovés
zondavimo stotj ,,SUSS Microtec EP6%, apripintg ,,SUSS Microtec PH110*
zondais, bei didelio tikslumo I-V analizatoriy ,,Agilent E5S270B* su ,,Agilent
E5287A* moduliais. Matavimy valdymas, taip pat jtampos diapazono,
zingsnio dydzio ir zondy poliSkumo konfigiiracija buvo vykdomi naudojant
programing jrangg ,,Agilent EasyExpert.

Fotoelektriniuose tyrimuose buvo naudojama specializuota matavimo
schema, lazeriniai Saltiniai su apibréztais bangos ilgiais ir temperatiiros
reguliavimo jranga, siekiant istirti, charakterizuoti ir analizuoti karStyjy
kriivininky efekta GaAs p-n sandiiros dioduose, pramoniniuose polikristalinio
silicio saulés elementuose ir reketiniame jutiklyje. Matavimo schemos
principiné diagrama pateikta S1 pav. Visi matavimai buvo atlickami
fotosrovés rezime. Apkrovos varza R = 50 Q uztikrino impedanso suderinima
ir patikimus laiko atzvilgiu iSskirtus fotoatsako matavimus. ISorinis
priesjtampis buvo tiekiamas savadarbiu nuolatinés jtampos $altiniu (0-9 V, 0—
0,3 A).

Oscilloscope

Diaphgmg I- ;

IsamplelLoad (50 Ohm);

splitter

i Voltage

S1 pav. Fotosrovés tyrimo struktiiriné schema. BriikSniuotas staciakampis
zymi matavimo granding (MC), naudotg skirtingy bangos ilgiy lazerinio
suzadinimo jtakai tirti.
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Matavimo granding (MC) sudaré tiriamasis bandinys, 50 Q apkrovos
varza, skaitmeninis atmintinis oscilografas ir nuolatinés jtampos Saltinis
(S1 pav.). Fotojtampos ir lazerio impulsy laikiniai profiliai buvo registruojami
skaitmeniniu atmintiniu osciloskopu ,,Agilent Technologies DSO6102A,
uztikrinanciu 2,5 ps laiko skyrg ir matavimo tiksluma + 2,0 % (jtampa) bei
+0,0015 % (laikas). Lazerio impulso forma buvo vienu metu stebima
naudojant didelio grei¢io optinj etaloninj detektoriy 11HSP-FS1 (UAB
Standa). Matavimai buvo atlieckami 80-300 K temperatiiry diapazone, o
Zemos temperatliros sglygos buvo palaikomos naudojant savadarbj optinj
kriostata.

Méginiy apsSvietimui buvo naudojami keturi lazerinés spinduliuotés
Saltiniai. Suzadinimui 0,532 um bangos ilgio spinduliuote buvo naudojamas
diodais pumpuojamas, padvigubinto daznio neodimiu legiruoto itrio aliuminio
granato (Nd:YAG) lazeris su netiesiniu LBO kristalu NL202 (UAB Ekspla).
Lazeris generavo 7—12 ns trukmés impulsus, esant 50 Hz kartojimosi dazniui.
Liekamoji infraraudonoji spinduliuoté buvo nuslopinta naudojant harmoniky
separatoriy (dichroinj spindulio daliklj) (UAB Eksma), praleidziantj tik 0,532
um spindulivote. Galia buvo reguliuojama kintamu slopintuvu, sudarytu i$
Briusterio tipo poliarizatoriaus ir kvarcinés pusbangés plokstelés. Vidutiné
optiné galia buvo matuojama ,,Thorlabs Inc.”“ galios matuokliu PM400, o
maksimali impulso intensyvumo verté¢ sieké apie 0,414 MW/cm®.
Suzadinimui 1,064 um bangos ilgiu buvo naudojamas Nd:YAG lazeris,
generuojantis 10—17 ns trukmés impulsus, esant 50 Hz kartojimosi dazniui ir
maksimaliai impulso intensyvumo vertei iki 10 MW/cm? Spinduliuotés
intensyvumas buvo reguliuojamas naudojant skirtingo pralaidumo optinius
filtrus. Suzadinimui 1,342 pm bangos ilgio spinduliuote buvo naudojamas
neodimiu legiruoto itrio ortovanadato (Nd:YVO.) diodinis lazeris,
generuojantis 1,7 ns trukmés impulsus, kuriy intensyvumas kito nuo
0,06 kW/cm? iki 0,4 MW/cm? Papildomi eksperimentai buvo atlikti
naudojant ir 2 um bangos ilgio spinduliuotés ultratrumpus lazerio impulsus
(apie 0,5 ps), o intensyvumas kito nuo 1,76 iki 3 MW/cm?,

Rezultatai

Suzadinimo bangos ilgis (fotony energija) turi lemiama jtakg tiek
kravininky kaitinimo, tiek generacijos sukeltam fotoatsakui. Karstieji
kriivininkai gali biti suzadinami fotonais, kuriy energija yra mazesné uz
puslaidininkio draudZiamosios energijos tarpa, ir fotonais, kuriy energija jj
virsija.
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S2 paveiksle pateiktos voltamperinés charakteristikos, iSmatuotos esant
skirtingy bangos ilgiy lazeriniam apSvietimui, i§laikant vienoda spinduliuotés
intensyvumg. Apsvietus GaAs p-n sandiirg 1,342 pum (0,92 eV) bangos ilgio
spinduliuote, beveik iSimtinai stebima tik karstyjy kriivininky fotosrové, nes
fotony energija yra nepakankama kravininky generacijai. Esant 1,064 pm
(1,16 eV) bangos ilgiui, kar§tyjy kriivininky komponenté dominuoja pries
klasikine generacijos salygota fotosrove, kylancig dél dvifotonés sugerties.
Tai siejama ne tik su tiesioginiu laisvyjy kriuvininky kaitinimu dél
laisvakriivés sugerties, bet ir su perteklinés energijos (2 x 1,16 eV — 1,42 eV
= 0,9 eV), liekanCios po elektronas-skylé pory generavimu, perdavimu
papildomam kriivininky kaitinimui.
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S2 pav. GaAs p-n sandiiros voltamperinés charakteristikos, iSmatuotos
esant 0,4 MW/cm? intensyvumo lazeriniam ap$vietimui: 1,064 um (iStisinés
linijos), 1,342 pm (bruksninés linijos) ir 0,532 um (taskinés linijos) bangos

ilgiai; kambario temperatiiroje (Gradauskas et al., 2024).

Suzadinant 0,532 um (2,32 eV > E4(GaAs)) bangos ilgio spinduliuote, taip
pat stebima ryski karStyjy kriivininky fotosrove, prieSingai nei biity tikimasi
pagal klasikinj pozitrj. Sis efektas greiGiausiai siejamas su likutine energija
(~ 0,92 eV), i8liekancia po vienfotonés tarpujuostinés sugerties. Kaip matyti
S3 paveiksle, dviejy fotosrovés komponenciy spektrinés charakteristikos
pasizymi  nevienareikSmiu  elgesiu. Esant pastoviam  suzadinimo
intensyvumui, sumazgjus fotony energijai (bangos ilgis 1,342 um vietoje
1,064 um), generacijos sukelta komponenté /g., beveik visiskai iSnyksta, o
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karstyjy kriivininky komponenté Iyc taip pat sumazéja, nors ir mazesniu
mastu. Toks sumazéjimas negali biti paaiskintas vien tik laisvyjy kriivininky
sugerties mechanizmu, kuris klasikinéje teorijoje paklista A* désniui
(Szuszkiewicz, 1996).
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S3 pav. GaAs p-n sandiros trumpojo jungimo karstyjy kriivininky
(raudoni taskai) ir krivininky generacijos (mélyni taskai) fotosroviy
spektriné priklausomybé, i¥matuota esant 0,4 MW/cm? intensyvumo

lazeriniam apSvietimui kambario temperatiiroje (Gradauskas et al., 2024).

Tai rodo, kad kruvininky kaitimas, o kartu ir karStyjy kriivininky
fotosrovés susidarymas, priklauso ir nuo likutinés energijos, iSliekancios po
dviejy fotony sugerties: sumazinus fotono energijg nuo 1,16 eV iki 0,9 eV,
pertekliné energija sumazéja nuo 0,92 eV iki 0,42 eV. Esant trumpesnio
bangos ilgio suzadinimui (0,532 um vietoje 1,064 pum), ima dominuoti
vienfotoné tarpjuostiné sugertis, lemianti Zenkly generacijos sukeltos
fotosrovés sustipréjimg. Tuo pat metu mazdaug 0,92 eV likutiné fotono
energija ir toliau prisideda prie laisvyjy kriivininky kaitinimo, tuo pabréziant
sudétingg saveika tarp generacijos sukelty ir kar$tyjy kriivininky mechanizmy.

Silicio p-n sanduiroje karstyjy kravininky fotosrove, indukuota 1,064 pm
spinduliuotés (fotono energija virSija draudziamosios energijos tarpa),
trumpojo jungimo salygomis néra stebima. Ji pasireiskia tik esant pakankamai
dideliam tiesioginiam prieSjtampiui, apie 0,8 V (zr. S4 pav. intarpg), kai
potencialinis barjeras tampa pakankamai Zemas, ir karS§tieji kriivininkai gali jj
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jveikti. Padidinus suzadinimo bangos ilgj iki 1,342 um, generacijos fotosrové
sumazgja, o karstyjy kruvininky komponenté sustipréja (S4 pav.).
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S4 pav. Silicio saulés elemento voltamperinés charakteristikos kambario
temperatiiroje. Intarpe pateikta padidinta dideliy priesjtampiy sritis,
iSmatuota esant 1,064 um bangos ilgio apsvietimui (Zharchenko et al.,
2024).

Skirtingas karStyjy kriivininky fotoatsakas j ilgesniy bangy suzadinima
silicyje, palyginti su GaAs, greiCiausiai susijgs su statesne tarpjuostinés
sugerties spektrine priklausomybe ties draudziamosios energijos krastu; dél to
lieka daugiau perteklinés energijos laisvyjy kriivininky sugerciai ir jy
kaitinimui. Papildomi eksperimentai su silicio dariniais, suzadinant juos 0,532
um bangos ilgiu, nerodé jokios karStyjy krtvininky fotosrovés. Intensyvi
fotony, kuriy energija hv > Eg, tarpjuostiné sugertis visiskai nuslopina karstyjy
kriivininky fotosroves indélj.

Karstyjy kriivininky fotosrové stipréja didéjant tiesioginiam priesjtampiui
(S5 pav.). Esant mazdaug 0,7 V jtampai, §i priklausomybé pasizymi budingu
luzio tasku, kurj vir$ijus fotosrové ima sparciai augti. Toks eksponentinis
didéjimas kyla dél peréjimo nuo impulsinés poslinkio srovés, pasireiskiancios
esant atbulinei ir maZzai tiesioginei jtampai, prie kar$tyjy kraivininky pernasos
per p-n sandiiros potencialinj barjera, sumazintg pridétu priesjtampiu.

109



~10F ' ' s o
= ® [,cat 1,064 um e
= Ly at 0,532 um o
=08} ]
(&)
& °
S 0.6
e .
@)
=
g-o,4 L . .
.E &
2] B & 2 ]
3 0,2 L s o © [ ]
Q
am

0’0 1 1 " 1 "

0,0 0,5 1,0 1,5
Voltage (V)

S5 pav. Normalizuotos karstyjy krivininky fotosrovés priklausomybés
nuo priesjtampio GaAs p-n sandiiroje, iSmatuotos kambario temperattiroje,
suzadinant 0,532 pum (Zali taskai) ir 1,064 pm (raudoni taskai) bangy ilgio

lazerine spinduliuote.

Kars$tyjy kravininky poslinkio fotosrové yra analogiska kintamajai srovei,
tekanciai per kondensatoriy, ir pasireiskia tik esant impulsiniam kriivininky
kaitinimui, kurio metu vyksta sandiiros talpos persikrovimas (ASmontas et al.,
1997). Toliau didinant tiesioginj priesjtampj, karStyjy kriivininky fotosroveé
jsisotina dél potencialinio barjero sumazéjimo (Umeno et al., 1978).

S6 paveiksle pateikti tipiniai fotosrovés impulso laikiniai profiliai silicio
p-n sandiiroje, nesant iSorinio prieSjtampio (Sviesiai zalia kreivé) ir esant
+0,4 V tiesioginiam priesjtampiui (alyviné kreive), kai méginys suzadinamas
1,342 pm bangos ilgio lazerio impulsu (apatiné roziné kreivé) kambario
temperatiiroje.Matyti, kad laikin¢ fotoatsako forma susideda i§ keliy
komponenciy. Greitas pradinio subimpulso augimas, taip pat jo poliSkumas,
aiskiai rodo, kad §i komponenté priskirtina karstyjy kriivininky fotosrovei /xc.
Tiesioginis priesjtampis sudaro palankias salygas karStyjy kriavininky
pernasai per sumazintg potencialinj barjera ir kartu slopina generacijos
salygota srove.
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S6 pav. Tipiniai fotrosrovés impulsai Si p-n sandiiroje nesant (Sviesiai
zalia) ir esant tiesioginiam +0,4 V (alyviné) prieSjtampiui, suzadinant 1,342
pum bangos ilgio lazerio impulsu. Kambario temperatiira. Lazerio impulsas
(rozine) pateiktas ne mastelyje (Gradauskas et al., 2024).

Matyti, kad laikin¢ fotoatsako forma susideda i§ keliy komponenciy.
Greitas pradinio subimpulso augimas, taip pat jo poliskumas, aiskiai rodo, kad
§i komponenté priskirtina kar$tyjy kriivininky fotosrovei Imc. Tiesioginis
priesjitampis sudaro palankias salygas karStyjy kriivininky pernasai per
sumazintg potencialinj barjera ir kartu slopina generacijos salygota srove.

S7 paveiksle parodyta abiejy fotosrovés komponenciy maksimaliy verciy
priklausomybé nuo priesjtampio. Ypac iSsiskiria staigus karstyjy kriivininky
komponentés /yc padidéjimas esant tiesioginiam prie$jtampiui didesniam uz
0,5 V. Panasi eiga buvo aprasyta ir kity autoriy darbuose (Marmur & Oksman,
1975; Umeno et al., 1978; ASmontas et al., 2017), kas patvirtina Sio efekto
universaluma. Toks staigus augimas interpretuojamas kaip palankiy salygy
karstiesiems kriivininkams pereiti per sandira pasiekimas, susijes su
potencialinio barjero sumazéjimu.
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S7 pav. Kar$tyjy kriivininky fotosrovés (raudona) ir generacijos
fotosrovés (mélyna) priklausomybé nuo priesjtampio kambario
temperatiiroje (Zharchenko et al., 2024).

parodo

lemiama tiesioginio prieSjtampio vaidmenj

formuojantis karstyjy kritvininky fotosrovei Si ir GaAs p-n sandirose.
Fotosrovés formavimosi pobudis stipriai priklauso nuo krintancios

spinduliuotés intensyvumo. Atitinkamos eksperimentinés priklausomybés

GaAs atveju pateiktos S8 paveiksle.
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S8 pav. GaAs p-n sandiiros trumpojo jungimo karstyjy kriivininky
(raudoni taskai) ir generacijos sukelty (mélyni taskai) fotosroviy
priklausomybé nuo lazerinés spinduliuotés intensyvumo, suzadinant 0,532
um (a), 1,064 um (b) ir 1,342 um (c) bangos ilgio spinduliuote. Kambario
temperatura.

Esant 0,532 um bangos ilgio apSvietimui (S8a), fotosrové greitai pasiekia
sotj dél dominuojancios stiprios tarpjuostinés S$viesos sugerties. Karstyjy
kriivininky fotosrové tampa pastebima tik tuomet, kai klasikiné (generacing)
fotosrové jau yra soties rezime. Esant 1,064 pm bangos ilgio ap$vietimui
(S8b), maksimali karstyjy kriivininky fotosroves verté didéja tiesiskai didéjant
lazerinés spinduliuotés intensyvumui. PrieSingai, klasikiné fotosrové rodo
kvadrating priklausomybe nuo intensyvumo, kas patvirtina jos kilme i§
dvifotonés sugerties. Esant 1,342 um bangos ilgio apSvietimui (S8c¢), karStyjy
krivininky fotosrové taip pat demonstruoja tiesing priklausomybe nuo
lazerinés spinduliuotés intensyvumo. PrieSingo poliskumo fotosroveés
dedamoji priskirtina fototalpuminiam reiskiniui, susijusiam su karStaisiais
kriivininkais.

Silicio bandiniuose taip pat buvo stebima ryski fotoatsako dedamyjy
priklausomybé nuo lazerinés spinduliuotés galios (S9 pav.). Siuo atveju,
generacijos sukelta fotosrové beveik kvadratiniu désniu priklauso nuo
suzadinimo intensyvumo, kas yra biidinga dvifotonés sugerties procesams. Jei
karstyjy kriivininky fotrosrove sglygoja vien tik laisvakriivé sugertis, ji turéty
paklusti tiesiniam désniui; dabar gi — subtiesiné priklausomybe.
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S9 pav. Trumpojo jungimo fotrosroviy /c ir Ige priklausomybé nuo
lazerinés spinduliuotés (1,342 um bangos ilgio) intensyvumo pramoninése
silicio struktiirose kambario temperatiiroje. Tiesés pateiktos kaip atitinkamy
tiesinio ir kvadratinio désniy iliustracinés gairés. Intarpe — trumpojo jungimo
fotrosrovés impulsas ir lazerio impulsas apacioje (ne mastelyje) (Zharchenko
et al., 2024).

To priezastys galimos trys. Pirma, didéjant suzadinimo galiai, dvifotonés
sugerties koeficientas didéja, todél laisvakriivei sugerciai lieka vis maziau
fotony. Antra, dviejy fotony energija, kuri lieka po dvifotonés generacijos ir
yra panaudojama kriivininky kaitinimui, yra maZesné nei vieno fotono
energija, kuri gali biiti panaudojama laisvakriivei sugerciai (2 x 0,92 eV — 1,12
eV =10,72 eV < 0,92 eV). Trecia, generaciné fotosrovés komponenté slopina
priesingo poliSkumo karStyjy kriivininky komponentg, nes suzadinimo
intensyvumui did¢jant ji auga dvigubai greiciau.

S10 paveiksle matyti, kad mazéjant temperatiirai tamsinés VACh kreive
pasislenka j didesniy jtampy pusg, o tai atspindi potencialinio barjero aukscio
padidéjima dél temperatiiros pokycio.
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S10 pav. Silicio saulés elemento voltamperinés charakteristikos tamsoje
kambario ir skystojo azoto temperatiirose (juodos linijos) bei karstyjy
kriivininky VACh kambario temperatiiroje (raudona linija) (Zharchenko et
al., 2024).

Egzistuoja vadinamasis temperatiirinis jtampos koeficientas ar, kuris
apibiidina diodo VACh charakteristikos poslinkj keifiantis temperatiirai
(Schaftner & Shea, 1955):

ar = i—;’ll = const|. 4.1)

Fotovoltiniuose jrenginiuose @ paprastai yra neigiamas: didéjant
temperatirai, jtampa (esant pastoviai srovei) mazéja. Kiekvienai
puslaidininkinei medziagai biidingos savitos Sio koeficiento vertés. Siliciui
tipiSkos ar vertés patenka | nuo —1,8 iki —2,2 mV/K intervalg, kas patvirtina
didelj potencialinio barjero aukscio jautrumg temperatiros poky¢iams (Green
& Blakers, 1982; Zhao et al., 1994; Cotfas et al., 2018). Remiantis tamsinémis
VACH, nustatytas temperatiirinis koeficientas ¢y = —1.97 mV/K. Panaudojant
atitinkamas jtampy vertes i§ kambario temperatiiros tamsinés ir karStyjy
krivininky voltamperiniy charakteristiky (S10 pav.) ir pritaikius apskai¢iuotg
ar reikSme, gaunamas kriivininky ir kristalinés gardelés temperatiry
skirtumas:
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AT = % |I =0.238 mA| = 140 K. (4.2)

T

Tokiu budu jvertinta krivininky temperatiira silicyje siekia mazdaug 440
K, kai méginys buvo veikiamas mazesniy uz draudziamosios energijos tarpa
fotony 1,342 um bangos ilgio lazerine spinduliuote, esant 0,36 MW/cm?
galios tankiui ir nanosekundziy trukmés impulsams, atrodo pagrista. Svarbu
pabrézti, kad sitilomas metodas leidzia gauti apytikslj, taciau nesudétingg ir
tarpusavyje suderintg kar$tyjy kriivininky temperatiiros jvertinima.

Skirtingy tipy $viesos jutikliai susiduria su savitais apribojimais, kurie
lemia jy tinkamumg konkreCioms taikymo sritims. Vienus riboja
nepakankamas jautrumas silpniems signalams, kitus — maksimalus veikimo
greitis, dar kitus — aptinkamo spektro diapazonas, o kai kuriy veikima riboja
ir darbinés temperatiros intervalas. Elektroniniai reketo (ratchet) tipo
jrenginiai sidllo alternatyvy sprendima, suteikiant kryptj atsitiktiniam
kriivininky judéjimui naudojant asimetrinius potencialus. Taciau esami jy
projektai pasizymi dideliu technologiniu sudétingumu. Siame darbe sitilomas
AliGaixAs reketinis jutiklis, paremtas karStyjy kravininky reiskiniu, turi
budingus derinamus asimetrinius potencialinius barjerus ir pasizymi
optimizuota kriivininky pernasa, todél uztikrina placig spektrine jautra bei
sumazintg technologinj sudétinguma. Reketo tipo jutiklio veikimas, paremtas
kar$tyjy kriivininky reiskiniu, schematiskai pavaizduotas S11 paveiksle.

Energija i 2 i 2 i
®ee
9| E '."":\
%
700 N
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EC J 9

S11 pav. Reketinio jutiklio periodinis potencialas ir schematinis elektrony
persiskirstymas laidumo juostoje: (a) ap$vitos néra; (b) spinduliuote
pakaitinty karstyjy elektrony difuzija abiem kryptimis; (c) elektrony

relaksacija ir persiskirstymas tarp potencialiniy duobiy. Ec Zymi laidumo

juostos apacig, o apskritimuose esantys pliuso ir minuso Zenklai nurodo
indukuotos elektrovaros jégos poliskuma.
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Nesant apsvitos, laisvieji elektronai yra susitelke periodinio asimetrinio
potencialo duobése (S11a pav.). ApSvietimo metu vidutiné elektrony energija
padidéja, jie tampa karStaisiais krivininkais ir difunduoja abiem kryptimis
iSilgai x aSies (S11b pav.). Karstiesiems elektronams prarandant pertekling
energija (véstant), jie relaksuoja iki laidumo juostos dugno ir, veikiami
potencialo gradiento, dreifuoja gretimy potencialiniy Suliniy link (S11c pav.).
Dalis kriivininky jveikia barjera ir patenka j gretima Sulinj, o kiti grjzta ]
pradinj. Tokiu biidu jutiklio galuose indukuojama elektrovaros jéga, o
uzdaroje elektrinéje grandingje teka srové.

Pagamintas reketinis Alo3GaosAs/GaAs jutiklis buvo veikiamas trijy
skirtingy bangos ilgiy lazerine spinduliuote, siekiant iSanalizuoti jo spektrinio
atsako ypatybes.

e T=300K e e T=300K
e T=80K e T=80K

Photocurrent (mA)
L ]
Photocurrent (mA)

0,1}

L . 0,01 ' : 3
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S12 pav. Reketinio jutiklio fotosrovés priklausomybé nuo lazerinés
spinduliuotés intensyvumo kambario temperatiiroje (raudoni taskai) ir
skystojo azoto temperatiiroje (méelyni taskai), esant (a) 0,532 pm ir (b) 1,064
um bangos ilgio lazeriniam apSvietimui.

Apsvietus struktiirg A = 0,532 um bangos ilgio spinduliuote (S12a pav.),
joje vyksta efektyvi tarpjuostiné sugertis, todél fotosrové tiesiskai priklauso
nuo lazerio spinduliuotés galios. Visame tirtame intensyvumy diapazone
fotosrové kambario temperatiroje yra didesné nei skystojo azoto
temperatiroje. Sj skirtuma galima paaiskinti tuo, kad tarpjuostinés sugerties
koeficientas GaAs puslaidininkyje kambario temperatiroje yra didesnis
(Dargis & Kundrotas, 1994), o draudziamosios energijos tarpo didéjimas
zemgejant temperatiirai paliecka maziau energijos sugeneruoty kriivininky
kaitinimui. Jutiklis demonstruoja tiesing fotosrovés priklausomybe ir nuo
1,064 um (S12b pav.), ir nuo 2,0 um (neparodyta) lazerinés spinduliuotés
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galios visame tirtame diapazone. Tai rodo, kad signalo formavimosi
mechanizmas néra valdomas tarpjuostinés dvifotonés sugerties, bet yra susijes
su laisvyjy kriivininky kaitimu ir vélesne karstyjy kriivininky pernasa. Tiesiné
fotosrovés eiga patvirtina, kad didéjant Svitinimo intensyvumui vidutiné
krivininky energija proporcingai auga, todél tirtame galios diapazone
nefiksuojami soties pozymiai. Be to, esant 1,064 um bangos ilgio lazeriniam
apSvietimui (S12b pav.), temperatiirinis nuokrypis tarp kreiviy yra minimalus,
kas aiskinama tuo, jog fotoatsakas susidaro iSimtinai dél laisvyjy kravininky
sugerties, nepriklausanc¢ios nuo puslaidininkio draudziamosios energijos
tarpo, o dvifotoné sugertis Zemesnéje temperatiiroje yra slopinama
draudziamosios energijos tarpo padidéjimu.

ISvados

1. Karstyjy kriivininky fotosrovés formavimasi GaAs ir Si p-n sandiirose
lemia suzadinimo bangos ilgis. Spinduliuoté, kurios fotony energija
yra mazesné uz draudziamosios energijos juostos plotj, sukelia
laisvyjy kriivininky kaitima ir ry$ky karStyjy kriivininky indélj, tuo
tarpu trumpesni bangos ilgiai yra palankesni generacijos salygotai
fotosrovei, kartu dalj energijos perduodant kriivininky kaitimui.

2. Fotosrové stipriai priklauso nuo suzadinimo salygy ir pakliista
skirtingiems mastelio désniams. Suzadinant ilgabange spinduliuote,
kars$tyjy kravininky indélis beveik tiesiSkai priklauso nuo mazy
suzadinimo intensyvumy, o didesniy intensyvumy srityje yra stebima
generacijos salygota dedamoji, pasizyminti kvadratine priklausomybe
nuo intensyvumo, kas yra buidinga dvifotonei tarpjuostinei sugerciai.
Suzadinant didelés energijos fotonais, dominuoja generacijos
fotosrové, o karstyjy kravininky komponenté isryskéja tik tuomet, kai
§i dedamoji pasiekia sot;.

3. Kravininky jkaitimas ir konkurencija tarp karStyjy kriivininky bei
generacijos salygoty sroviy yra universalus reiskinys tiek tiesioginés,
tieck ir netiesioginés draustinés juostos puslaidininkiuose, kaip
parodyta GaAs ir Si atveju — jskaitant ir pramoninius saulés elementus.
Tai pabrézia jy fundamentinj vaidmenj fotovoltinés konversijos
procese.

4. ISoriné jtampa yra svarbus parametras, darantis jtaka karStyjy
kriivininky fotosrovés realizavimui. Kai potencialinis barjeras
pakankamai sumazinamas, karstieji krivininkai gali efektyviai jveikti
sandirg, dél to staigiai padidéja karStyjy kravininky indélis j bendrg
fotosrove.
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Temperatiiros poveikis sgveikai tarp karStyjy kriivininky ir generacijos
fotosrovés dedamyjy néra akivaizdus. AuSinimas vienu metu
sustiprina kriivininky kaitimo efektus dél pailgéjusios energijos
relaksacijos trukmés ir slopina tiek laisvakrive, tiek irtarpjuosting
sugertj. Kuris mechanizmas taps dominuojantis, priklauso nuo
suzadinimo intensyvumo: esant maziems intensyvumams vyrauja
karstyjy krovininky indélis, kuris dar labiau iSrySkéja mazinant
temperaturg.

Itampos-temperatiiros koeficiento metodika leidzia kiekybiskai
jvertinti  karS$tyjy  krivininky temperatiira p-n  sandiirose.
Voltamperiniy charakteristiky poslinkio analizé esant apSvietimui
fotonais, kuriy energija mazesné uz draudziamy energijy tarpa, parodo,
kad kriivininky temperatiira gali biiti tiesiogiai nustatoma i$ elektriniy
charakteristiky. Tai suteikia diagnostinj jrankj nepusiausvyryjy
kriivininky dinamikos tyrimui, kurio rezultatai atitinka literatroje
pateiktus duomenis.

Sukurtas reketo tipo jutiklis veikia esant suzadinimui tiek mazos, tiek
ir didelés energijos fotonams. Jo fotoatsakas kyla dél karStyjy
krivininky kaitimo, kurj sukelia tiek klasikiniai tarpjuostinés, tiek
laisvakriivés sugerties mechanizmai, kas uZztikrina jautrj placiame
spektro ruoze, virSijanCiame jprastiniy (tarpjuostiniy) fotodetektoriy
ribas.

Temperatiiriniai tyrimai parodé, kad, suzadinant didelés energijos
fotonais, jutiklio jautris didéja kylant temperatiirai, tuo tarpu
suzadinant mazos energijos fotonais jis iSlicka beveik nepriklausomas
nuo temperatiros. Tai patvirtina stabilig jutiklio veika kambario
temperattroje ir iSrySkina $] esminj jo pranaSumag, lyginant su
jprastiniais infraraudonosios spinduliuotés jutikliais, kuriems yra
biitinas kriogeninis au§inimas.
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