VILNIUS GEDIMINAS TECHNICAL UNIVERSITY

Oleksandr MASALSKY!I

INVESTIGATION AND APPLICATION OF
HOT CARRIER PHENOMENON IN
PHOTOVOLTAICS

DOCTORAL DISSERTATION

TECHNOLOGICAL SCIENCES
ELECTRICAL AND ELECTRONIC ENGINEERING (T 001)

Vilnius, 2023



The doctoral dissertation was prepared at Vilnius Gediminas Technical University in
2019-2023.

Supervisor

Assoc. Prof. Dr Jonas GRADAUSKAS (Vilnius Gediminas Technical
University, Electrical and Electronic Engineering — T 001).

Consultant

Assoc. Prof. Dr Dainius JASAITIS (Vilnius Gediminas Technical University,
Environmental Engineering — T 004).

The Dissertation Defence Council of Scientific Field of Electrical and Electronic
Engineering of Vilnius Gediminas Technical University:

Chairman

Prof. Dr Darius PLONIS (Vilnius Gediminas Technical University, Electrical
and Electronic Engineering — T 001).

Members:
Prof. Dr Habil. Marek GODLEWSKI (Institute of Physics of the Polish Academy
of Sciences, Physics — N 002),
Dr Sarinas MESKINIS (Kaunas University of Technology, Materials
Engineering — T 008),
Prof. Dr Voitech STANKEVIC (Vilnius Gediminas Technical University,
Electrical and Electronic Engineering — T 001),
Prof. Dr Nerija ZURAUSKIENE (Vilnius Gediminas Technical University,
Electrical and Electronic Engineering — T 001).

The dissertation will be defended at the public meeting of the Dissertation Defence
Council of the Scientific Field of Electrical and Electronic Engineering in the SRA-I
Meeting Hall of Vilnius Gediminas Technical University at 9 a.m. on 15 December 2023.

Address: Saulétekio al. 11, LT-10223 Vilnius, Lithuania.
Tel.: +370 5 274 4956; fax +370 5 270 0112; e-mail: doktor@vilniustech.It

A notification on the intended defence of the dissertation was sent on 9 January 2023. A
copy of the doctoral dissertation is available for review at Vilnius Gediminas Technical
University repository https://etalpykla.vilniustech.lt and the Library of Vilnius Gediminas
Technical University (Saulétekio al. 14, LT-10223 Vilnius, Lithuania) and at the Library
of State Research Institute Center for Physical Sciences and Technology (Saulétekio al. 3,
LT-10257 Vilnius, Lithuania).

Vilnius Gediminas Technical University book No 2023-046-M

doi:10.20334/2023-046-M

© Vilnius Gediminas Technical University, 2023
© Oleksandr Masalskyi, 2023
oleksandr.masalskyi@vilniustech. It



VILNIAUS GEDIMINO TECHNIKOS UNIVERSITETAS

Oleksandr MASALSKY!I

KARSTUJU KRUOVININKY REISKINIO
TYRIMAS IR PANAUDOJIMAS
FOTOVOLTIKOJE

DAKTARO DISERTACIJA

TECHNOLOGIJOS MOKSLAI, .
ELEKTROS IR ELEKTRONIKOS INZINERIJA (T 001)

Vilnius, 2023



Disertacija rengta 2019-2023 metais Vilniaus Gedimino technikos universitete.

Vadovas

doc. dr. Jonas GRADAUSKAS (Vilniaus Gedimino technikos universitetas,
elektros ir elektronikos inzinerija — T 001).

Konsultantas

doc. dr. Dainius JASAITIS (Vilniaus Gedimino technikos universitetas, aplinkos
inzinerija — T 004).

Vilniaus Gedimino technikos universiteto Elektros ir elektronikos inzinerijos mokslo
krypties disertacijos gynimo taryba:

Pirmininkas

prof. dr. Darius PLONIS (Vilniaus Gedimino technikos universitetas, elektros ir
elektronikos inZzinerija — T 001).

Nariai:
prof. habil. dr. Marek GODLEWSKI (Lenkijos moksly akademijos Fizikos
institutas, Lenkija, fizika — N 002),
dr. Sartinas MESKINIS (Kauno technologijos universitetas, medziagy
inzinerija — T 008),
prof. dr. Voitech STANKEVIC (Vilniaus Gedimino technikos universitetas,
elektros ir elektronikos inzinerija — T 001),
prof. dr. Nerija ZURAUSKIENE (Vilniaus Gedimino technikos universitetas,
elektros ir elektronikos inZinerija — T 001).

Disertacija bus ginama vieSame elektros ir elektronikos inzinerijos mokslo krypties
disertacijos gynimo tarybos posédyje 2023 m. gruodzio 15 d. 9val. Vilniaus
Gedimino technikos universiteto SRA-1 Posédziy saléje.

Adresas: Saulétekio al. 11, LT-10223 Vilnius, Lietuva.
Tel.: (8 5) 274 4956; faksas (8 5) 270 0112; el. pastas doktor@vilniustech.lt

Prane$imai apie numatoma ginti disertacija i$siysti 2023 m. lapkri¢io 14 d.

Disertacija galima perzitiréti Vilniaus Gedimino technikos universiteto talpykloje
https://etalpykla.vilniustech.lt ir Vilniaus Gedimino technikos universiteto
bibliotekoje (Saulétekio al. 14, LT-10223 Vilnius, Lietuva) ir Valstybinio moksliniy
tyrimy instituto Fiziniy ir technologijos moksly centro bibliotekoje (Saulétekio al. 3,
LT-10257 Vilnius, Lietuva).



Abstract

The dissertation analyses the direct impact of the hot carrier phenomenon on the
operation of a single-junction solar cell. Ways to suppress the influence of the hot
carrier effect are determined based on the achieved results. The structure of the
ratchet-based sensor operating on the hot carrier effect is modelled, and its proto-
type is produced.

The dissertation includes an introduction, three main chapters, general con-
clusions, a list of used references, and the author’s publications related to the dis-
sertation topic.

The first chapter is an overview of the literature on the dissertation topic. This
chapter observes the basic parameters of solar cells and possible losses. The struc-
tures of the first and second generation of solar cells are reviewed. Modern struc-
tures of third-generation solar cells that can minimise spectral losses are analysed.
The last paragraph explains the formation of the hot carrier photocurrent under
the action of infrared light in various semiconductor structures.

The second chapter represents methodologies used to achieve the obtained
results. The chapter describes the manufacturing technology of the samples, the
method of detecting the photo signal, the selected computer software and the ar-
rangement of the experimental setup.

The third chapter gives an overview and explanation of the achieved results.
The chapter analyses the hot carrier phenomenon’s peculiarities and describes
how to suppress its influence in a single junction solar cell. The chapter presents
a modelled structure and the developed prototype of an electromagnetic radiation
sensor operating based on the hot carrier effect.

The results of the dissertation have been reported in fourteen scientific pub-
lications. Three of them have been published in journals with refereed Clarivate
Analytics Web of Science databases refereed journals with a citation index, one
in conference proceedings, and ten peer-reviewed in other scholarly journals. The
author has made eight presentations at international, regional and local scientific
conferences and symposiums.



Reziumeé

Disertacijoje analizuojamas tiesioginis karstyjy kriivininky poveikis vienos san-
diiros saulés elemento veikimui. Remiantis pasiektais rezultatais yra nustatyti ba-
dai, leidziantys slopinti karStyjy kravininky jtakg. Sumodeliuotas reketinis jutik-
lis, veikiantis karStyjy kriivininky reiskinio pagrindu, ir pagamintas jo prototipas.

Disertacijg sudaro jvadas, trys pagrindiniai skyriai, bendrosios isvados, nau-
doty Saltiniy sgrasas ir autoriaus publikacijos, susijusios su disertacijos tema.

Pirmajame skyriuje pateikiama literatiiros apzvalga disertacijos tema. Siame
skyriuje apzvelgiami pagrindiniai saulés elementy parametrai ir galimi nuostoliai.
Aptariamos pirmosios ir antrosios kartos saulés elementy struktiros. Analizuo-
jami modernis treciosios kartos saulés elementai, galintys sumazinti spektrinius
nuostolius. Paskutinéje pastraipoje paaiSkinama, kaip jvairiuose puslaidininki-
niuose dariniuose susidaro karstyjy krtivininky fotosrové veikiant infraraudonajai
spinduliuotei.

Antrajame skyriuje paaiskinmos metodikos, taikytos siekiant rezultaty. Sky-
riuje apraSoma bandiniy gamybos technologija, fotosignalo matavimo metodas,
pasirinktoji kompiuteriné programiné jranga ir eksperimento schema.

Treciajame skyriuje pateikiama pasiekty rezultaty apzvalga ir jy paaiskini-
mai. Siame skyriuje analizuojami karstyjy kriivininky reigkinio ypatumai ir apra-
Somi biidai, leidZiantys slopinti jo jtaka vienos sandiiros saulés elemento veikimui.
Skyriuje apraSomi elektromagnetinés spinduliuotés jutiklio sumodeliuota struk-
tiira ir sukurtas jo prototipas, veikiantis kar§tyjy kriivininky reiskinio pagrindu.

Disertacijos rezultatai paskelbti keturiolikoje moksliniy publikacijy: trys i§
ju i8spausdinti recenzuojamuose mokslo Zurnaluose, jtrauktuose j Clarivate Ana-
lytics Web of Science sarasa ir turiniuose citavimo rodiklj, vienas konferencijos
medziagoje, deSimt — kituose recenzuojamuose Zzurnaluose. Rezultatus autorius
pristaté aStuoniose tarptautinése, regioninése ir nacionalinése mokslinése konfe-
rencijose ir simpoziumuose.
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Notations

Abbreviations

AM — air mass (liet. oro masé);

AC —alternating current (liet. kintamoji srove);

DC — direct current (liet. nuolatiné sroveé);

e-gas — electronic gas (liet. elektrony dujos);

HC — hot carrier (liet. karStasis kraivininkas);

PSi — porous silicon (liet. akytas silicis);

I-V — current—voltage (liet. voltamperiné (charakteristika));

I-h — light and heavy (doped) (liet. silpnai ir stipriai (legiruotas));
PV — photovoltaics (liet. fotovoltika);

SC —solar cell (liet. saulés elementas).
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Introduction

Problem Formulation

Actions to increase the efficiency of a solar cell (SC) have been actively investi-
gated in the past decades. A single p—n junction solar cell still has not reached the
Shockley-Queisser limit of 33%, mainly because of intrinsic losses in the SC. A
major part of the intrinsic losses (about 80%) is attributed to photons having en-
ergy below the band gap (spectral loss) and thermalisation loss (Hirst & Ekins-
Daukes, 2011). The spectral loss is not accounted for in the Shockley-Queisser
theory, potentially heats the free carriers. The thermalisation loss is induced by
the absorption of photons with energy higher than the band gap. The excess pho-
ton energy is the difference between the photon energy and the width of the band
gap, and it goes to the carrier heating followed by the lattice heating.

Novel modern SC structures (third generation of SCs), such as ones contain-
ing quantum well layers, multi-junctions, and others, allow for avoiding spectral
loss and using the excess photon energy effectively. For instance, hot carrier SCs
effectively utilise hot carrier energy and have a perspective to reach 66% effi-
ciency, thus overcoming the Shockley-Queisser limit (Ross & Nozik, 1998). Un-
fortunately, these modifications are far away from implementation on an indus-
trial scale.
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Relevance of the Dissertation

Solar cells of the third generation are promising solutions that allow for the use of
the solar spectrum more productively, which gives the possibility to boost a cell’s
efficiency (Akinoglu et al., 2021). Unfortunately, the price of third-generation so-
lar cells is much higher than first and second-generation industrial SCs. However,
in typical solar cells, a significant part of the absorbed solar spectrum (up to 55%)
is potentially involved in the carrier heating process (Masalskyi & Gradaus-
kas, 2022).

The deeper research into the nature of the hot carrier (HC) effect in a single
junction cell can open ways to increase the efficiency of industrial SCs. Further-
more, the unavoidable presence of the hot carrier effect can be a notable reason
for calling to revise the Shockley-Queisser limit of a single junction solar cell.
Finally, radiation sensors operating based on the hot carrier effect have great po-
tential to become a new word in solutions of electromagnetic radiation detection.

Research Object

The object of the research is the hot carrier effect in p—n diodes and its application
in semiconductor structures for the detection of electromagnetic radiation.

Aim of the Dissertation

The dissertation aims to investigate the characteristics and impact of the hot car-
rier phenomenon in a single p—n junction solar cell and to develop a sensor of
electromagnetic radiation operating based on the hot carrier effect.

Tasks of the Dissertation

To realise the aim of the dissertation, the following tasks need to be achieved:

1. To design a model that makes it possible to define the direct influence
and to analyse the hot carrier impact on the total signal of a solar cell.

2. To simulate the absorption spectrum of solar cells by considering the
carrier heating process.

3. Tounclose the ways of leading to reduced influence of HC effect in SCs.

4. To develop a structure and produce an infrared sensor operating based
on the hot carrier phenomenon.



INTRODUCTION 3

Research Methodology

Experimental, quantitative, and analytical methodologies were chosen to inves-
tigate the object: the rise of an HC photoresponse across the p—n junction has
been revealed. Fabricated samples were investigated in photocurrent mode. The
developed model helped to look into the process of photoresponse formation
across a p—n junction and to separate the signal of an SC into its components.
The investigated samples were illuminated by pulsed neodymium-doped yttrium
aluminium garnet laser of 1.064 um wavelength and neodymium-doped yttrium
orthovanadate laser of 1.342 um wavelength. The signals were detected using
Agilent Technologies DSO6102A. The investigated GaAs p—n photodiodes and
the GaAs/AlxGal-xAs sensor were grown using liquid phase epitaxy, and the
silicon p—n junctions were taken from industrial silicon SCs (SoliTek, Vilnius,
Lithuania).

Scientific Novelty of the Dissertation

The scientific novelties of the dissertation are as follows:

1. The model allowing the division of the photoresponse signal of a solar
cell into its components that are caused by electron—hole generation, car-
rier heating and lattice heating was designed.

2. The spectrum absorbed by a single junction solar cell was modelled. It
defines the portion of the solar spectrum potentially heating-free carriers.

3. The method of calculating hot carrier temperature by employing the tem-
perature dependence of voltage drop coefficient of a p—n junction current—
voltage (I-V) characteristic was suggested.

4. The negative effect of hot carriers on the output signal of an industrial
single-junction solar cell was detected.

5. The ratchet-based GaAs/AlxGai-xAs sensor of electromagnetic radiation
operating based on the hot carrier effect was developed.

Practical Value of the Research Findings

The obtained results have remarkable practical importance.

The model of signal separation in a solar cell into its components helps to
evaluate the direct hot carrier impact on the net photoresponse.

Revealing the influence of the HC effect in industrial solar cells is a reason
for revising the maximum theoretical efficiency of a single-junction solar cell.
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The formation of a graded gap surface layer can suppress the impact of the
HC effect.

The ratchet-based GaAs/AlxGai«As sensor operating based on the hot carrier
effect manifests itself as a promising device for the detection of infrared radiation.

Defended Statements

According to the results, statements are expressed as hypotheses to be defended:

— The net photocurrent across a p—n junction results from simultaneous
processes of electron—hole pair generation, lattice heating and free carrier
heating; the latter exerts a negative impact on the operation of a single
junction solar cell because the direction of hot carrier photocurrent is al-
ways opposite to the classical carrier generation-induced.

— Hot carrier photocurrent across GaAs p—n junction at ambient tempera-
ture 300 K biased up to +0.7 V has a recombination nature when the hot
carrier temperature is 454 K.

— Radiation of the below-band gap photon energy heats the free carriers
and amounts to up to 10% of the whole absorbed solar spectrum energy
in Si and GaAs 5 um-thick emitter surface layer of a single-junction solar
cell; this effect is stronger in heavier doped and thicker emitter layers.

— The developed ratchet-based GaAs/AlxGai-«As graded gap structure, op-
erating based on the hot carrier effect, detects infrared radiation of

1.064 um wavelength, demonstrating 2 X 10‘8% sensitivity at room
temperature.

Approval of the Research Findings

The results of the dissertation have been reported in 14 scientific publications.
Three were published in journals with refereed Clarivate Analytics Web of Science
databases refereed publications with a citation index, one in conference proceed-
ings, and ten were peer-reviewed publications (abstracts) in other peer-reviewed
scientific journals.
The author has made eight presentations at international, regional and local
scientific conferences and symposiums:
— 18th International Young Scientist Conference Developments in Optics
and Communications (DOC 2022), Riga, Latvia.
— Conference of Young Scientists on Semiconductor Physics (Lashkar-
yov’s readings 2021), Kyiv, Ukraine.
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— Sixth International Conference on Sensors and Electronic Instrumenta-
tion Advances (SEIA 2020), Porto, Portugal.

— 23rd Sde Boker Symposium on Solar Electricity Production, Midreshet
Ben Gurion, Israel.

— 65th International Conference for Students of Physics and Natural Sci-
ences (Open Readings 2022), Vilnius, Lithuania.

— 44th Lithuanian National Physics Conference, Vilnius, Lithuania.

— 17th International Young Scientist Conference Developments in Optics
and Communications (DOC 2021), Riga, Latvia.

— 64th International Conference for Students of Physics and Natural Sci-
ences (Open Readings 2021), Vilnius, Lithuania.

Structure of the Dissertation

The dissertation includes an introduction, analytical literature review, discus-
sion of research methodology, summarized investigation results and conclusions,
references, annexes of scientific articles, and a summary in Lithuanian.

The total scope of the dissertation is 116 pages, and contains 43 equations,
53 figures, four tables and 84 references.
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Review of Solar Cell Structures and
Hot Carrier Phenomenon

This chapter reviews the history of photovoltaics, the fundamental parameters of
solar cells, their classification, and the principles of their operation. Investigations
are reviewed regarding suppressing spectral and thermalisation losses via using
new structures and materials for solar cells. Various methods are observed for
exciting carriers and also processes of dissipation of extra energy. Structures are
analysed in which hot carriers were studied. This chapter concludes by the formu-
lated main objective and tasks of the investigation (ASmontas, Fedorenko et al.,
2020; Gradauskas, A§montas, SuZiedélis, Silénas, Cerskus et al., 2020b; Gradaus-
kas, ASmontas, SuZiedélis, Silénas, Vai¢ikauskas et al., 2020; Gradauskas et al.,
2022; Masalskyi, Gradauskas, ASmontas et al., 2022a; Masalskyi & Gradauskas,
20213, 2022).

1.1. History of Photovoltaics

The rapidly increasing global energy demand has called for alternative energy
sources. Solar energy has received attention as a renewable and environmentally
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friendly option. Understanding the advantages, disadvantages, and historical de-
velopment of solar energy technology is essential for explaining its significance
in naming the world’s energy needs and environmental challenges.

From the Industrial Revolution to today, global energy consumption has in-
creased exponentially in response to the modern standard in developed countries.
Consumption is leading to a constant expansion of global energy demand and pro-
duction. However, the limited availability of primary exhaustible energy sources
such as oil, coal and gas have long-term unfavourable environmental leverage.
Solar energy is an environmentally friendly renewable energy source. Using solar
energy has advantages and disadvantages.

The advantages include:

— free source;

— long operating time of industrial solar panels is about 25 years;

— ease of use in terms of monitoring;

— functionality — solar cells are convenient for home use.

— The disadvantages are:

— less efficient during night-time than daylight;

— need to accumulate the converted electricity.

The history of photovoltaics started with the discovery of the photoelectric
effect in 1839 by A.-E. Becquerel. The scientist noticed a photovoltaic (PV) cell-
induced photocurrent under illumination (Green, 2015).

In 1873, the English electrical engineer W. Smith carried out experiments
and discovered that illumination changed the resistance of selenium. In 1876,
W.G. Adams discovered that selenium could generate electricity on its own. This
experiment showed that it was possible to generate electricity directly from solid
materials without using thermal or mechanical types of energy. In 1883, Ch. Fritts
created the first selenium cell. This module became the forerunner of the modern
photovoltaic cells (Green, 2015).

In 1887, H.R. Hertz discovered a new property of semiconductors, which he
called the photoelectric effect. A.G. Stoletov created the first photocell that was
based on this effect. In 1907, A. Einstein developed a theoretical model for the
photoelectric effect. In 1912-1916, R.A. Millikan experimentally confirmed Ein-
stein’s theory (Green, 2015).

In 1940, R.S. Ohl discovered the p—n junction while working with silicon-
based samples. In 1949, W.B. Shockley developed a theoretical model of a p—n
junction, thus creating the basis for the development of modern solar cells (Green,
2015).

The power conversion efficiency of the first photovoltaic cells was only 4%.
In 1955, an efficiency of 11% was achieved, and these cells were used as a power
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source for telephone amplifiers. In 1958, the USA and the USSR launched satel-
lites into orbit around the Earth with equipment partially powered by solar batter-
ies (Green, 2015).

The first mass-produced photovoltaic panels appeared in 1979 in the USA.
Since the oil crisis began, intensive research and development have been carried
out to enhance the efficiency, low prices and longer lifetime of PV cells (Green,
2015).

Generating electricity became popular in the mid-2000s, and the power con-
version efficiency was increased. It is tough to find any industry field that does
not use solar panels (Green, 2005).

1.2. Solar Spectrum for the Solar Cells

The solar radiation spectrum is an important issue for using solar energy effec-
tively. By studying its intensity, spectral composition, and effects of varying sun-
light angles, researchers can optimise solar energy technologies and improve the
performance of photovoltaic devices. This section studies characteristics of the
solar spectrum, with a particular focus on the term Air Mass (AM) and its role in
solar energy research.

Fig. 1.1 shows standards of the solar spectrum which are used for PV device
investigations.
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Fig.1.1. Spectra of the solar standards (Rodziewicz et al., 2021)
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The spectrum of solar radiation is the portion of the electromagnetic radiation
emitted by the Sun. Solar light, on its way from the Sun to the surface of the Earth,
loses part of its power (Myers & Emery, 2002; Rodziewicz et al., 2021).

First, the solar spectrum is characterised by power falling on the surface of a
certain area, and it depends on the regions of the Earth.

Another important parameter of the solar spectrum is the so-called spectral
composition of sunlight (Rodziewicz et al., 2021).

The Air Mass concept is introduced to characterise it, for example:

— The standard AM 0 (Fig. 1.1) corresponds to the spectrum of sunlight

above the atmosphere of the Earth (Rodziewicz et al., 2021);

— The standard AM 1 corresponds to the radiation on the Earth’s surface
when the Sun is strictly above the observation object (the sun angle be-
tween the surface of the object and falling sunlight is 900), i.e., the sun-
light passes through one atmosphere;

— The standard AM 1.5 corresponds to the radiation on the surface of the
Earth when the sun angle is 48.20 (Myers & Emery, 2002; Rodziewicz
etal., 2021).

Since it is impossible to maintain a permanent sun angle of 90 because of the

Earth and Sun cycle, the standard AM 1.5 is used to test solar cells.

1.3. Fundamental Characteristics of a Solar Cell

Understanding a solar cell’s fundamental characteristics is essential for evaluating
and optimising its operation and comparing different solar cell technologies.

The basic parameters of a solar cell are as follows:

— Current-voltage (I-V) characteristic;

— Short circuit current;

— Open circuit voltage;

— Fill Factor;

— Efficiency.

The current-voltage characteristic of a solar cell provides valuable insights
into its behaviour and performance. The |-V characteristic is the dependence of
current flowing through a solar cell upon voltage across the cell. For a single junc-
tion solar cell, the /- Vcharacteristic is described by the equation (Sah et al., 1957):

ﬂ
I = 10 (ekT — 1) - ILG' (11)

Here, I is the current flowing through the cell, I, is the saturation current or re-
verse current, g is the electron charge, k is the Boltzmann’s constant, T is the
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absolute temperature, I ¢ is the induced photocurrent, and V is the voltage across
the cell.

The £ Vcurve of a solar cell is depicted in Fig. 1.2.

1 [.w' Current

MP - MP
MP

0¥ g

)

Voltage V

ocC

Fig. 1.2. Typical current-voltage (red) and power—voltage (blue) curves of a solar cell.
I is the short circuit current, Voc is the open circuit voltage, Wap is the voltage for
maximum power, Ap is the current for maximum power, Aup is the maximum power
(created by the author)

The short circuit current of SC is the current flowing through the solar cell
when the voltage across the cell is equal to zero (the cell is short-circuited). The
short circuit current is the largest in a solar cell. It is described by the formula (Sze
& Ng, 2006):

Isc = qG(Ly + Ly). (1.2)

Here, Gis the generation rate, L, and Ly, are the diffusion lengths of electrons and
holes, respectively.

The open-circuit voltage is the maximum voltage that can be generated by a
solar cell, and it can be described (Sze & Ng, 2006):

kT 1
Voc = -ln (IST,C +1). (1.3)

The fill factor is the parameter of the /- I/curve that is equal to the maximum
power of a solar cell over the short-circuit current and open-circuit voltage:
FF = 2up_ (1.4)

IscVoc'

If the shunt and series resistances in a solar cell are neglected (ideal case),
then the fill factor can be described as (Green, 1982):
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__Voc—In (Voc—0.72)
1+Voc '

FF (1.5)
Here, 0.72 is the approximation factor for the precision of two significant figures
that can be used for any semiconductor single-junction solar cell.

The efficiency is defined as the ratio of the electrical power generated by the
solar cell to the power of the incident solar radiation:

_ Pgﬂ _ VocIscFF (1 6)

Pin Pin
Here, Fye,, is the generated power by solar cells, and Py, is the incident power. The

efficiency of SC depends on the spectrum and intensity of the incident solar radi-
ation and temperature.

1.4. Limitations and Basic Losses of Solar Cells

Looking into the loss mechanisms in an ideal solar cell is a necessary step towards
increasing its efficiency. Estimating the intrinsic losses and exploring strategies to
avoid them allow for enhancing the efficiency of solar cells. By reducing losses and
pushing the efficiency limits, solar cell technology would make significant contri-
butions to meet the increasing global demand for clean and sustainable energy.

The Shockley—Queisser limit determines the maximum efficiency of 33% for
an ideal single-junction solar cell (Shockley & Queisser, 1961). This limit identi-
fies that semiconductors having a band gap between 1 eV and 1.5 eV have the
greatest potential to form an efficient single junction cell (Riihle, 2016).

New photovoltaic materials are being researched constantly. Si and GaAs are
the most widespread materials for solar cell production, and they have already
reached an efficiency of about 24% and 29%, respectively (Fig. 1.3). Si is used
because it is an abundant material that has a well-developed fabrication technol-
ogy, high enough efficiency, low cost, and long lifetime of the cells. GaAs is rel-
atively insensitive to heat, have a long lifetime, and have efficiency even higher
than Si. Unfortunately, GaAs is a much more expensive semiconductor
(Ehrler et al., 2020).

To achieve higher efficiency, it is necessary to reduce the fundamental in-
trinsic and extrinsic losses in solar cells. Extrinsic losses include the following
types: contact shadowing, series resistance, and parasitic recombination. Gener-
ally, the extrinsic losses can be reduced by applying novel techniques of manu-
facturing, which is why these losses are not accounted for when calculating the
theoretical efficiency of a single junction solar cell. On the contrary, intrinsic
losses are a consequence of physical processes in the bulk of a semiconductor,
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and they are hardly avoidable. The composition of intrinsic losses is depicted in
Fig. 1.4.
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Fig. 1.3. Record the efficiency of the solar cell made of different materials against their
band gap in comparison to the Shockley—Queisser limit (top solid line)
(Ehrler et al., 2020)
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Fig. 1.4. Dependence of intrinsic losses on the width of the band gap
(Hirst & Ekins-Daukes, 2011)
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The intrinsic losses consist of (Aratjo & Marti, 1994; Conibeer, 2007;
De Vos et al., 1993; Hirst & Ekins-Daukes, 2011; Markvart, 2007):

1. Below band gap (Eg) loss. This loss can be described as the photons

having energy lower than the width of the band gap are not absorbed.

2. Thermalisation loss. It manifests itself due to mismatching of energies
of excited carriers and the width of the band gap. Carriers with extra en-
ergy thermalise through the lattice heating process.

3. Emission losses. Absorbers are also emitters; re-emission reduces effi-
ciency.

4. Carnot loss. The conversion of thermal energy into electrical work re-
quires some energy to be sacrificed to the cold reservoir.

5. Boltzmann loss. It is caused by the inequality of absorption and emission
angles.

It is worth noting that the sum of thermalisation and below-band gap losses
takes about 80% of all intrinsic losses and has to be reduced first of all
(Hirst & Ekins-Daukes, 2011).

Understanding loss mechanisms in an ideal solar cell is the mandatory step
to increase its efficiency. Estimation of the intrinsic losses and finding possibili-
ties to overcome them opens ways to enhance the efficiency of the SCs (Henry,
2008).

1.5. Classification of the Solar Cells

Different generations and types of solar cells help to tailor solar cell technology
for specific applications and optimised efficiency. Continued research and devel-
opment in solar cell technology promises further advancements and increases the
adoption of solar energy as a sustainable power source.

Various types of solar cells are suitable for different purposes and tasks. The
difference between the types of SCs is usually defined by used structures, materi-
als, and solar spectrum wave range (Mohammad Bagher et al., 2015). These fea-
tures are also referred to as the first, second and third-generation solar cells. This
classification has been used for the past three decades and is the basic classifica-
tion for solar cells (Ananthakumar et al., 2019).

The First Generation of solar cells includes single junction solar cells tradi-
tionally made of Si. This generation of solar cells is the oldest and the most com-
monly used technology type and includes the following constructions
(Akinoglu et al., 2021):

1. The monocrystalline solar cell is a type of SC where Si is the purest since

it contains little undesirable impurities. High purity of Si is a requirement
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for high efficiency because of the diffusion length that reaches 100 um.
The efficiency can achieve 24.2%, and the price per unit capacity of a
cell is comparably high due to the more expensive fabrication process
and the use of highly purified silicon (Akinoglu et al., 2021).

2. Polycrystalline solar cells are cheaper because the cost of the starting
material (multicrystalline plates) is lower than that of the monocrystal-
line Si, but their efficiency is around 15% (Akinoglu et al., 2021).

The Second Generation is represented by many types of thin-film solar cells
made of amorphous silicon, gallium arsenide cadmium telluride or copper indium
gallium selenide. These types of SCs are easy to develop, cheap because they re-
quire less material, are flexible, which opens the way for alternative applications,
and are less sensitive to high temperatures. The main problem is the large size of
solar cells, which makes them narrowly targeted. Moreover, these have a shorter
lifetime than the first-generation SCs, and their efficiency is also less (Mohammad
Bagher et al., 2015).

The Third Generation includes SC structures that are still under develop-
ment. The cells are made of various new materials and structures, such as nano-
tubes, organic layers, and semiconductor wires/wells/dots. The third generation
was founded with the main purpose of overcoming the Shockley—Queisser limit
and making solar cells more commercially available (Conibeer, 2007). This gen-
eration consists of the following spectrum processing groups (Akinoglu
etal., 2021):

1. Spectral conversion. The principle is based on modifying the spectrum
absorbed by a solar cell. This process is used for better absorption of
sunlight and allows to boost the efficiency of SCs significantly. Spectral
conversion of SCs represented by up- and down-conversion solar cells.
Up-conversion SC converts two or more low-energy photons, which pen-
etrate the cell, into one high-energy photon. Converted photon has energy
slightly higher or equal to the band gap of a solar cell is absorbed. Down-
conversion SC transforms one high-energy photon, which can be ab-
sorbed inefficiently due to thermalisation losses, into two or more lower-
energy photons. All these converted photons have sufficient energy to be
absorbed by the cell. (Akinoglu et al., 2021; van Sark et al., 2012).

2. Spectral splitting. This principle includes multi-junction solar cells. The
idea is based on the fact that each PV material selectively absorbs the
solar spectrum depending on its band gap. Thus, the use of several sub-
cells made of different materials simultaneously in a single solar cell re-
sults in an efficiency increase. The efficiency record of 39.2% was
achieved in a six-junction solar cell under one sun illumination and
47.1% under concentrated light of 143 suns (Geisz et al., 2020).
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3. To effectively harvest the excess carrier energy, the hot carrier solar cell
structure was proposed. This structure has energy-selective contacts that
help to avoid thermalisation loss (mismatching between the width of the
band gap and photon energy). This way, the heated free carrier goes to
energy-selective contact and contributes to the formation of the output
signal of the solar cell. The absorbers with the longest hot carrier relaxa-
tion time should be chosen to harvest hot carriers’ energy before their
thermalisation (Akinoglu et al., 2021).

1.5.1. Single-junction Solar Cells

A single junction solar cell is a device that harvests photon energy from the Sun
and transforms it into electrical current. The p—n junction is the basic operating
element of a semiconductor solar cell (Fig. 1.5).

Sunlight

p-type semiconductor — © © (+) I +)
p-n junction 5 ) (]

(depletion region)
n-type semiconductor

Fig. 1.5. Schematic structure of a single junction solar cell (created by the author)

According to the classical Shockley—Queisser theory, when a single junction
solar cell is illuminated, two light absorption mechanisms can be possible (Shock-
ley & Queisser, 1961):

1. Ifaphoton has energy lower than the band gap width of a semiconductor,

the cell does not absorb this photon.

2. If a photon has energy equal to or higher than the semiconductor band

gap, the cell absorbs this photon.

The absorbed energy lets electrons move into the conduction band, leaving a
hole in the valence band. The photocarriers are separated by the electric field of
the p—n junction. Thus, the current through the p—n junction is generated due to
the drift of the carriers. Holes charge the p-region positively, and electrons charge
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the n-region negatively. Extra photon energy (if any) exceeding the forbidden en-
ergy gap goes to the heating of the semiconductor lattice (Shockley & Queisser,
1961).

1.5.2. Thin film silicon Solar Cells

The principle of operation of thin film solar cells is the same as in the single-
junction SCs since their structure includes a p—i—n junction. In the manufacturing
process of a solar cell, the p- and n-layers have a thickness of 20-50 nm, and the
region i has a thickness of 200-300 nm. In the illuminated solar cell, free electron—
hole pairs are mainly formed in the i layer, and under an internal electric field,
they are separated and reach the electrodes (Rajagopal, 2008).

The experimental efficiency of thin-film solar cells made of amorphous sili-
con was 14% in 2021 (Kang, 2021), while a theoretically possible maximum ef-
ficiency is 15% (Lee & Ebong, 2017).

The thin-film SCs have the following advantages:

— the flexibility of the cell;

— less need of material (than the first generation of the solar cells) during

the manufacturing;

— low price;

— the low mass of a cell;

— low sensitivity to overheating;
and the following disadvantages:

— efficiency is up to 15%;

— lifetime is 10-20 years.

1.5.3. Perovskite Solar Cells

A perovskite solar cell is representative of the third-generation SCs, showing rapid
progress in their efficiency growth (Guo et al., 2017; Yin et al., 2019).

Organic—inorganic lead halide perovskite is an ideal material for PV devices,
with efficiency reaching 25.8% under one sun illumination (Min et al., 2021). A
perovskite solar cell is a multi-layered device (Fig. 1.6). Perovskite solar cell con-
sists of the absorber perovskite layer and wide band gap layers of carrier transport.
The hole transport layer acts as the p* layer, and the electron transport layer acts
as the n™ layer.

The photons are absorbed in the perovskite layer, where they generate elec-
tron—hole pairs. The pairs are separated via an internal electric field, and the elec-
trons move to the electron transport layer, and the holes move to the hole transport
layer (Zekry et al., 2019).
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Fig. 1.6. Schematic model of a perovskite solar cell, etl is the electron transport layer, htl
is the hole transport layer, and FTO is the layer made of fluorine-doped tin oxide
(Zekry et al., 2019)

The main disadvantages of perovskite SCs are instability of the absorber,
short lifetime and presence of toxic compounds such as Pbl in the composition
(Schnier et al., 2017).

1.5.4. Multi-junction Solar Cells

The multi-layered structure of solar cells allows for avoiding inefficient absorp-
tion of the solar spectrum or, in other words, helps to reduce the below band gap
and thermalisation losses in a solar cell. Thus, multi-junction solar cells work ef-
ficiently with a much larger portion of the solar spectrum, and they reach higher
efficiency than a single-junction solar cell (Liu et al., 2020).

The absorption mechanism of a multi-junction solar cell is depicted in
Fig. 1.7. Generally, the structure consists of several single-junction solar subcells
with serial connections between each other (Liu et al., 2020).
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Fig. 1.7. Absorption mechanism of a multi-junction solar cell
(Ikeri et al., 2019)
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The subcells are connected to tailor the widths of the subcell’s band gap. The
first subcell has the widest band gap and connects to the next subcell via the re-
combination layer. This layer provides an electrical connection between the sub-
cells (Liu et al., 2020).

The subcell connection ensures the following absorption model (Fig. 1.7)
(Ikeri et al., 2019):

— Absorption in the “Bottom” subcell. A photon having energy equal to or
slightly higher than the band gap of the “Bottom” subcell but less than
the width of the band gap of the “Middle 2" subcell. Photon goes to the
last subcell (“Bottom”) and generates an electron—hole pair in it. Moreo-
ver, a small excess energy (if any) goes to the thermalisation.

— Absorption in the “Middle 1” subcell. A photon with energy equal to or
slightly higher than the width of the band gap “Middle 1” but less than
the width of the band gap of the “Top” subcell. Photon passes through
the “Top” subcell to the “Middle 1” one and generates an electron—hole
pair in it.

— Absorption in the “Top” subcell. The photon with energy that is higher
or equal to the band gap of the “Top” subcell generates an electron-hole
pair in it.

Theoretically, an infinite number of subcells would have limited efficiency,
almost but not 100%, due to the presence of radiative recombination (Yamaguchi
et al., 2006). Three-junction SC can reach an efficiency of 36% under 200 suns
(Polman & Atwater, 2012), and six-junction SC achieved 39.2% efficiency under
one sun (Geisz et al., 2020).

Industrial prototypes of multi-junction solar cells are very expensive in com-
parison to the others; their maintenance is complicated, and their durability is very
short.

1.5.5. Perovskite tandem Solar Cells

A perovskite tandem solar cell is a variation of the multi-junction solar cell design,
and its structure consists of only two subcells. The first subcell is made of perov-
skite due to the variable width of the band gap, and the second subcell is usually
made of Si because of its durability. The configuration, particularly of these ma-
terials, is optional, but it provides low cost and material band gap matching. Per-
ovskite tandem solar cells can be a two-terminal or four-terminal structure, as de-
picted in Fig. 1.8 (Minnaert & Veelaert, 2012).

In the two-terminal structure, the subcells are connected in series (Fig. 1.8a),
which requires current matching. The output current of the solar cell is equal to
the smaller current of a subcell (Minnaert & Veelaert, 2012).
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The four-terminal structure has no current limit because it consists of two
independent solar cells (Fig. 1.8b). The main disadvantage is that three out of four
contacts must be optically transparent and highly electrically conductive. Since
no perfectly transparent contacts exist, a part of the light is absorbed by the con-
tacts, reducing the efficiency. Also, the insulating layer between the subcells cre-
ates additional losses (Minnaert & Veelaert, 2012).

Two-terminal tandem Four-terminal tandem
Top —
electrode _T0t])3 ii
Recombination — subce
— —ITO gl
Selective layer i gaass
contacts i £ap
Bottom
[~ subcell
ITO glass — |
—ITO glass
Light
Il Wide band gap material Light
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(@) (b)

Fig. 1.8. Structures of two-terminal (a) and four-terminal (b) tandems. ITO is the indium
tin oxide; wide- and narrow-band gap absorbers are presented in blue and red, respec-
tively (Minnaert & Veelaert, 2012)

The group of scientists from Helmholtz-Zentrum Berlin has achieved 32.5%
efficiency in tandem solar cells consisting of a silicon bottom cell and a perovskite
top cell. While the theoretical efficiency of ideal two- and four-terminal structures
is about 45% (Dupré et al., 2018). To achieve maximum efficiency in the tandem
structure, perfect matching is required between the widths of band gaps of the
subcells. The main disadvantage of perovskite tandem solar cells is the instability
of the perovskite layer (2 years) (Dupré et al., 2018).

1.5.6. Quantum well Solar Cells

Quantum well layers are considered a way of helping to increase the efficiency of
solar cells, and it is a promising candidate to exceed the Shockley—Queisser limit
(Akinoglu et al., 2021). The energy band diagram of a quantum well solar cell
(Barnham & Duggan, 1998), depicted in Fig. 1.9, generally consists of a quantum
well region incorporated into the intrinsic region located between the hole and
electron transport layers.
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Fig. 1.9. Energy band diagram of the quantum well solar cell
(Adams et al., 2010)

The absorbed light in a quantum well leads to generating electron—hole
pairs in the well. The energy of the photons that can be absorbed depends on the
size of the quantum wells. Before electrons and holes contribute to the net pho-
tocurrent, the carriers have to overcome the quantum well’s barrier. All excited
carriers in a quantum well can theoretically contribute to the net photocurrent,
and the device can achieve an efficiency of 26% under one sun illumination
(Welser et al., 2019).

1.5.7. Hot carrier Solar Cells

Hot carrier solar cell (Ross & Nozik, 1998) is the third generation SC which can
theoretically achieve an efficiency of up to 65% under one sun (Chung etal.,
2016).

The concept of the hot carrier solar cell is depicted in Fig. 1.10. The cell con-
sists of the absorber and energy-selective contacts. The optically excited carriers
are extracted by contacts before the carriers cool down to the band gap edges.
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Fig. 1.10. Energy band diagram of a hot carrier solar cell. Eq is the band gap, Er is the

Fermi level, Er, is the electron Fermi level, Er, is the hole Fermi level, Es is the trans-

mission range of energy-selective contact, and Ty is the temperature of the hot carriers
(created by the author)

To boost the efficiency, the cooling speed of the excited carriers should be
slowed down to allow harvesting of still “hot” carriers (Guo et al., 2017), thus
achieving higher photocurrent across the solar cell. Harvesting of energy of hot
carriers requires extraction of HCs from the absorber via energy-selective con-
tacts. The contacts transfer carriers only within a very narrow range of energies
(Conibeer et al., 2014).

1.6. Hot carriers and hot carrier photoresponse

Hot carriers are excited to free electrons and holes in nonequilibrium high-energy
states. Extremely fast cooling time (around 1 ps) of HC and extraction are the
main peculiarities of the hot carrier effect (Ahmed et al., 2021).

Different HC excitation methods help to understand the nature of this effect
better.
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1.6.1. Methods of hot carrier excitation

The very main requirements for the methods of carrier heating and investigation
are the exclusion of lattice heating and changes in the concentration of carriers
during the experiment (Pozela, 1993).

The ways to get extra energy for carrier heating are microwave irradiation,
optical irradiation and carrier heating by a strong electric field (Denis &
Pozela, 1971).

1. Microwave irradiation method. Microwaves are electromagnetic waves
having a frequency of 0.3-300 GHz that is equal to 1.24 neV-1.24 meV photon
energy. The microwave photon energy is much lower than the width of the band
gap of semiconductors (Zhou et al., 2019).

The method of heating electrons in n-type Ge was proposed in 1959. The
experiments were carried out under the following conditions (Morgan, 1959):

— constant direct current (DC) field was applied to the sample;

— modulated microwave field was applied along the axis of the sample.

Particularly under these circumstances, the changes in conductivity were de-
tected.

The advantages of the microwave technique are the following (Denis &
Pozela, 1971):

1) The microwave field is less distorted by inhomogeneities in the sample
at frequencies higher or comparable to the inverse dielectric relaxation
time.

2) The use of an alternating field of ultrahigh frequency makes it possible
to carry out the non-contact heating of the carriers.

Despite the convenience, the method has at least two significant disad-

vantages (Pozela, 1993):

1) First, an alternating electric field leads to a periodic heating of carriers.
This circumstance complicated the quantitative interpretation of the
“photoelectric effect”.

2) Second, the magnitude of the microwave field in the sample is deter-
mined with a noticeable error.

2. Method of DC voltage pulses. In this method, a voltage that heats the car-
riers is applied to a sample with ohmic contacts. The pulse duration should be
chosen so that carriers injected into the bulk drift to a depth much less than the
length of the sample. It means that necessary depth should provide conductivity
changes, and the field in the sample can be neglected. Also, the duration of the
pulse has to be long enough to heat the free carriers but short enough to prevent
the lattice heating process. Experimentally, the maintenance of the constant tem-
perature of a sample can be realised by various heat dissipation techniques
(Denis & Pozela, 1971).
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3. Optical irradiation method. This way is the most important for PV devices.
The absorption coefficient has a sharp border at the energy equal to the width of
Eg of the materials (Fig. 1.11a). Since photons having energy below the band gap
cannot produce an electron—hole pair due to lack of energy, these photons have
the potential to heat the free carriers in the conductive band to high energy states
(Fig. 1.11b, process 4).
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Fig. 1.11. a) Absorbed solar spectrum by solar cells made of different materials
(Akinoglu et al., 2021) b) Schematic model of hot carriers’ excitation process. 1 is the
generation of hot electron-hole pair, 2 is the generation of hot electron-hot hole pair,

3 —is the generation of electron—hole pair, and 4 — is the free carrier heating process
(created by the author)

All other processes in Fig. 1.11 are related to the photons having energy
higher or equal to the band gap. During the process of photoexcitation, the photons
having energy equal (Fig. 1.11b, 3) or higher (Fig. 1.11b, 1 and 2) than the band
gap transmit their energy to the carriers in the valence band and excite them to the
high energy states in the conduction band (Ahmed et al., 2021).

1.6.2. Process of hot carrier energy dissipation

Dissipation of hot carrier energy is the multi-stage mechanism through carrier—
carrier and carrier—phonon scattering processes (Zhang et al., 2021).
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Fig. 1.12. Schematic process of hot carrier energy dissipation. Eg, Eg, are the widths of
the band gap before and after the energy dissipation process, respectively; E., E.; are the
position of the bottom edge of the conduction band before and after the energy dissipa-
tion process, respectively; Ey is the valence band edge, hv is the photon energy, AE is the
excess carrier kinetic energy, and e-gas is the electron gas (created by the author)

Generally, hot carrier energy dissipation consists of the following stages
(Fig. 1.12, green numbers) (Conibeer et al., 2014; Zhang et al., 2021):

1.

Electron—hole pair generation from the photon having energy higher than
the band gap of the material.

Elastic scattering between the excited carriers and cold electron gas
(e-gas).

The scattering ceases when the e-gas reaches a higher temperature and it
obeys the Fermi—Dirac distribution. Usually, stages 2 and 3 have a dura-
tion of 10-100 fs.

Cooling down of the e-gas to the edge of the conduction band while sim-
ultaneously emitting discrete portions of energy as optical photons (the
term “optical photon” means non-phasing oscillations of the atoms in the
lattice). The stage 4 lasts for 0.01-1 ps.

Optical phonon decay into acoustic phonons (the term “acoustic photon”
means coherent oscillations of the atoms from the equilibrium position).
This process results in the heating of the lattice.

The lattice heating process modifies the band structure of the material
(usually changes the width of the band gap).
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In general, the HC energy dissipation process has a duration of about 1 ps
(Conibeer et al., 2014; Zhang et al., 2021). To use the hot carrier effect, the fast
relaxation time of carrier energy should be extended, or the harvesting of energy
from still “hot” carriers should be provided as fast as possible.

1.6.3. Hot carrier photo signal across germanium p—n junction

The classical photo effect manifests itself in regular photosensitive devices, such
as solar cells, only when the incident light photon energy is higher than the band
gap of the material (Shockley & Queisser, 1961). Later, it was proven (Umeno
etal., 1978; Wasiak et al., 2017; Zanatta, 2019) that even light with photon energy
lower than the width of the band gap can be absorbed.

The below band gap absorption caused the rise of anomalous hot carrier pho-
tovoltage with polarity opposite to the ordinary photovoltaic effect. Instead of the
classical electron—hole pair generation, the free carrier excitation in the n- and p-
sides of the p—n junction induces voltage (Umeno et al., 1978).

HC photovoltage experimentally was discovered across Ge p-n junctions
(Fig. 1.13).

— 311 K
—_—293 K
255K
238K
— 204 K
— 114 K

CO; laser

-+ Ge n 9 /_

-0 08 -0.6 04 02 0 02 04
Bias voltage, V

a) b)
Fig. 1.13. a) Ge p-n junction under illumination with CO; laser radiation; b) dependence

of induced hot carrier photovoltage on bias voltage at different temperatures
(Umeno et al., 1978)

Photo-induced voltage, mV
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The sample was illuminated with a CO; laser having the following parame-
ters: 10.6 um wavelength (with photon energy hv = 0.117 eV) and peak power
0.5 kW (Fig. 1.13a). The polarity of induced hot carrier photovoltage was oppo-
site to the classical photovoltage. The experimental dependences of photovoltage
on bias voltage are depicted in Fig. 1.13b. In the given experiment, the interband
absorption was impossible since the band gap energy of 0.66 eV was much higher
than the photon energy. In this case, the induced photovoltage appeared due to the
intraband absorption (Umeno et al., 1978).

In the illuminated p—n junction, the major carriers on both p- and n- regions
were excited optically, they became hot carriers and diffused over the potential
barrier. The excitation process of the carriers and formation of photovoltage is
depicted in Fig. 1.14 (Umeno et al., 1978).

hot electrons  CO, laser

7

hot holes

Fig. 1.14. Schematic representation of free carrier heating and formation of photovoltage
across p—n junction (Umeno et al., 1978)

1.6.4. Photocurrent of hot carrier across gallium arsenide p—n
junction

The experimental setup that revealed the presence of hot carrier phenomena in
GaAs p—n junctions is depicted in Fig. 1.15.

The GaAs samples were illuminated with CO-, laser pulses with a wavelength
of 10.6 um, pulse duration of 200 ns, repetition rate of 30 Hz, and maximum
power density of 10 MW/cm?. The diameter of the contact was around 0.5 mm
(ASmontas et al., 2001). Fig. 1.16 shows the dependence of photocurrent across
the p—n junction on the applied bias voltage.
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Fig.1.15. Schematic circuit of measurements: 1 — metal back contact, 2 — doped region,
3 —substrate, 4 — front ohmic contact, 5 — load resistance (ASmontas et al., 1997)
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Fig. 1.16. Dependence of photocurrent on bias voltage across GaAs p—n junction
(Asmontas et al., 2001)

Fig. 1.16 shows a similar dependence of photoresponse on bias, as depicted
in Fig. 1.13b. The fast growth of the photocurrent was observed when the forward
bias “opened” the junction. When the reverse bias was applied, the photocurrent
was small because of the recharging of the p—n junction under pulsed laser light.
The small magnitude of photocurrent at the reverse bias proved insignificant
changes of carrier concentration in GaAs p—n junction illuminated with CO-, laser
(Asmontas et al., 2001).
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Also, the increase of photocurrent in the forward bias region was caused by
the decreasing height of the potential barrier. Thus, optically heated carriers could
easily diffuse across the potential barrier and contribute to the photoresponse of
the p—n junction by inducing photocurrent with polarity opposite to the standard
electron—hole pair excitation (Asmontas et al., 2001).

In a strongly asymmetrical p—n junction, when the p-region is doped much
heavier than the n-region, the contribution of hot electron photocurrent is weak.
In this case, the HC photocurrent density across the p—n junction can be described
as (ASmontas, 1984):

Jon = oferw {72+ G2 (142) | =1 oo [532] -1} 07
Here, Uy, is the applied bias voltage, J,s0 = eDppn/Ly, is the saturation current
density in the dark, J, is the saturation current density under illumination, Dy, is
the diffusion coefficient of holes, L, is the diffusion length of holes, T is the
lattice temperature, V,; is the height of the potential barrier, and T;, is the temper-
ature of hot holes.

When the n-region was doped much heavier, the heated electrons mainly con-

tribute to net photocurrent across the p—n junction, and then, the impact of heated
holes can be neglected (ASmontas, 1984).

1.6.5. Hot carrier photo signal across homogeneous gallium
arsenide junction

As mentioned above, maximum photocurrent across the junctions can be detected
when the potential barrier height is reduced by the applied voltage bias. An inher-
ent feature of homogeneous junctions (lightly and heavily doped regions) is a
small potential barrier that makes these junctions useful structures to detect hot
carrier photo signals.

When the homogeneous GaAs junctions were illuminated with CO, laser
light (the same conditions of the experiment as in the previous section), the ob-
tained photoresponse U consisted of two components (Fig. 1.17) (ASmontas
etal., 2001):

U = Us + Ur. (1.8)

Here, U is the fast part of the signal, caused by the heating of free carriers, Uy is
the slow part of the signal, caused by the lattice heating process. The contribution
of these components to the output signal is depicted in Fig. 1.17. The components
of the signal were approximated concerning the shape of the laser pulse. The fast
component was described (ASmontas et al., 2001):
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Ue(t) = kel (%)4 exp [—4 (Ti - 1)] (1.9)

p

Here, where I, is the laser peak intensity, 7, is the laser rise time, and k is the

coefficient that can be found from the experiment.
The slow component Uy can be expressed by (ASmontas et al., 2001):

_ 24krlpe* _ (ta)? _ (ta)® | (ta)* 4t) _ 4
Ur = [(1 ta +— + ) X exp (Tp) exp( )]

TrTpta’ 6 24 T

(1.10)

Here, a = Ti — 4 /7, ky is the amplification coefficient, which was found from the
T

experiment, and tr is the time constant of photoresponse decay.
Fig. 1.17 shows the temporal behaviour of the experimental photoresponse
and calculated theoretical components alongside the laser pulse.

[
(=]
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Electromotive force, a.u.

K
0 130 260 390

Fig. 1.17. Shapes of the CO; laser pulse (1) and photoresponse signal across GaAs n—n*
junction (2). Theoretically calculated hot carrier (3) and lattice heating (4) components
of the photoresponse (Asmontas et al., 2001)

The results in Fig. 1.17 allowed for approximately distinguishing the contri-
bution of hot carriers and lattice heating components to the net photoresponse sig-
nal induced across the junction. Fig. 1.18 shows the linear dependence of photore-
sponses across —n" and p—p* GaAs junctions on laser intensity.
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Fig. 1.18. Photoelectromotive force across GaAs homogenous junctions versus laser in-
tensity. (1) n—n* and (2) p—p* junctions (Asmontas et al., 2001)

According to the given results, the magnitudes of the photoresponses
(Fig. 1.18) were almost similar. It was concluded that the temperature of the
heated holes and electrons was almost the same (ASmontas et al., 2001).

1.6.6. Hot carrier photo signal across mercury cadmium
telluride p—n junction

Hot carrier signal was also detected in narrow-band materials by intraband-free
carrier excitation. Studying peculiarities of HC signal arising may help to look
through the unknown features of this effect due to the height of the potential bar-
rier and cryogenic temperature.

Hgo.sCdo2Te is a narrow band gap (0.16 eV) semiconductor. The width of the
Eq is comparable with the photon energy of the CO; laser but only at room tem-
perature. The given material relates to the tellurium-containing semiconductors.
In classical semiconductors, such as GaAs and Si, the band gap decreases with
increasing temperature, while HgxCdi.xTe has inverse band gap dependence on
temperature that can be approximated via a formula where the width of the band
gap is in eV (Rogalski, 2005):

Eg = —0.302 + x(1.93 — 0.81x + 0.832x%) 4+ 5.35 X 107*(1 — 2x)T.
(1.13)
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Here, x is the HgTe mole fraction, and T is the temperature. According to Eq.
1.13, at the temperature of liquid nitrogen (80 K), the height of the band gap was
equal to 0.09 eV (Rogalski, 2005). HgosCdo2Te p—n junction was cooled down to
80 K to simultaneously observe the hot carriers and classical (electron—hole gen-
eration) photocurrent in the total current signal (Asmontas et al., 2003).

Fig. 1.19 shows laser pulse shape and photoresponses across HgosCdo 2 Te at
different laser intensities.

Laser pulse

Photoresponse, a.u

| -

0 200 400 600 800 1000 1200
Time, ns

Fig. 1.19. Temporal traces of the laser pulse (dotted line)
and photoresponses (1-3) at increasing laser light intensities from low to high,
respectively (Asmontas et al., 2003)

HgosCdo2Te photodiodes were prepared on n-type single crystal substrates
by diffusion of arsenic from the vapour source into the wafer with followed an-
nealing process under Hg-saturation condition (n = 1+6 x 10* cm~at 80 K). The
samples were illuminated with a CO- laser that had the following parameters:
wavelength 10.6 um (hv = 0.117 eV), pulse duration 200 ns, and maximum laser
intensity 1 MW/cm? (A§montas et al., 2003).

Pulse 1 in Fig. 1.19 shows classical photoresponse that was caused by inter-
band absorption. The classical photoresponse becomes saturated due to the limi-
tation of the potential barrier height (Fig. 1.19 pulse 2). A further increase of the
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laser intensity (Fig. 1.19 pulse 3) causes the inducing of photosignal having op-
posite polarity to the classical photocurrent. The negative component appeared
due to carrier heating under the strong illumination of the p—n junction (Fig. 1.19
pulse 3). The hot carrier signal completely followed the laser pulse shape.

Also, the dependence of the classical and hot carrier photo signals on light
intensity (Fig. 1.20) was linear, which is typical for the HC effect and interband
single photon absorption (ASmontas et al., 2003).
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Fig. 1.20. Hot carrier and classical photoresponse dependences on laser intensity
(Asmontas et al., 2003)

1.6.7. Hot carrier photo signal across indium antimonide
p—n junction

InSh is a narrow-band semiconductor, and its band gap equals 0.23 eV at 80 K
temperature. This property makes InSb suitable for investigation of the hot carrier
effect under CO; laser illumination at low temperatures because the width of the
band gap was slightly higher than the laser photon energy (Asmontas et al., 2003).
The InSb samples were prepared by liquid phase epitaxy deposition of a
p-type 10 um-thick layer on an n-type wafer with carrier concentrations
p=10%cm™ and n=2 x 10 at 80 K temperature, respectively. The samples
were illuminated with a CO; laser, as described by ASmontas etal. (2003).
Fig. 1.21 shows the photoresponse across the sample at high radiation intensity.



34 1. REVIEW OF SOLAR CELL STRUCTURES AND HOT CARRIER PHENOMENON

Time Time

o CETES
w

Laser pulse 500 ns

Fig. 1.21. Oscilloscope traces of photoresponse across InSh p—n junction: a) at different
light intensities, 11 < I2; b) under applied forward bias: 0.167 V (1), 0.2 V (2) and
0.227 V (3) at constant intensity |1 (ASmontas et al., 2003)

As Fig. 1.21a shows, the photoresponse induced across the p—n junction cor-
responds to the classical photoresponse (with respect to polarity) caused by elec-
tron-hole pair generation via two-photon absorption since the photoresponse had
a square dependence on laser light intensity (Asmontas et al., 2003). The value of
classical voltage was limited by the height of the potential barrier. Increasing laser
intensity led to the appearance of the hot carrier photoresponse in the output signal
(Fig. 1.21a at 1,). The signal with opposite polarity manifested itself due to the
heating of the carriers and their diffusion through the potential barrier. The poten-
tial barrier was made lower by means of the forward voltage bias (Fig. 1.21b), and
the hot carrier signal induced across a p—n junction was observed at lower inten-
sity 11 (ASmontas et al., 2003).

Also, in InSh the hot carrier photoresponse could be detected simultaneously
with the classical (ASmontas et al., 2003).
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1.7. Conclusions of the First Chapter and
Formulation of the Dissertation Tasks

The following conclusions based on this chapter can be drawn:

1.

The main reason for the low Shockley—Queisser limit is the intrinsic
losses in the solar cells since the extrinsic losses are an engineering prob-
lem and can be solved by better encapsulation and improved manufac-
turing techniques. Forasmuch as 80% (Hirst & Ekins-Daukes, 2011) of
the intrinsic losses are below the band gap and the thermalisation losses,
these two types are particularly referring to the appearance of excess car-
rier energy.

To investigate the hot carrier effect properly, the lattice heating process
should be reduced to a minimum.

The first- and second-generation solar cells can avoid spectral losses only
by modifying their band structure, which was developed in the third-gen-
eration solar cells. The most promising types of them are the hot carrier
solar cell and the multi-junction solar cell.

The hot carrier effect can be applied in the development of long-wave-
length radiation detectors. The wide-band semiconductors need intense
light and a forward-biased potential barrier to detect radiation with a
wavelength much lower than the band gap. The narrow-band semicon-
ductors can be used to detect radiation with a wavelength lower than the
band gap, and they require cryogenic temperature to form a potential bar-
rier. Therefore, a useful tool to develop infrared radiation detectors
would be a structure with a small potential barrier at 300 K temperature
and a wide band gap.

Based on the conclusions, the following tasks can be defined:

1.

3.

4.

The hot carrier phenomenon in a single junction solar cell should be in-
vestigated to find approaches and conditions that allow for distinguishing
and reducing the effect. In this case, the dependence of the HC effect on
temperature, bias voltage, and light spectrum should be analysed to de-
fine the peculiarities of the effect arising in the solar cells.

The way to reduce spectral and thermalisation losses in structures con-
taining p—n junction should be searched.

The share of spectrum absorbed by a single junction solar cell having the
potential to heat the carriers should be calculated.

An infrared radiation sensor based on the HC effect should be developed.






Fabrication Technology of the
Samples and Research Methodology

The methodology of the dissertation consists of two main parts: theoretical mod-
elling (Masalskyi & Gradauskas, 2022) and experimental research (ASmontas, Fe-
dorenko et al., 2020; Gradauskas, A$montas, Suziedélis, Silénas, Vai¢ikauskas
et al., 2020; Masalskyi, Gradauskas, ASmontas et al., 2022b; Masalskyi, Gradaus-
kas, ASmontas, Suziedélis, Silénas et al., 2021; Masalskyi & Gradauskas, 2021b,
2022). Theoretical methods consist of the separation of photovoltage signal com-
ponents by the programming environment MatLab, and the modelling of novel
PV structures is made by 1D Poisson for PC.

The experimental part is based on the measurement of photoresponse induced
by pulsed laser radiation across semiconductor samples and consists of two main
parts: (a) peculiarities of photovoltage components’ formation across a p—n junc-
tion (investigation of their dependence on temperature, bias, structure, radiation
wavelength, etc.); and (b) photoelectrical investigations of the developed ratchet
Sensor.

37
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2.1. Fabrication of the samples

This section encompasses the range of methods and techniques used for the spe-
cific requirements of different sample types and analytical goals. The sample
preparation involves the technologies of growing the samples and analysis of their
main parameters.

2.1.1. Gallium arsenide p—n junction diodes

The schematic structure of the GaAs diodes’ is depicted in Fig. 2.1. The top 5 um-
thick p-type layer (hole density 5 x 10 cm~3) was liquid phase epitaxy-grown on
the n-type substrate with electron density 3 x 10*" cm™3. Traditional photolithog-
raphy techniques and thermal evaporation of the Au-Ge-Ni alloy were applied to
form the 2.5 x 2.5 mm? sample with ohmic contacts. The contacts were built at
the edge of the sample to prevent them from the direct laser beam and thus to
avoid photo signal formation in the vicinity of the contacts.

Top contact
<+— Au-Ge-Ni

<«— p-type GaAs

<+— n-type GaAs
Bottom contact
Au-Ge-Ni

Fig. 2.1. Schematic structure of GaAs diodes (created by the author)

2.1.2. Polycrystalline silicon industrial Solar Cells

The cells (Fig. 2.2) were cut from industrial silicon solar cells (SoliTek, Vilnius,
Lithuania). The carrier densities in the emitter and base were n ~ 10%° cm™ and
p =~ 10 cm™3, respectively. The samples had dimensions 2 x 2 mmZ,
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~<— Top contact

-«—— Anti-reflection coating
~—— n'-type Si

~——— p-type Si

~+——— Back surface pfield
<&— Bottom contact

Fig. 2.2. Typical structure of a polycrystalline silicon solar cell (created by the author)

2.1.3. Porous silicon diodes containing porous silicon surface
layer

The structure of the diodes is depicted in Fig. 2.3a. The diodes were produced by
chemical vapour deposition of an n-type epitaxial Si layer (the thickness of 2.5 um
and electron density 6 x 10" cm™) on a p-type silicon substrate (hole density
6 x 10'° cm™).

The nanoporous layer was synthesised on an n-Si surface using the photo-
catalytic electrochemical anodic process in which a 1:4 mixture of ethanol and
concentrated HF (49%) were used as an electrolyte. The electrochemical etching
of the Si surface was carried out in a transparent electrochemical cell with a Pt
gauze electrode (Fig. 2.3b) (ASmontas, Fedorenko et al., 2020). The fabrication
was carried out at V. E. Lashkaryov Institute of Semiconductor Physics, National
Academy of Science, Ukraine.

o Porous Si
<«—n'-Si \ 1 Sample
<« p-Si / \\\ \\E]ectrolyte
«— Al UV filter Pt electrode
(a) (b)

Fig. 2.3. (a) Schematic structure of Si diode and (b) the system used to form a porous
surface layer (Asmontas, Fedorenko et al., 2020)
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During the anodization, the front n-surface of the p—n junction was illumi-
nated using a high-power light-emitting diode operating at 365 nm wavelength
with luminous intensity 8000 W/m?, the current density was 40 mA/cm?, and the
thickness of the porous Si layer was 1.9 pum.

2.1.4. Ratchet-based sensor

The structure and energy band diagram of the GaAs/AlGai-xAs sensor is depicted
in Fig. 2.4. The samples were fabricated on a 350 nm-thick n-type GaAs wafer
(electron density 5 x 10" cm™3). The two layers of Al,GaixAs with AlAs mole
fraction “x” varying from 0.2 to 0 were liquid phase epitaxy-grown with electron
density 108 cm3, The first AlkGai.«As layer was grown up at an initial tempera-
ture of 654 °C, the speed was 1 °C/min, and the thickness was equal to 1 pm.

Top contact Au-Ge-Ni—— v

Second Al,Gaj.As layer —|

First Al,Gaj_yAs layer ——

n-type GaAs wafer —
Bottom contact Au-Ge-Ni——

(@)

0.0 \ \
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X
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-0.6 | . -
;j“j$ ;

o

14—
gk A / / ]
1000 2000

Thickness, nm

(b)
Fig. 2.4. (a) Schematic structure (not to scale) of the ratchet-based sensor, and (b) its en-
ergy band diagram; the black line is the bottom of the conduction band, the blue line is
the Fermi level, and the red line is the top of the valence band (created by the author)

Energy, eV

-

The second layer was grown up at the same speed, but the initial temperature
was 610 °C; the thickness was equal to 1.5 um. The ohmic contacts were formed
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by photolithography with the following evaporation and annealing of the Au-Ge-
Ni alloy.

2.2. Experimental setup

This section provides an overview of the experimental setup and instrumentation
used in the study. The research used a measurement circuit, lasers with specific
wavelengths, and temperature-controlled conditions to investigate, characterise,
and analyse the hot carrier effect in GaAs p—n junction diodes, polycrystalline
silicon industrial solar cells, and the ratchet-based sensor.

The schematic measurement circuit used in the research is depicted in
Fig. 2.5. The measurements were performed in a photocurrent regime. Two lasers
were used to illuminate the samples of GaAs p-n junction diodes, the polycrys-
talline silicon industrial solar cells and the ratchet-based sensor. The load resistor
(R =50 Ohm) was chosen to match the circuit impedance and to obtain appropri-
ate time-dependent characteristics of the photoresponse. To provide the measure-
ments with the bias voltage, a handmade DC voltage source (0-9 V and 0-0.3 A)
was used.

Laser light

Oscilloscope

Sample

Voltage source

Fig. 2.5. Schematic representation of measurement circuit (created by the author)

The temporal behaviour of the photovoltage and laser pulse shape was rec-
orded by digital storage oscilloscope Agilent Technologies DSO6102A, and the
laser pulse shape was registered by high-speed optical signal reference detector
11HSP-FS1 (Standa Ltd., Vilnius, Lithuania).

The experiments were carried out in an 80-300 K temperature range. Low-
temperature conditions were maintained using a handmade optical cryostat
(Fig. 2.6).
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Fig. 2.6. Handmade optical cryostat (created by the author)

Laser light of 1.064 um wavelength was chosen concerning the width of
GaAs forbidden energy gap that is equal to 1.42 eV. Laser photon energy was
equal to 1.16 eV and was lower than the band gap. As the source of 1.064 pm
wavelength radiation, the neodymium-doped yttrium aluminium garnet laser was
used (Fig.2.7b) with the following parameters: 17-25ns pulse duration
(Fig. 2.7a), repetition rate 50 Hz and maximum pulse intensity 10 MW/cm?,

1.0F T T T T T T 3

LD BS VA M

— 05| G|
NL202 N N N
1064 nm | " o
o s

b= 0 20 10 0 020 30 40
D 0scC MC Time, ns

(@) (b)

Fig. 2.7. (a) Neodymium-doped yttrium aluminium garnet oscillator and amplifier at
1.064 um wavelength. (b) Temporal trace of the 1.064 um laser pulse. LD — laser diode
(NL2002-Nd:YAG), BS — beam splitter plate, VA — variable attenuator for laser pulse,

M — high reflectance mirror, D — high-speed optical signal reference detector 11HSP-
FS1 (Standa Ltd., Vilnius, Lithuania), OSC — digital storage oscilloscope Agilent Tech-

nologies DSO6102A, MC — measurement circuit (created by the author)
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The laser power was varied by optical filters having different transmission
coefficient values at 1.064 um wavelength. The average power of the laser radia-
tion was measured via an optical power meter (Thorlabs Inc., New Jersey, USA),
and later, pulse power was calculated with respect to the repetition rate and pulse
duration.

Another laser of 1.342 um wavelength (photon energy 0.92 eV) was chosen
with respect to the polycrystalline silicon band gap, which is equal to about
1.1 eV. The wavelength was chosen to avoid single-photon excitation of electron—
hole pairs. The source of laser light was the neodymium-doped yttrium orthovan-
adate diode (Fig. 2.8b) with the following parameters: 1.342 um wavelength,
pulse duration 1.7 ns (Fig. 2.8a), and the range of light intensity 0.06 kW/cm?—
0.4 MW/cm?. The light intensity was varied by adjusting the laser pump power.

Laser diode mm - | & 2 pass
808nm, 1.3 W -3 & 4 pass
330 ms, 1kHz

D 1 I Nd:YVO,

=25 mm =37 mm

L, L Nd:YVO, M, L H
D:’H—-‘_“|—'l— M. M, R=500 mm

O /225 mm /=34 mm V:YAG
808nm, 1.3 W 4mm  ,----,
330 ms, 1kHz . .
- ' ' 0.0 .
Laser diode ! I -4 2 0 2 4
MO Time, ns
(@) (b)

Fig. 2.8. (a) 1.4-pass neodymium-doped yttrium orthovanadate Q-switched oscillator
and amplifier. (b) Temporal trace of the 1.342 pm wavelength laser pulse. My — mirror
HR =99%, M,, M3, M4, Ms, Mg — high reflection mirrors, Ly, Lo, Ls, La, Ls — lenses,
SM — spherical mirror whose radius of curvature is =500 mm, MC — measurement cir-
cuit. Neodymium-doped yttrium orthovanadate 3 x 3 x 5 mm? a-cut crystals with 1%
doping level were used

Capacitive photovoltage measurements of Si diodes containing porous Si
surface layers were carried out within the wavelength range from 400 to 1200 nm.
The experimental setup is illustrated in Fig. 2.9. The light from a halogen lamp
was directed through a monochromator and beam splitter onto the sample under
investigation. A non-destructive method was employed using a press-on ITO elec-
trode with an approximate area of 7 x 7 mm? (Kostylyov et al., 2021).
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Fig. 2.9. Schematic experi

mental setup for detection capacitive photovoltage signal of Si

diodes containing surface PSi layer (Kostylyov et al., 2021)

A silicon etalon photodiode is used as a reference photosensor. To ensure
lock-in amplification, an AC voltage with a frequency of 20 Hz ran an oscillating

beam splitter providing

a reference signal. The spectral measurements were car-

ried out at the Center for Testing of photoconverters and photoelectric modules,

located at the V.E. Lash
Ukraine.

karyov Institute of Semiconductor Physics of the NAS of

2.3. Program software

The separation of photovoltage into its components was simulated by the pro-
gramming and numeric computing platform MatLab.

Table 2.1. MatLab script for solving differential equations

s=dsolve(‘Dy=(((La-
serPulse)))"q)/Decay-
Constant),y(0)=0)

Script Explanation
clc; clears all the text from the Command Window;
to close all open figures, use the command;
close all; to clear all variables from the current workspace
clear all; solves the differential equation with conditions, where “s”

is the expected solution; LaserPulse is a fitting function of a
laser pulse, DecayConstant is the relocation time for the
necessary photovoltage component, and y(0)=0 is the initial
condition for the deferential equation.
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The developed model assumed that the p—n junction could be de-
scribed as a first-order linear time-invariant system (Won et al., 2009).
MatLab software was used to solve the differential equations. The MatLab
script with explanations is attached in Table 2.1.

The energy band diagram of the ratchet-based GaAs/AlxGaixAs was mod-
elled by Poisson 1D for the PC program. The program calculated diagrams for all
investigated structures by solving the one-dimensional Poisson and Schrodinger
equations self-consistently.

The share of spectrum absorbed by a single junction solar cell having the
potential to heat the carrier was calculated by means of the OriginPro program.

2.4. Conclusions of the Second Chapter

1. GaAs p—n photodiodes were chosen for the investigation since they are
direct semiconductors, and their band gap is close to the one correspond-
ing to the maximum SC efficiency evaluated by the Shockley—Queisser
theory. Si solar cells were chosen to reveal the hot carrier phenomenon
in industrial solar cells. The Si diodes containing porous surface layers
were chosen due to simple manufacturing technology and the possibility
of creating the graded (varying) forbidden energy gap.

2. The ratchet-based sensor was developed to obtain a comparably small
height of the potential barrier, which does not depend on ambient tem-
perature. The small barriers can open the possibility of using this struc-
ture in detecting infrared (long wavelength) light, and the wide band gap
prevents the classical electron—hole generation, which makes the inves-
tigation of the HC effect better.

3. The laser wavelengths were chosen with respect to the width of the band
gap of the investigated materials. The photon energies were lower than
the band gap of the samples, which could minimise interband absorption,
thereby avoiding suppression of the hot carrier photocurrent across the
samples. Also, a laser is a useful tool to investigate the HC effect due to
high monochromatic light intensity and short pulsed light.






Results of Investigation of the Hot
Carrier Effect

Investigating and understanding the hot carrier effect is important for improving
the operation of PV devices. This chapter presents an experimental investigation
of the hot carrier effect, focusing on the methodologies and techniques described
in the Second Chapter.

By using the prepared samples, precise optical excitation, temperature con-
trol, and modelling methods, the chapter gives an explanation of the behaviour of
carriers with excess energy and their impact on the output signal of PV devices
(Asmontas, Fedorenko et al., 2020; Gradauskas et al., 2022; Gradauskas, ASmon-
tas, Suziedélis, Silénas, VaiGikauskas etal., 2020; Masalskyi, Gradauskas &
Zharchenko, 2022; Masalskyi, Gradauskas, ASmontas et al., 2022a; Masalskyi &
Gradauskas, 2021b, 2022). The acquired knowledge from such investigations
guides the development of novel device structures and optimisation strategies to
minimise losses caused by hot carriers.

47
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3.1. Dependence of hot carrier photocurrent on the
bias voltage

The influence of bias voltage on hot carrier photocurrent can be determined by
assuming that the device usually operates unbiased, forward or reverse-biased.
Under equilibrium conditions, the height of the potential barrier can be expressed
as (Sze & Ng, 2006):

kT NaNp

Vbi=—ln( A ) (3.1)

q nf

1

Here, N, is the acceptor concentration, Ny is the donor concentration, and n; is
the intrinsic carrier concentration.

The resistivity of the depletion region is higher than the rest of the device;
thus, almost all of the applied voltage drops across the depletion region. When the
forward bias is applied to a p—n junction, an external electric field has an opposite
direction with respect to the built-in internal field in the depletion region. Then,
the total electric field is a difference between these two fields (minus sign in
Eg. 3.2). When a reverse bias is applied, the total electric field is the sum of the
field in the depletion region and the applied bias field (plus sign in Eq. 3.2). The
height of potential barrier can be expressed as (Sze & Ng, 2006):

NaNp

kT —
Vbi = 717’1( nZ ) + Ub- (32)

1

To investigate hot carrier photocurrent dependence on bias voltage, the sam-
ples containing p—n junction, GaAs photodiodes and Si industrial solar cells were
exposed to pulsed laser light. The illumination wavelength of 1.064 um
(hv =1.16 eV) and 1.34 um (hv = 0.92 eV) was used with respect to the band
gap width of the materials:

1. As for GaAs, wavelengths were chosen because the photon energy of the
laser light was lower than the band gap, which allowed to avoid genera-
tion due to single-photon absorption.

2. As for Si, the first wavelength was chosen to check the possibility of
observing the hot carrier and the classical photocurrent simultaneously.
The second wavelength was expected to be long enough to prevent sin-
gle-photon electron—hole pair generation.

According to the developed model of photovoltage formation (Fig. 3.1),
three mechanisms can be distinguished: electron—hole pair generation (process 1),
free electron heating (process 2; or corresponding hole heating, not shown in the
picture), and electron-hole pair generation with simultaneous carrier heating pro-
cess by absorption of photon with energy higher than the band gap (process 3)
(Gradauskas, ASmontas, Suziedélis, Silénas, Vai¢ikauskas et al., 2020).
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Fig. 3.1. Model of photovoltage formation across p—n junction. Red stepped arrows indi-
cate diffusion and gradual thermalisation of a hot carrier, and blue arrows indicate a drift
of electrons and holes in a built-in internal electric field
(Gradauskas, A$montas, Suziedélis, Silénas, Vai¢ikauskas et al., 2020)

Fig. 3.2 shows -V curves of GaAs and Si samples exposed to 1.064 um and
1.342 um-long laser radiation of the same light intensity of 0.4 MW/cm? at room
temperature.
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Fig. 3.2. I-V characteristics of (a) GaAs and (b) Si p—n junctions illuminated with
1.064 um (solid lines) and 1.342 um (dashed lines) wavelength laser light of
0.4 MW/cm? intensity. The black line is Z-Vcurve in the dark, red line indicates the hot
carrier photocurrent, blue line shows the photocurrent caused by the generation of
electron—hole pairs (Masalskyi, Gradauskas, A§montas, Suziedélis, Silénas et al., 2021;
Masalskyi, Gradauskas, A§montas, Suziedélis, Sirmulis et al., 2021)
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In GaAs (Fig. 3.2a), the magnitude of both hot carrier and generation short
circuit current under 1.342 ym illumination were smaller as compared to
1.064 um-long excitation. Obviously, its magnitude has a strong dependence on
photon energy. The results show that the generation current magnitude in the short
circuit mode drops down 20 times while the hot carrier current only drops down
by 15. It means that the change of the photon energy closer towards the band gap
much more strongly affects the interband absorption than the intraband one due
to a shaper increase in the absorption coefficient of the interband absorption (Dar-
gys & Kundrotas, 1994).

In Si (Fig. 3.2b), it is obvious that the generation photocurrent rises stronger
than the hot carrier one when the photon energy is higher than the band gap. The
HC photocurrent can be seen at high values of external bias when the potential
barrier is low enough.

Forward bias voltage puts favourable conditions for the flow of hot carriers
across the lowered potential barrier of a p—n junction (Fig. 3.3a) as compared to
the barrier heightened by the reverse bias (Fig. 3.3b).

(a) (b)
Fig. 3.3. Schematic description of the hot carrier (red arrows) and generation-induced
carrier (blue arrow) flow when forward (a) and reverse (b) bias voltage is applied
(Gradauskas, Asmontas, Suziedélis, Silénas, Cerskus et al., 2020a)

Indeed, the experiments reveal that the hot carrier photocurrent increases
with the forward bias voltage (Fig. 3.4). When the p—n junction is opened, the hot
carrier photocurrent rises exponentially. Further application of forward bias leads
to saturation of the HC photocurrent because of the Joule heating effect
(Umeno et al., 1978).
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Fig. 3.4. Dependence of the hot carrier photocurrent on bias voltage across GaAs p-n
junction illuminated with 1.064 um wavelength at 3.6 MW/cm? light intensity and room
temperature (created by the author)

It is worth noting that a single junction solar cell is forwardly biased by the
generated electron—hole pairs, which works for the good of the hot carrier flow
across the junction. Moreover, in the mode of max power, as shown in Fig. 1.2,
an SC operates at forward bias, which means favourable conditions for hot carrier
photocurrent flow and, thus, a negative influence on solar cell operation.

3.2. Composition of photovoltage signal across
gallium arsenide p—n junction

According to the classical Shockley—Queisser theory, the illumination of a semi-
conductor with energy larger than its band gap leads to electron—hole pair gener-
ation. As a result, the classical photovoltage is induced across a p—n junction due
to the separation of electrons and holes in the internal built-in electric field
(Fig. 3, process 3). Extra photon energy left after the pair generation is used for
the lattice heating. The theory also assumes that photons having lower energy than
the width of the band gap are not absorbed at all (Shockley & Queisser, 1961).
The developed approach assumes the possibility of the presence of two addi-
tional mechanisms causing the rise of photovoltage with polarity opposite to the
classical. When the photon energy is lower than the band gap, the intraband-free
carrier absorption leads to carrier heating (Fig. 3.1, process 2). As a result, the hot
carrier photovoltage is induced across a potential barrier with the following lattice
heating. The polarity of the hot carrier photovoltage is opposite to the classical
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photovoltage (Fig. 3.1, process 1). When the photon energy is much higher than
the band gap, the interband absorption leads to electron—hole pair generation
(Fig. 3.1, process 3). The remaining extra energy is used to excite the free carriers
into the hot ones. The carriers can overcome the potential barrier and, this way,
induce photovoltage across it before losing the extra energy (Asmontas, Gradaus-
kas et al., 2020).

In general, illumination-induced photocurrent across a p—n junction consists
of three components. The first component, U, is caused by an electron—hole pair
generation (classical photovoltage), and its speed is determined by the rate of the
recombination process. The second one, Uy, has opposite polarity and follows
the laser pulse shape; this is an inherent feature of the hot carrier photovoltage
since its speed is fundamentally determined by the carrier energy relaxation time,
which is typical of the order of picoseconds in semiconductors. The third one, U,
has the same polarity as Uy, but is much slower; it is attributed to the thermoelec-
tric electromotive force caused by the lattice heating resulting from the hot carrier
thermalisation.

The GaAs samples were illuminated with laser light of 1.064 um wavelength
to prove the developed approach. The laser had the same parameters as in the
previous section 3.1.

Fig. 3.5 shows oscilloscope traces of photocurrent (photovoltage across
50 Ohm resistance in Fig. 2.5) pulse across illuminated GaAs p—n junction at dif-
ferent laser intensities.
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Fig. 3.5. Oscilloscope traces of photovoltage across GaAs p—n junction (blue) illumi-
nated with 1.064 um laser pulse (green) of 51 kW/cm? (a) and 264 kW/cm? (b) intensity.
No bias voltage is applied (Masalskyi, Gradauskas & Zharchenko, 2022)
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The negative polarity pulse is supposed to be the sum of Uy, and U compo-
nents (Fig. 3.5a). The laser intensity is not enough to induce the classical photo-
voltage due to the multiphoton interband absorption. It is approximately possible
to distinguish two components in time. The hot carrier signal follows the laser
pulse, i.e., when the pulse is gone, the HC photovoltage is gone also. The “tail” of
the signal is attributed to the process of the lattice heating. Another situation is
depicted in Fig. 3.5b, when, under the action of higher light intensity, the photo-
voltage has two different polarities. As in the previous situation, the negative po-
larity is a sum of Uy. and Uy, and the positive polarity relates to the classical
photovoltage Ug. The absence of classical photovoltage at low laser intensity cor-
relates with results depicted in Fig. 3.6, where the dependence of photovoltage
pulses of positive and negative polarity on laser intensity is shown. The measured
peak value of the negative component shows a linear dependence on the laser
intensity (red circles); this is an inherent feature of the intraband absorption
(hv < E;) and thermal effects. The positive component follows the square law
(blue triangles), thus proving its origin to be related to the mechanism of two-
photon absorption. It is worth noting that the generation-caused component is ob-
served only at high intensities (approximately starting from 200 kW/cm?) while
the negative polarity of the signal is detected on the whole studied range.
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Fig. 3.6. Dependence of peak values of the negative polarity (red dots) and positive po-
larity (blue triangles) sub-pulses of the photovoltage on laser intensity induced across
GaAs p-—n junction illuminated with 1.064 um wavelength at zero bias. Solid lines are

guides for the eye of linear (red) and square (blue) dependence
(Gradauskas, Amontas, Suziedélis, Silénas, Vai¢ikauskas et al., 2020)
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As mentioned above, the total photovoltage across the GaAs p—n junction is
composed of three components (Gradauskas, ASmontas, Suziedélis, Silénas,
Vaicikauskas et al., 2020)

U(t) = Upc(t) + Up(t) + Ug(2). (3.3)

Here, Ug is the photovoltage that is caused by an electron—hole pair generation,
Uy is the photovoltage that is caused by free carrier heating, and Uy is the photo-
voltage attributed to lattice heating resulting from the hot carrier thermalisation.

The developed model assumes that the p—n junction can be described as the
linear time-invariant system (Won et al., 2009), and the time dependence of pho-
tovoltage can be characterised by the differential equation (Gradauskas, ASmon-
tas, Suziedélis, Silénas, Vai¢ikauskas et al., 2020) as

24U =0(0). (3.4)

Here, 7 is the exponential decay constant, and U = U(t) is the photovoltage func-
tion of time. U(t) is the forcing function, and it depends on the laser pulse and on
the physical phenomenon giving rise to a particular photovoltage component. The
exponential decay time constant of each of the components was determined sepa-
rately. The generation-related time constant ¢ was measured as the exponential
decay far after the laser pulse was gone, and it was equal to 155 ns. Since hot
carrier energy relaxation time in GaAs is of the order of one picosecond
(Glover, 2003), it means that the free carriers are hot as long as the laser pulse is
present, and 7, is equal to the laser rise-time 7, that is equal to 33 ns. The value
of the relaxation time decay constant 7 was estimated to equal 50 ns by using the
method of the transient thermoelectric effect (Sasaki et al., 1998): one side of the
barrierless n-GaAs sample was illuminated with laser light of intensity less than
200 kW/cm?, and the thermoelectric force was investigated.
The shape of the laser pulse was approximated as (Grigor'ev et al., 1971):

m
L@ =1, (i) exp [m (1 — é)] (3.5)
Here, I, is the peak intensity, and I, = I(t},). The best fit with the experimental
laser pulse shape was achieved with index m = 10.

The generation of an electron-hole pair is caused by the nonlinear phenom-
enon of the two-photon absorption. Therefore, the forcing function has a square
dependence on the laser intensity (Gradauskas, A$montas, SuZiedélis, Silénas,
Vaicikauskas et al., 2020):

Ug(t) = Kgl *(t). (3.6)


https://en.wikipedia.org/wiki/Exponential_decay
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Here, K is the amplification coefficient, which was chosen to fit the magnitude
of the experimental photovoltage.

The hot carrier component is caused by a linear process of free carrier heat-
ing. Uy, can be expressed as:

Une (t) = thIL(t)- (37)

Here, K, is the amplification coefficient that was chosen to match the magnitude
of photovoltage.

The thermal process related to lattice heating is a linear phenomenon. The
forcing function of the lattice heating linearly depends on the laser intensity:

Ur(t) = Krl,(0). (3.8)

Here, the value of K1 was estimated to fit the photovoltage signal shape.
The results of the three components induced across the p—n junction were
calculated using Egs. 3.3-3.8, as depicted in Fig. 3.7.
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Fig. 3.7. Photovoltage pulse simulation under (a) 51 kW/cm? and (b) 264 kW/cm? exci-
tation. U — carrier generation-induced component (green); Uy, — hot carrier photo-
voltage (red); Ur — thermal lattice heating-caused photovoltage (blue), and the sum of
the components (orange). For comparison, the experimental photovoltage trace is shown
in black (Gradauskas et al., 2021; Masalskyi & Gradauskas, 2021b)

Several points should be noted. First, the experimental value of the Ug; com-
ponent is lower than the modelled. It means that the difference in magnitude oc-
curs because of the competition of both negative and positive polarities of the
photovoltage in the output signal. Second, the modelled and the measured Uy,
component peak values differ over the entire range of measured power. The influ-
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ence of the other two components caused this change: Ut supports the experi-
mental Uy, at low intensities (Fig. 3.7a), and Ug cuts down Uy, at higher laser
intensities (Fig. 3.6 and Fig. 3.7b). Third, the input of the slow lattice heating-
caused component Ut seems to increase at a higher excitation level since part of
the energy remaining from the electron—hole generation is most probably used to
heat the carriers and to support the formation of the hot carrier photovoltage
(Gradauskas, A$montas, Suziedélis, Silénas, Vai¢ikauskas et al., 2020; Masals-
kyi, Gradauskas, ASmontas et al., 2022).

3.3. Temperature dependence of hot carrier
photocurrent across gallium arsenide p—n junction

The research is initiated to determine the peculiarities of the hot carrier effect with
temperature. The hot electron energy relaxation time at 80 K is ten times longer
than at room temperature (Dargys & Kundrotas, 1994). It means that the influence
of hot carriers is supposed to be stronger at lower temperatures since they can
longer stay “hot”. Such results were shown by ASmontas et al. (1996), where the
magnitude of HC photo signal at 80 K temperature was measured higher as com-
pared to the room temperature results across GaAs p—n junction.

Fig. 3.8 shows |-V characteristics with and without illumination across GaAs
p-n junction at 80 K and 300 K temperatures under pulsed laser illumination of
1.064 um wavelength and pulse duration 25 ns at different laser light intensities.
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Fig. 3.8. -V characteristics of dark (black line) hot carriers (red line) and classical (blue
line) photocurrent at 80 K (solid line) and 300 K (dashed line) temperatures under laser
illumination of 1.064 um wavelength at various light intensities: (a) 0.4 MW/cm? and
(b) 2.1 MW/cm? (created by the author)
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The results in Fig. 3.8a show the absence of generation-caused photocurrent
at low temperatures. It can be explained by the widening of the band gap, which
significantly determines the probability of two-photon absorption and a lower ab-
sorption coefficient (Dargys & Kundrotas, 1994). The reasons for smaller HC cur-
rent at a lower temperature, taking about the short-circuit current mode, are the
lower value of the intraband absorption coefficient (Dargys & Kundrotas, 1994)
and the absence of additional energy for carrier heating from the two-photon ab-
sorption 0.9 eV, since two photons have hv = 2.32 eV and band gap of GaAs is
equal 1.42 eV (Fig. 3.9b). These two factors together have a stronger influence on
photocurrent than the longer relaxation time of the hot carriers. At room temper-
ature, the laser intensity is enough (about 200 kW/cm?) (Fig. 3.6) to induce the
classical photocurrent caused by two-photon absorption. In this case, the hot car-
rier photocurrent arises via the intraband absorption and is supported by the en-
ergy that is left after the interband absorption (Fig. 3.9a). At higher intensities, the
generation-caused photocurrent manifests itself even at 80 K since the laser power
is increased (Fig. 3.8b). The short-circuit current of generation photocurrent has a
lower value at 80 K than at 300 K because of the same reasons mentioned above.
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Fig. 3.9. Schematic band diagram of GaAs p—n junction and carrier excitation processes
at (a) 300 K and (b) 80 K: 1 — interband two-photon absorption and 2 — intraband free
carrier single photon absorption. ¢y, is the height of the potential barrier, E. is the bottom
of the conduction band, E, is the top of the valence band, and Ey. is the Fermi level
(created by the author)

The hot carrier signal at 80 K is higher than at 300 K, as was expected. The
reasons for this can be the following: first, the longer relaxation time; second, the
use of a portion of energy (0.8 eV) left after the interband absorption. The last
reason is a square law dependence of the generation current on laser intensity
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while the hot carrier current has a linear law (Fig. 3.6). In this case, the suppres-
sion action of the HC signal by generation current is stronger than supporting ac-
tion of classical photoresponse by extra energy after intraband absorption.

Fig. 3.10 shows the dependence of hot carrier and generation short-circuit
current across GaAs p—n junction on the temperature in the range of 80-300 K
under 0.4 MW/cm? intensity (the same conditions as for Fig. 3.8a). The drop in
the magnitude of the classical current is almost ten times at 80 K as compared to
the room temperature, while the hot carrier photocurrent drop is only about 15%.
The different behaviour of the currents was explained above. The notable fact is
that the dependence character of the hot carrier and generation photocurrents is
similar, which evidences the connectivity of both processes.
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Fig. 3.10. Dependence of hot carrier (red dots) and generation (blue dots) short-circuit
current on the temperature at 0.4 MW/cm? laser power of 1.064 um wavelength
(created by the author)

The 1-V characteristics of GaAs p—n junction at two different temperatures
are depicted in Fig. 3.11. The shift to the right of the 1-V curves with lower tem-
peratures can be described by the temperature coefficient of 1-V characteristics.
This coefficient is typical of each particular material.

The temperature coefficient gives the value of voltage drop per one degree at
the constant current, and it is constant for any material with temperatures above
20 K. The coefficient can be described as (Schaffner & Shea, 1955):

AU .
ar = % |i = const]|. (3.9
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Here, AU is the value of change in voltage and AT is the corresponding tem-
perature change.
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Fig. 3.11. I-V characteristics of GaAs p—n junction in the dark (black lines) and hot
carrier (red lines) under laser illumination with intensity 0.7 MW/cm? of 1.064 um
wavelength. The solid lines represent 300 K and the dashed lines refer to 80 K tempera-
ture. The values of applied forward bias voltage are: Lk =1.15V, Uhz =164V,
hR=0.7V, heV2 =11V, R =1.03V, Un2! = 1.5V (created by the author)

Thus, the coefficient can be calculated according to Eq. 3.9 and using data taken
from Fig. 3.11:

_ Unz—Ur _ 164V-115V _ —22mV/K, (3.10)
Tn2—TR 80 K—300 K

Here, Un: is the voltage value taken from the |-Vgar characteristic at temperature
80 K, Ur is the voltage taken from the I-Vgak characteristic of 300 K temperature,
Thz is the temperature of liquid nitrogen, and 7k is the room temperature. All volt-
age values were taken at constant | = 10 mA. The obtained temperature coefficient
was close enough to the calculated one —-2.0 mV/K for GaAs solar cells
(Landis et al., 2011).

To estimate the temperature of hot carriers in GaAs p—n junction, an initial
point of voltage was taken corresponding to the opening mode of a p—n junction.
In this case, the value of voltage is taken from the hot carrier 1-V curve, and it
equals Tht = 0.7 V at the constant current 2.67 mA, which corresponds to the

ar
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voltage point at the 1-V curve in the dark at room temperature and equals
Ukl =1.03 V. Using Eq. 3.9, the temperature change can be described as:

AU 1.03V-0.7V
=—="——7F
(04 —

T 0.0022 K

AT =154 K. (3.11)

Considering the ambient temperature of 300 K, the temperature of the hot
carriers is equal to 454 K. The same philosophy was used to calculate the hot car-
rier temperature in liquid nitrogen at the same constant current value representing
the same conditions of current flow across the p—n junction. As a result, the carrier
temperature was equal to 262 K. Also, it should be noted that the carriers were
heated up to 182 K in liquid nitrogen, while at room temperature, they were heated
up to 154 K. It means that the heating process is stronger at low temperatures,
which is connected to the increased of the energy relaxation time of the hot carri-
ers (Dargys & Kundrotas, 1994). The obtained temperature change correlates with
the results by ASmontas et al. (1996), where the values of hot carriers photocurrent
are higher at low than at room temperature.

The obtained results seem reasonable if compared with the findings of other
researchers (Table 3.1).

Table 3.1. Hot carrier temperature values at 300 K ambient temperature

Material Hot carrier temperature, K Reference

In and GaAs 430 (Cavassilas et al., 2022)
GaAs 500-700 (Yang et al., 2016)
InGaAsP 300-1400 (Nguyen et al., 2018)

To see the density of occupied states by hot carriers by carrier statistics, the
above-calculated temperature was used. In general, the density of occupied states
by free electrons in the conduction band can be expressed (Sze & Ng, 2006):

n(E) = N(E)f(E). (3.12)

Here, f(E) is the Fermi-Dirac probability function, and N(E) is the density of
states in the conduction band. The density of occupied states by free holes in the
valence band is (Sze & Ng, 2006):

p(E) = P(E)(1 - f(E)). (3.13)

Here, P(E) is the density of states in the valence band. The Fermi—Dirac function
is expressed as (Sze & Ng, 2006):

f(E) = —=. (3.14)

1+exp ( KTe )
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Here, E is the energy, T. is the carrier temperature, Eg is the Fermi level energy.
The Fermi—Dirac function describes the probability of carrier occupation energy
levels in a semiconductor. Assuming that the temperature of the environment is
300 K, the energy of the Fermi level was recalculated using the equation
(Sze & Ng, 2006):

EC+Ev

4 S n (3 9. (3.15)

Here, E. is the bottom energy of the conduction band (equals 1.42 eV), E, is the
top energy of the valence band (equals 0 eV), N, is the effective density of states
in the conduction band, N, is the effective density of states in the valence band,
and these are 4.5 x 10" cm~ and 1.2 x 10%° cm3, respectively, for GaAs. All val-
ues of the variables were taken from Dargys and Kundrotas (1994) at the temper-
ature of 300 K. After the calculation, the value of £ was equal to 0.75337 eV. It
should be pointed out that the Fermi level shifts up and down from the middle
position, and this shift depends on the doping level. Thus, the position of the Fermi
level for n-type and p-type semiconductors can be found as (Sze & Ng, 2006):

EF:

Ep = E.—kTln (II:—:), for n-type. (3.16)
Egp =E, + kTIn (%), for p-type. (3.17)

Here, Ny is the donor concentration, N, is the acceptor concentration;
Na=3x10"cm™ and N, =5 x 10 cm™ in this case. Thus, Eg = 1.40 eV and
Er =0.082 eV for the n- and p-type of GaAs, respectively. These values were also
calculated by Poisson 1D for the PC program, which gave very similar results of
Er =1.405 eV and Er = 0.084 eV for the n- and p-type of GaAs, respectively.

The densities of states in the conduction and the valence bands can be found
(Sze & Ng, 2006):

N(E) = MC‘/_";C‘ VEPe for E > E,. (3.18)
3/2
P(E) = ‘Fmdh N for E < E,. (3.19)

Here, M, is the number of equwalent maximums in the conduction band, 4 is the
Planck constant, mgy, is the effective electron mass of density states and myy, is
the effective hole mass of density states. It is more convenient to express N(E)
and P(E) through the N, and N, since they are constants for particular tempera-
tures, thus they are described as (Sze & Ng, 2006):

andekT)3/2

N = 2M, (54

(3.20)
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3/2
N, =2 (22t (3.21)

After substituting Eq. (3.20) to Eq. (3.18) and Eq. (3.22) to Eq. (3.20), N(E)
and P(E) are expressed as:
N(E) = —=f8_ torg>E.. (3.22)

47351515’

P(E) = —B78 torE<E,. (3.23)

47351515’

Using f(E) from Eq. (3.14), N(E) from Eg. (3.22), and P(E) from Eq. (3.23),
Egs. (3.12) and (3.13) turn into:

N JE-E. 1
n(E) - 43-5K1.5T1.5 X 1+9Xp (Ek—TE;F) (324)
_ NyJEE B 1
p(E) = Am35ELspLs X <1 1+exp (E};T";F)) (3.25)

The calculated densities of states in the conduction and the valence band, the
Fermi—Dirac function and concentrations of free electrons and holes for intrinsic
GaAs at temperature 300 K are depicted in Fig. 3.12.

Egs. 3.25 and 3.26 can be used to calculate the density of occupied states by
free electrons and holes in the p- and n- regions of the p—n junction in GaAs. The
result of the calculation is depicted in Fig. 3.13.
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Fig. 3.12. To be continued
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Fig. 3.12. (a) Density of states in the conduction and valence bands, (b) the Fermi—Dirac
probability function for carriers having temperature 300 K, and (c) the density of
occupied states by electrons and holes per unit volume and energy in intrinsic GaAs
(created by the author)

Two situations are analysed in Fig. 3.13 to compare free carrier concentra-
tions under conditions when the temperature of hot carriers was calculated.

T=300K, T, = 454 K, voltage bias + 0.7 V T'=T,= 300K, voltage bias +1.03 V
06+ n(k) g E, ME l’l(E) ] E
03 F 3
04 02k p 3
0. / 0.1
?_;'nn E,=142eV % 0.0 e
5 =0.61 eV > g 0.1 & e 3
By ' £,
E\
P(E) p(E)
(@) (b)

Fig. 3.13. Schematic model of concentrations of free electrons and holes in GaAs p—n
junction (a) theR = 0.7 V, forward voltage bias and carrier temperature 454 K;
(b) LR =1.03 V forward voltage bias and carrier temperature 300 K. ¢ is the height of
the potential barrier (created by the author)

Fig. 3.13a shows that carriers have a temperature of 454 K while the lattice
temperature is 300 K. The potential barrier is still high, even when biased with
0.7 V. The peak value of n(E) and p(E) are much less than the height of the po-
tential barrier. This supports the hypothesis that hot carriers cannot diffuse over
the barrier, and most probably, the current has a recombination character.
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Fig. 3.13b shows the situation when the dark current (T = T, 300 K) has the same
value as the hot carrier, i.e., the conditions for the current flow are similar. The
potential barrier is still higher than the peak values of the free electron and hole
concentrations, which means that the currents have a recombination character.
Also, the assumption that the hot carrier current has a recombination mechanism
is supported by even a separate excited carrier having excess energy of 1.17 eV
(Fig. 3.9, process 2), which does not have enough energy to diffuse over the po-
tential barrier.

It is worth mentioning that in an unbiased p-n junction, the carrier should
have at least 2500 K temperature to diffuse over the barrier and induce the current.
The temperature value was calculated in such a way that part of the carrier statis-
tics was at the same energy level as the potential barrier height.

3.4. Modelling of absorption spectra

As mentioned in the First Chapter, solar cells have two types of losses: extrinsic
and intrinsic. The below band gap and thermalisation losses are assumed to be the
main mechanisms of intrinsic losses. On the one hand, they comprise about 80%
(occupancy share depends on material) of whole intrinsic losses (Hirst & EKins-
Daukes, 2011). On the other hand, the absorption of photons having energy higher
and lower than the band gap is a reason for the appearance of hot carrier photore-
sponse across a p—n junction, which can be treated as another kind of spectral loss.
Therefore, the absorption spectra were modelled to calculate the portion of the
whole solar radiation that has the potential to heat carriers.

The investigated materials are Si and GaAs. Silicon is the most widespread
semiconductor for solar cell fabrication, and GaAs for its 1.42 eV width of the
band gap, which is close to the optimal value to reach the maximum efficiency
(Fig. 1.3).

Part of solar radiation that generates electron—hole pairs can be described as
(Masalskyi & Gradauskas, 2022):

Io =1y, forhv>E, (3.26)

Here, I, is the incident solar irradiation, and v is the frequency. Eq. (3.26) is ap-
plied for all photons with energy equal to or larger than the band gap.

The rest of the solar energy can be used for carrier heating and can be ex-
pressed as (Masalskyi & Gradauskas, 2022):

hv—E
_ o vhvg’ for hv > Eg;

Iy ,  for hv <Ej.

Ihe (3.27)
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Two situations that lead to the carrier’s heating are possible. First, when pho-
tons have energy higher than the band gap, they generate the heated electron—hole
pairs (Fig. 3.9a, process 1). Second, photons having energy smaller than the band
gap cause free carrier heating via the intraband absorption (Fig. 3.9a, process 2).
It is worth noting that the described approach is applied at room temperature when
all impurity levels are assumed to be ionised (Sze & Ng, 2006).

Fig. 3.14 shows the results of the calculation carried out using Egs. (3.26)
and (3.27). The standard AM 1.5 G has been used as an incident solar radiation.

The result of calculations (Table 3.2) revealed that 19.0% of the entire solar
spectrum AM 1.5 G of low energy photons and 33.2% of high energy photons
contribute to the process of carrier heating in silicon. The respective values are
33.0% and 21.7% for gallium arsenide. It means that even assuming that a solar
cell absorbs the entire AM 1.5 G solar spectrum, more than half of it has the po-
tential to heat carriers (Masalskyi & Gradauskas, 2022).

18 —_— ‘ 1.8 — . e I ——— :
B Solar spectrum M Solar spectrum ||
- B Carrier generation| | _ 15 B Carrier generation| |
b= M Carrier heating ‘= M Carrier heating |
£ . g 1
) Si I8 kI GaAs 1
g = !
z z
5 g"O.() =1
R ks
=] < 0.6 1
E g 4
1 0.3 1
A AR 0.0 A AR
04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 22 24 04 06 08 1.0 1.2 14 16 1.8 20 22 24
Wavelength, pm Wavelength, pm
(@) (b)

Fig. 3.14. Terrestrial air mass 1.5 solar spectrum (grey), and its potential contributions to
carrier generation (blue) and carrier heating (red) in silicon (a) and GaAs (b)
(Masalskyi, Gradauskas & Zharchenko, 2022)

Table 3.2. Contributions of incident solar spectrum into electron—hole pair generation
and carrier heating, as shown in Fig. 3.14

Solar spectrum contribution, % Si GaAs
Generation 47.8 453
Hot carriers (hv < Eg) 19 33.0
Hot carriers (hv > Ej) 33.2 21.7
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Light absorption in a semiconductor should be considered. The absorbed part
of incident light can be expressed by the Beer—Lambert-Bouguer law (the devel-
oped model does not consider the reflectivity of material):

Lps =1 —I,e™*q. (3.28)
abs 0

Here, a is the absorption coefficient of a material, and d is the light penetration
depth. Values of « for inter- and intraband absorption were taken from references
(Adachi, 1998; Dargys & Kundrotas, 1994; Green, 2008). Using Eqg. (3.28) in
Egs. (3.26) and (3.27), the portions that go to the generation of electron-hole pairs
and carrier heating can be described as (Masalskyi & Gradauskas, 2022):

lo-abs = (1= fpe ™4 ) %, for hv > E, (3.29)

I (1—103—0“1)%' for hv > E,; (3.30)

hc—abs = :
oo (1—Ipe™) ,  for hv <E,.

For the calculation of the absorbed portion of solar radiation, the n-type of
silicon and GaAs were chosen since most solar cells have a n-type emitter. The
thickness of the emitter layer was taken equal to 500 nm and doped with concen-
tration n = 10'°%° cm= (Masalskyi & Gradauskas, 2022).

The calculation results for Si and GaAs using Egs. (3.29) and (3.30) are de-
picted in Fig. 3.15 and are summarised in Table 3.3.
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Fig. 3.15. Solar spectrum AM 1.5 G (grey), its absorbed part (green line) and a portion
of the absorbed part spent for carrier generation (blue area) and carrier heating (red area)
in silicon (a) and GaAs (b), calculated using Egs. (3.29) and (3.30). The carrier density is

n = 10%° cm3, and the light penetration depth is &= 500 nm for both materials
(Masalskyi & Gradauskas, 2022)
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Table 3.3. The contribution of solar spectrum absorbed by silicon and gallium arsenide
as calculated according to Egs. (3.29) and (3.30). The carrier density is equal to
n =10 cm3, and the light penetration depth is d = 500 nm

Absorbed solar spectrum contribution, % Si GaAs
Generation 40.2 63.5
Hot carriers (hv < Ej) 0.5 0.2
Hot carriers (hv > E) 59.3 36.3

The obtained results revealed that in silicon, 40.2% of the whole absorbed
light goes to the classical electron—hole generation and 59.8% is spent on the car-
rier heating process. A small amount, only 0.5% of the absorbed photons with low
energy (below the band gap), was used to heat the carriers. As for GaAs, 63.5%
of the absorbed solar spectrum contributes to the ordinary carrier generation, and
36.5% is dedicated to carrier heating; the share of the absorbed low-energy pho-
tons (hv < Ej) of the entire AM 1.5 G that heats carriers amounts to 0.2%. It
should be underlined that the approach assumes that all the absorbed photons with
energy smaller than the band gap heat only free electrons (Masalskyi & Gradaus-
kas, 2022).

The developed approach is further applied to show how significant can be
the absorption of low-energy photons. In this way, various values of carrier con-
centration up to 10%° cm2 of an emitter layer and its thickness up to 5 um were
analysed. The results of the calculation are depicted in Fig. 3.16 (Masalskyi
& Gradauskas, 2022).
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Fig. 3.16. Dependence of absorbed below band gap solar radiation percentage on carrier
concentration at various absorber thicknesses in Si (a) and GaAs (b). Dashed lines are
guides for the eye of linear dependence (Masalskyi & Gradauskas, 2022)
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Fig. 3.16 demonstrates an almost linear dependence of absorbed below-band
gap solar radiation percentage on carrier density. The linear is well-expressed to
observe at high concentration levels for both Si and GaAs. Linear dependence is
an essential feature of intraband absorption (Dargys & Kundrotas, 1994). For the
industrial silicon solar cells with their 0.5 pm-thick emitter doped up to
n = 10%° cm3, the share of absorbed solar spectrum AM 1.5 G can be more than
4% in the below band gap region. Such an amount of the absorbed below band
gap solar light heats free carriers and induces hot carrier photovoltage with fol-
lowed lattice heating. As a result, the classical photovoltage is suppressed.

As Table 3.3 shows, the wider band gap semiconductor absorbs a bigger por-
tion of light for carrier generation, i.e., the radiation for carrier heating gets
smaller.

The results also show that Si industrial solar cell absorbs only 26% of the
entire solar spectrum (Fig. 3.15a, green line), and more than half of it has the po-
tential to heat the carriers. This fact reveals that a huge share of the spectrum sup-
ports the rise of the hot carrier phenomenon that reduces SC’s efficiency in indus-
trial cells (Masalskyi & Gradauskas, 2022).

3.5. Suppression of hot carrier impact using porous
silicon layer

A graded gap absorber in a solar cell is a relatively new technique for improving
the efficiency and extending the absorption spectra of the devices. The layers with
a variable width of the band gap (Fig. 3.17) can help to improve the SC efficiency
by more than 5% (Aissat et al., 2018) as compared to the same structure without
the graded gap layer.

2
1.8 .
e 1.6_\
= Z14HE E_
nghl N gmax amin
1.2F Absorber — —
1} ]
08 1 1 1 1 L 1 1 L L
0 02 04 06 08 1 12 14 16 1.8 2

Thickness, um

Fig. 3.17. Energy band diagram of a graded gap layer (Aissat et al., 2018)
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The principle of light absorption in SC containing a graded gap surface layer
is the same as in typical solar cells. The illumination falls from the side of a wider
band gap (left side in Fig. 3.17). Thus, the photons with higher energy are ab-
sorbed, and photons having lower energy pass further. A photon is absorbed when
its energy matches the particular band gap width. The graded gap layers are ap-
plied in the solar cells for two reasons: first, to prevent the absorption of photons
with high energy, leading to the creation of hot carriers, and later, the lattice heat-
ing. Second, the graded gap layer induces an additional mechanism of photo-
voltage, which increases the total photovoltage of the cell.

Different methods exist for creating a graded gap layer. Silénas et al. (2014)
reported that a layer can be formed by changing the composition of the material,
for instance, in AlxGai-xAs by changing the AlAs mole fraction “x”. Another op-
tion is the fabrication of nano-sized structures, such as nanowires. In this case, the
variable band gap occurs due to the quantum confinement effect (Medvid, 2010).

To investigate the suppression of the hot carrier impact, the porous layer was
formed on the front side of the Si photodiodes; the structures were illuminated
with the light of 8000 W/cm? intensity and of wavelength range 400-1200 nm
(Asmontas, Fedorenko et al., 2020).

Fig. 3.18 shows the spectral dependence of capacitive photovoltage induced
across the samples with and without the porous Si (PSi) top layer.
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Fig. 3.18. Capacitive photovoltage spectra (a) and normalised photovoltage (b) across Si
p—n junction without (open dots) and with (solid dots) surface PSi layer
(Masalskyi & Gradauskas, 2022)

Results in Fig. 3.18a reveal that the photovoltage is significantly influenced
by the appearance of PSi. This layer decreases the reflectance coefficient. The PSi
layer creates the n™ region on the band offset with the n-region of a p—n junction,
which reduces the recombination of the generated carriers.
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Fig. 3.19 shows schematics of photo signal formation in the PSi top layer
containing samples to explain the obtained results depicted in Fig. 3.18.

Porous Si 1 Crystalline Si

51

Fig. 3.19. Photosignal formation in silicon p—n junction covered with PSi layer: 1 — gen-
eration of electron—hole pair by a high-energy photon, 2 — hole drift in the electric field
of the graded gap layer of PSi, 3 — classical photovoltage formation in p—n junction,

4 — generation of electron—hole pair by a high-energy photon and the corresponding hot-
carrier photovoltage across p—n junction, and 5 — rise of photovoltage at the boundary
PSi/crystalline Si (Asmontas, Fedorenko et al., 2020)

In the developed structure, the total photovoltage across the sample increases
not only due to decreased reflection but also due to additional processes 1, 2 and
5 (Fig. 3.19). All two photovoltages have the same polarity as the classical pho-
tovoltage (process 3). The photovoltage in the short-wavelength region
(Fig. 3.18b) is raised as a result of the application of the graded-gap layer, which
more effectively absorbs the high energy photons (processes 1 and 2) and thereby
decreases the detrimental hot carrier impact on the output signal (process 4). Also,
the intrinsic built-in electric field of the graded gap layer accelerates photogener-
ated holes (process 2). It means that photogenerated carriers overpass PSi and
avoid significant recombination. Finally, the hot carrier photovoltage across the
PSi/n-Si interface (process 5) extends the effective spectrum in the long-wave-
length region (Fig. 3.18b).

As for the conclusion, the developed Si p—n junction containing the surface
PSi layer has additional mechanisms composing the total photovoltage. These
mechanisms are caused by the application of the graded gap surface PSi layer. In
this case, the magnitude output signal of the diode is about 30% (at 800 nm wave-
length) higher as compared to the same diode without a PSi layer. Also, the wid-
ening of the effective spectrum is observed: the spectrum becomes wider in long
and short-wavelength regions.
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3.6. Ratchet-based gallium arsenide/aluminium
gallium arsenide electromagnetic radiation sensor

A radiation sensor is a passive electronic element that converts the energy of ra-
diation into an electrical signal. These sensors are a valuable tool in many indus-
tries, especially in the rapidly developing modern laser technologies. Since the
operation of a typical radiation sensor is related to the absorption of a light photon
in the sensor material, they are usually divided into two types: thermal and quan-
tum sensors.

Thermal sensors, such as bolometers or pyroelectric detectors, use electro-
magnetic radiation as a heat source. The quantum sensors are made of semicon-
ductors, and their nature is determined by the band gap of the particular material,
energy of impurity level or other energy levels. Therefore, these sensors are se-
lective, and their operating range is limited by these energies. The sensitivity of
the sensors is mostly determined by the type of absorption. The interband absorp-
tion is much stronger than the intraband one (Dargys & Kundrotas, 1994). Conse-
quently, sensors that use interband absorption are more sensitive, but they can
detect only photons having energy higher or equal to the band gap. This mecha-
nism significantly limits the detectable radiation spectral range of sensors made
of wide-bandgap semiconductors.

To detect the long-wavelength region, the quantum sensors are made of nar-
row-bandgap semiconductors; their operation usually requires low cryogenic tem-
peratures (ASmontas et al., 2003). The second way to detect this wavelength range
can be realised via devices having band-modified structures, such as ratchet sen-
sors (Tanaka et al., 2013), but their production requires complicated semiconduc-
tor structures, such as nanowires or asymmetric nano-sized metal gates based on
the Schottky contact. The third way to detect the long wavelength is by using wide
band gap semiconductors based on the hot carrier phenomenon; however, the sen-
sitivity on these devices is low.

The proposed ratchet-based structure can be used for the detection of the
long-wavelength range in an effort to avoid maintaining low cryogenic tempera-
tures or applying complicated fabrication technology and also to supply the pos-
sibility to increase sensitivity. The photoresponse formation across the ratchet-
based structure illuminated with radiation having photon energy lower than the
band gap is depicted in Fig. 3.20.

The operation principle of the ratchet-based sensor is as follows. In the ab-
sence of radiation, free electrons are concentrated in the periodic potential wells
of the conduction band.
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\

Fig. 3.20. Schematic energy band diagram of the ratchet-based structure (not to scale)
and photoresponse formation across it illuminated with photon energy hv < E;. 1 —in-
traband free electron excitation; 2 — diffusion of a hot electron across the band offset to
the right towards adjacent potential well; 3 — diffusion of the hot electron to the left to-

wards the graded gap region; 4, 5 — cooling of the hot electron to the edge of conduction
band; 6 — drift of electron in the internal built-in electric field to the next potential well;
7 — drift of electron in the internal built-in electric field to the initial potential well
(created by the author)

Under illumination, the average kinetic energy of electrons increases, and
they become hot electrons. HCs rise above the band offset and diffuse in both
directions (Fig. 3.20, processes 2 and 3). During the cooling down (Fig. 3.20, pro-
cesses 4 and 5), the diffused electrons fall to the bottom of the conduction band
and, under the action of the internal built-in electric field, drift to the bottom of a
potential well. Some of the electrons diffuse over the closest band offset peak and
reach another potential well (Fig. 3.20, process 6). The other part of electrons that
have diffused to the opposite side returns to the initial potential well (Fig. 3.20,
process 7). The proposed structure detects radiation having photon energy less
than the smallest band gap of the active graded gap layers.

Based on the above consideration, the ratchet-based GaAs/Aly2Gag sAs elec-
tromagnetic radiation sensor was developed. The AlAs mole fraction ,x = 0.2“
provided a low band offset (about 151.5 meV) of the heterojunction. The height
of the band offset was chosen with respect to the revealed hot carrier distribution
(Fig. 3.13a) in the GaAs p—n junction. The height of the barrier allows the diffu-
sion of hot carriers over the barrier. The thickness of the AliGaixAs with
“x = 0-0.27, i.e., the distance between the potential wells was 1 um (Fig. 2.4b),
which is much longer than the diffusion length of hot carriers (<150 nm). Partic-
ularly, such thickness prevents the transport of the excited carriers to the next po-
tential well on the left (Fig. 3.20, process 3).
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During the experiments, the developed sensor was illuminated with laser ra-
diation of 1.064 um wavelength and up to 10 MW/cm? light intensity range. The
illumination was targeted on the top Alo2GagsAs layer, and a diaphragm was used
to avoid illumination of the ohmic contacts of the sample and induce photore-
sponse across them. The wavelength of the illumination was chosen with respect
to the width of the band gap since the pure hot carrier effect was investigated.
Fig. 3.21 provides the temporal behaviour of the illumination-induced photocur-
rents at 300 K and 80 K.
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Fig. 3.21. Temporal behaviour of photocurrent induced across ratchet-based sensor un-
der pulsed laser illumination of 1.064 pm at 7.5 MW/cm? light intensity. The green line
indicates laser pulse shape (in arb. units), the blue line shows photocurrent at 80 K, and
the red line represents photocurrent at 300 K (created by the author)

The photocurrent across the sensor is induced by processes 1, 2, 4, and 6 in
Fig. 3.20. The polarity of the signal corresponds to the “+” and “— polarity de-
picted in Fig. 3.20. The decrease in the detected signal at 80 K compared to 300 K
can be attributed to several factors. First, the absorption coefficient of GaAs de-
creases as the temperature is reduced (Dargys & Kundrotas, 1994). This reduction
in the absorption coefficient results in less light being absorbed by the material at
lower temperatures. Secondly, at cryogenic temperatures, the intrinsic carrier con-
centration decreases (Dargys & Kundrotas, 1994). This decrease means fewer
available carriers to contribute to the total photocurrent. Furthermore, although
the energy relaxation time of free carriers increases by approximately ten times at
80 K (Dargys & Kundrotas, 1994), the diffusion length only increases by about
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three times. This diffusion length is still smaller than the distance between band
offsets (Fig. 3.20). As a result, hot carriers are unable to effectively diffuse to the
previous potential well and induce a photocurrent with a positive polarity. The
photocurrent across the sensor does not have a long-lasting component related to
the lattice heating (like it was in the case of p—n junction, Fig. 3.7a) since the
height of the band offset almost does not depend on temperature, whereas it is
caused by a difference of the band gaps between GaAs and Alg.GaosAs. The
height of the band offset modelled in the 80-800 K temperature range is depicted
in Fig. 3.22.
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Fig. 3.22. Dependence of the height of GaAs/Al2Gag sAs potential barrier
on temperature (created by the author)

The height difference of the band offset between 80 K and 300 K tempera-
tures is only 0.3 meV. Furthermore, the increase in the band offset from 80 K to
800 K is merely 1 meV. This negligible change in the band offset allows to pass
over the band modification of the developed sensor over a wide range of temper-
atures. The dependence of photocurrent peak value on laser intensity at 80 K and
300 K is depicted in Fig. 3.23.
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Fig. 3.23. Dependence of the photocurrent across the ratchet-based sensor
on laser intensity at 80 K (blue dots) and 300 K (red dots). Solid lines are guides
for the eye of linear dependence (created by the author)

The linear dependence at 300 K and 80 K is the evidence of the hot carrier
nature of the induced current in the sensor, as mentioned in section 3.2 in the case
of p—n junction (Fig. 3.6). In the entire range of intensity, the photocurrent stays
smaller at cryogenic temperature. It is worth noting that in developed sensors, the
linear dependence of output photocurrent on light intensity provides a convenient
approach for plotting the fitting function. This appealing feature makes this device
highly advantageous for a wide range of industrial applications.

As for perspectives, the magnitude of the signal can be increased by adding
more layers of the graded gap AlxGai-xAs. The sensor may also detect radiation
whose photon energy is higher than E,;. The part of the photon energy remaining
after the generation of an electron-hole pair, i.e., hv — E, most probably would
be used to heat primarily electrons since the effective mass of electrons in semi-
conductors is, as a rule, less than the effective mass of holes. In such a case, the
polarity of the expected photoresponse induced by hot electrons coincides with
the polarity of the photoresponse of the investigated case of hv < Eg, and the
sensitivity of the sensor would be higher since the interband absorption in semi-
conductors is by several orders of magnitude stronger than the absorption of radi-
ation by the free carriers. Moreover, the developed sensor, in contrast to narrow
band gap semiconductors, does not require cryogenic temperatures, which makes
it a promising candidate for application as an infrared detector.
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3.7. Conclusions of the Third Chapter

1. The applied bias voltage influences the hot carrier and the classical pho-

tocurrent in illuminated GaAs and Si p—n junctions. The forward bias
reduces the magnitude of the classical photocurrent. As for hot carrier
photocurrent, the forward bias puts supportive conditions for the hot car-
rier current flow since the height of the barrier is getting lower. Since a
single junction solar cell operating in a regime of the maximum output
power is forwardly biased, the detrimental contribution of the hot carrier
photocurrent to the net output signal is supported. It means that the hot
carrier phenomenon needs to be considered and reduced or avoided at
all.

Photovoltage across a p—n junction consists of three simultaneous com-
ponents rising due to electron—hole pair generation, hot carrier effect and
lattice heating. The first two are evident experimentally, while the lattice
heating component results from the hot carrier effect. The proposed
model of a p—n junction allows for revealing the individual contribution
of each component to the net output signal. The magnitude of the net
photovoltage is a mutual result of interaction between all three compo-
nents. The individual contribution of each component depends on partic-
ular conditions, such as light wavelength, intensity, semiconductor band
gap, temperature and bias voltage. The magnitude of the hot carrier com-
ponent might even get stronger than the electron-hole pair generation-
caused component under 51 kW/cm? excitation. This fact is explained by
additional carrier heating by means of excess energy left after the inter-
band absorption equals 0.9 eV.

The dependence of hot carrier photocurrent across a GaAs p—n junction
on temperature sets on the influence of light intensity. The values of hot
carrier photocurrent at 80 K are lower than at 300 K under 0.4 MW/cm?
excitation since increasing the band gap and decreasing the absorption
coefficient. At the higher light intensities, 2.1 MW/cm?, the hot carrier
photocurrent is higher at 80 K. This result is most probably caused by the
increasing energy relaxation time of hot carriers.

A calculation method is proposed for the hot carrier temperature based
on the 1-V curves temperature coefficient. The method allows for the es-
timation of hot carrier temperature both at 300 K and 80 K ambient tem-
perature. The absolute temperature change of the hot carriers was shown
to be bigger at low temperatures than at room temperature. Explanation
of stronger carrier heating at low temperatures could be grounded on in-
creased hot carrier energy relaxation time with lower temperatures.
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Modelling of the absorption spectra of solar radiation in typical n-type
emitters of SCs reveals information about total absorption in these de-
vices. The results reveal that both below and above-band gap photons
have the potential to heat the free carriers. The portion of the below band
gap region of the whole absorbed spectra can even reach up to 10% when
the emitter layer has a thickness of 5 um, and carrier density is 102 cm™
%, It means that before the thermalisation and dissipation of their excess
energy, the hot carriers can induce photocurrent, which has a detrimental
influence on the solar cell operation. Hence, the theoretical efficiency
limit would become lower if a direct negative impact of the hot carriers
were considered, and this limit would come closer to the experimental
solar cell efficiencies reached to date.

A graded gap layer positioned on the surface of a solar cell is a promising
structure to reduce the negative HC effect on the total photosignal. The
application of a porous layer onto a silicon solar cell increases the mag-
nitude of the photovoltage. The surface porous Si layer decreases the sur-
face reflectivity of the device. The obtained results show that the graded
band gap of the porous Si extends the effective absorption of the short-
wavelength region. In addition, the band offset between PSi and crystal-
line silicon expands the effective use of the long-wavelength range.

The ratchet-based GaAs/AlxGai-xAs structure manifests itself as a prom-
ising novel type of infrared sensor operating based on the hot carrier ef-
fect. The band offsets between the heterolayers weakly depend on the
temperature, which should make it possible to use the sensors in a wide
temperature range. Higher photovoltage sensitivity can be achieved by
increasing the number of active graded gap layers.

The hot carrier photocurrent dependence on the light intensity at cryo-
genic temperature in the p—n junction should be researched in more detail
because of its ambiguous behaviour at different temperatures and light
intensities.

To get the research closer to natural solar illumination conditions, ways
should be searched to detect the hot carrier effect in a p—n junction under
continuous wave illumination.






General Conclusions

1. The division model for the total photovoltage across a solar cell reveals
that the output signal consists of three components caused by electron—
hole pair generation, carrier heating, and lattice heating. The model shows
the individual impact of the hot carrier phenomenon on the net signal. It
is proven that the hot carriers give rise to the signal before they distribute
their extra energy to the lattice and heat it. This result evidences that the
hot carrier effect has to be accounted for as a new type of intrinsic loss in
solar cells.

2. Calculated hot carrier distribution statistics with estimated carriers’ tem-
perature show that the hot carrier photocurrent across biased +0.7 V GaAs
p—n junction has a recombination mechanism because the heated free car-
riers occupy the energy states that are much below the biased but still high
potential barrier of the junction

3. In addition to the above-band gap absorption, the absorption of photons
having energy lower than the band gap has the potential to heat the free
carriers. This fact calls for revising the Shockley—Queisser limit by con-
sidering the below-band gap absorption.
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4. The ratchet-based semiconductor-graded gap structure shows a potential
to be used as an infrared radiation sensor operating on the base of the hot
carrier effect at room temperature. The developed sensor has linear output

photosignal dependence on the light intensity, which is convenient for de-
vice calibration.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Galimybés padidinti saulés elementy (SE) efektyvuma yra aktyviai tiriamos pastaraisiais
deSimtmeciais. Vienos p ir n sandiros saulés elementas vis dar nepasieké teorinés
Shockley—Queisser efektyvumo 33 % ribos daugiausia dél vadinamyjy vidiniy (savyjy)
nuostoliy. Apie 80 % vidiniy nuostoliy yra dél neabsorbuojamy fotony (anot Shockley—
Queisser teorijos), kuriy energija yra mazesné uz draudziamosios energijos tarpg, ir dél
termalizacijos proceso (Hirst & Ekins-Daukes, 2011). Ta¢iau mazos energijos fotonai gali
buti sugerti laisvaisiais kriivininkais ir tokiu btidu juos kaitinti. Termalizacijos nuostolius
sukelia fotony, kuriy energija didesn¢ uz draudziamosios energijos tarpa, sugertis. Ener-
gijos perteklius, t. y. skirtumas tarp fotono energijos ir tarpo plocio, taip pat kaitina krtivi-
ninkus, po to vyksta kristalinés gardelés kaitimas.

Nauji $iuolaikiniai saulés elementy dariniai (tre¢iosios kartos SE), pavyzdZiui, tokie
kaip strukttiros su kvantiniais Suliniais ar keliy sandtry SE, leidZia sumazinti spektrinius
nuostolius bei efektyviai panaudoti fotony energijos pertekliy. Pavyzdziui, karStyjy kra-
vininky saulés elementai efektyviai panaudoja tokiy kriivininky energija ir tokiu btdu gali
pasiekti 66 % efektyvuma, taip virSydami teoring Shockley—Queisser ribg (Ross & Nozik,
1998). Deja, $iy SE modelis yra dar toli nuo praktinio jgyvendinimo.
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Darbo aktualumas

Treciosios kartos saulés elementy koncepcijos yra perspektyvis sprendimai, leidziantys
efektyviau panaudoti saulés spektrg, o kartu ir padidinti SE efektyvumg (Akinoglu et al.,
2021). Deja, iy elementy kaina yra daug didesné nei pirmosios ar antrosios kartos pra-
moniniy SE.

Iprastuose placiausiai taikomuose saulés elementuose didelé sugerto saulés spektro
dalis (iki 55 %) potencialiai gali buiti panaudota kravininkams kaitinti (Masalskyi & Gra-
dauskas, 2022). Todél issamesni kar$tyjy kriivininky reiskiniy tyrimai vienos sandairos
saulés elemente gali atverti kelius, leidzianCius padidinti pramoniniy saulés elementy
efektyvuma. Be to, neiSvengiamas karstyjy kriivininky reiskinys gali bati svari priezastis,
dél kurios vertéty perzitiréti vienos sandiiros saulés elemento Shockley—Queisser ribg. Ga-
liausiai, spinduliuotés jutikliai, veikiantys karstyjy kriivininky reiskinio pagrindu, turi di-
delj potenciala elektromagnetinés spinduliuotés detektavimo sprendimuose.

Tyrimo objektas
Tyrimo objektas yra kar$tyjy krivininky reiskinys p ir n dioduose ir jo taikymas elektro-
magnetinei spinduliuotei detektuoti puslaidininkiais dariniais.

Darbo tikslas

I8tirti kar$tyjy krivininky reiskinio ypatumus ir poveikj vienos p ir n sandiiros saulés ele-
mento veikimui, taip pat sukurti elektromagnetinés spinduliuotés jutiklj, veikiantj kar§tyjy
kriivininky reiskinio pagrindu.

Darbo uzdaviniai

Siekiant darbo tikslo, suformuluoti §ie uzdaviniai:

1. Sukurti modelj, leidZiantj apibrézti tiesioginj poveik] ir analizuoti kar$tyjy nesik-
liy poveikj saulés elemento i$éjimo signalui.

2. Simuliuoti saulés elementy sugerties spektra atsizvelgiant j kriivininky kaitinimo
procesa.

3. Atskleisti budus, leidzian¢ius sumazinti karStyjy kravininky reiskinio jtakg sau-
lés elementuose.

4. Sukurti darinj ir pagaminti infraraudonosios spinduliuotés jutiklj, veikiantj kars-
tyjy kriivininky reiskinio pagrindu.

Tyrimy metodika

Objektui tirti buvo pasirinktos $ios tyrimo metodikos: eksperimentiné, kickybiné ir anali-
tiné. Siekiant i§samesnio supratimo apie metodikas, leidzian¢ias i§vengti, jvertinti ir slo-
pinti spektrinius ir termalizacijos nuostolius saulés elementuose, buvo iSanalizuoti Siuo-
laikiniy SE tipai. Taip pat atskleistas karStyjy krivininky fotoatsako kilimas p ir n
sandiiroje. Pagamintieji bandiniai buvo tiriami fotosrovés rezimu. Sukurtas modelis pa-
déjo pazvelgti | fotoatsako formavimosi procesa p ir n sandiiroje. Modelis taip pat leido
atskirti saulés elemento signalo komponentus. Tirtieji dariniai buvo ap§vie€iami neodimiu
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legiruoto itrio aliuminio granato lazerio (bangos ilgis 1,064 pm) ir neodimiu legiruotu itrio
ortovanadato lazerio (bangos ilgis 1,342 um) $viesos impulsais. Elektriniai signalai buvo
matuojami Agilent Technologies DSO6102A osciloskopu. Tirtieji GaAs p ir n fotodiodai
ir GaAs/AlGaixAs jutiklis buvo auginami skystosios fazés epitaksijos budu, o silicio p ir
n sandiiros paimtos i§ pramoniniy silicio saulés elementy (SoliTek, Vilnius, Lietuva).

Darbo mokslinis naujumas
Disertacijos mokslinés naujovés yra §ios:

1. Buvo sukurtas modelis, leidziantis atskirti saulés elemento fotoatsako kompo-
nentus, sglygotus elektrony-skyliy generavimo, krivininky kaitimo ir gardelés
kaitimo. Tai leido jvertinti tiesioginj kar$tyjy kravininky efekto poveikj ir iSsa-
miau iSnagrinéti fotoatsako formavimosi procesa.

2. Sumodeliuotas vienos sandiiros saulés elemento sugerties spektras. Tai padéjo
apibrézti saulés spektro dalj, potencialiai galinCig kaitinti laisvuosius kriivinin-
kus.

3. Pasiiilyta karstyjy kriivininky temperattiros apskai¢iavimo metodika panaudo-
jant p-n sandiiros voltamperinés charakteristikos jtampos kritimo koeficiento
priklausomybe nuo temperatiiros.

4. Nustatyta neigiama kar$tyjy kriivininky jtaka pramoninio vienos sandiiros saulés
elemento i$¢jimo signalui.

5. Sukurtas reketinis GaAs/AlxGaixAs elektromagnetinés spinduliuotés jutiklis,
veikiantis karStyjy krivininky reiskinio pagrindu.

Darbo rezultaty praktiné reikSmé

Gauti rezultatai turi didele prakting reikSme.

Saulés elemento signalo komponenty atskyrimo modelis leidzia jvertinti tiesioging
kar$tyjy krivininky jtaka bendrajam fotoatsakui. Nustatytos salygos geriausiam saulés
elemento veikimo rezimui.

Karstyjy kriivininky jtakos pramoniniams saulés elementams atskleidimas yra rimta
priezastis, skatinanti perzitiréti maksimaly teorinj vienos sandiiros saulés elemento efek-
tyvuma.

Varizoninio pavirSiaus sluoksnio suformavimas gali prislopinti karStyjy kriivininky
jtaka ir taip praplésti efektyvy saulés elemento sugerties spektra.

Reketinis GaAs/AlxGaixAs jutiklis, veikiantis kar$tyjy kriivininky reiSkinio pag-
rindu, yra perspektyvus infraraudonyjy spinduliy detektavimo jtaisas.

Ginamieji teiginiai
Remiantis pasiektais rezultatais, Sie teiginiai iSreiskiami kaip gintinos hipotezés:

1. Bendra fotosrové per p ir n sandiirg atsiranda dél vienu metu vykstanéiy procesy,
salygoty elektrony-skyliy pory generavimo, gardelés kaitimo ir laisvyjy krivi-
ninky kaitimo; pastarasis daro neigiama poveikj vienos sandiiros saulés elemento
veikimui, kadangi kar$tyjy kravininky fotosrovés kryptis yra visada prieSinga
klasikinei kriivininky generacijos indukuotai fotosrovei.
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2. Karstyjy kravininky fotosrové GaAs p ir n sandiiroje 300 K temperatiiroje turi
rekombinacing prigimtj esant iki +0,7 V priesjtampiui bei karStyjy krivininky
454 K temperatiirai.

3. Fotonai, kuriy energija yra mazesné uz draudziamosios energijos tarpa, kaitina
laisvuosius krivininkus ir sudaro iki 10 % visos sugertos saulés spektro energi-
jos dalies Si ir GaAs vienos sandiiros saulés elemento 5 um storio emiterio pa-
vir§iaus sluoksnyje; ir $is efektas yra stipresnis stipriau legiruotuose ir stores-
niuose emiterio sluoksniuose.

4. Sukurtas reketinis GaAs/AlyGaixAs varizoninis darinys, veikiantis kar$tyjy kra-
vininky reiskinio pagrindu, detektuoja infraraudongja 1,064 pym bangos ilgio
spinduliuotg 2 X 1078 % jautriu kambario temperatiiroje.

Darbo rezultaty aprobavimas

Darbo rezultatai paskelbti 14 moksliniy publikacijy. Trys i§ jy i$spausdinti recenzuoja-
muose moksliniuose zurnaluose, jtrauktuose j Clarivate Analytics Web of Science duo-
meny bazeés sarasa ir turinéiuose citavimo rodiklj, vienas konferencijos pranesimuose, 10
i§ jy — recenzuojamos publikacijos (santraukos) kituose recenzuojamose mokslo Zzurna-
luose.
Tyrimo rezultatai pristatyti astuoniose tarptautinése, regioninése ir vietinése moksli-
nése konferencijose ir simpoziumuose:
— 18-0ji Tarptautiné jaunyjy mokslininky konferencija Developments in Optics
and Communications (DOC 2022), Ryga, Latvija.
—  Jaunyjy mokslininky konferencija Puslaidininkiy fizikos klausimais (Laskariovo
skaitymai 2021 m.), Kijevas, Ukraina.
—  6-0ji tarptautiné konferencija Sensors and Electronic Instrumentation Advances
(SEIA 2020), Portas, Portugalija.
— 23-iasis Sde Boker simpoziumas Solar Electricity Production, Midreshet Ben
Gurion, lzraelis.
—  65-0ji Tarptautiné fizikos ir gamtos moksly studenty konferencija (Open Read-
ings 2022), Vilnius, Lietuva.
—  44-0ji Lietuvos nacionaliné fizikos konferencija (LMFK), Vilnius, Lietuva.
— 17-0ji Tarptautiné jaunyjy mokslininky konferencija Developments in Optics
and Communications (DOC 2021), Ryga, Latvija.
— 64-0ji Tarptautiné fizikos ir gamtos moksly studenty konferencija (Open Read-
ings 2021), Vilnius, Lietuva.

Disertacijos struktura

Disertacijg sudaro jvadas, analitiné literatiiros apzvalga, tyrimo metodologijos aptarimas,
apibendrinti tyrimo rezultatai ir i§vados, literatiros sarasas, moksliniy straipsniy priedai,
santrauka lietuviy kalba.

Bendras disertacijos puslapiy skaic¢ius — 116 puslapiy. Darbe pateikta: 43 lygtys, 53
paveikslai, 4 lentelés ir 84 literatiiros Saltiniai.
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Padéka
Esu nuosirdziai dékingas:
Doc. dr. Jonui Gradauskui uz pasitikéjimg ir pagalbg kiekviename tyrimo etape.
Doc. dr. Dainiui Jasai¢iui uz naudingus patarimus parengiant mano tyrima.
Dr. Jovitai Damauskaitei, prof. dr. Artarui Juknai, prof. dr. Dariui Ploniui ir prof. dr.
Voitechui Stankevi¢iui uz vertingg disertacijos perzitirg, komentarus ir pastabas.
Vilniaus Gedimino Technikos Universitetui uz galimybe parengti $ig disertacija.
Doktoranttiros komitetui, visiems mano kolegoms i§ Fizikos katedros ir Elektroniniy
procesy laboratorijos uz jy jzvalgias pastabas ir pasitilymus.
Fiziniy ir Technologijos Moksly Centrui uz bandiniy gamyba ir galimybe¢ atlikti vi-
sus biitinus eksperimentus.
Prof. dr. Eugene Katzui uz vadovavimg stazuotés metu Jacobo Blausteino tyrimy
institute (Negevo BGU).
Mano $eimai ir draugams uz jy paramg ir tikéjimg manimi.

1. Saulés elementy dariniy ir karstyjy kravininky reiskinio
apzvalga

Ivairiy karty ir tipy saulés elementai padeda pritaikyti saulés elementy (SE) technologija
konkrecioms reikméms ir optimizuoti jy efektyvuma. Skirtingi saulés elementy tipai pap-
rastai apibréziami atsizvelgiant | naudojamas medziagas, viding architektiirg bei saulés
spektro panaudojima (Mohammad Bagher et al., 2015). Sie skirtumai apibiidina pirmo-
sios, antrosios ir tre¢iosios kartos saulés elementus (Ananthakumar et al., 2019).

Pirmoji karta yra seniausias ir dazniausiai naudojamas technologijos tipas, apimantis
mono- ir polikristalines saulés elementy konstrukcijas. Monokristaliniy saulés elementy
efektyvumas §iuo metu siekia 24,2 %, o polikristaliniy saulés elementy — 15 % (Akinoglu
etal., 2021).

Antrajai kartai priskiriama daugybé plonasluoksniy saulés elementy, pagaminty i$
amorfinio silicio, galio arsenido, kadmio teliirido ar vario indZio galio selenido. Sio tipo
SE yra lengva gaminti, jie pigts, nes reikia maziau medziagy, jie yra lankstis, todél atveria
kelius alternatyvioms reikméms; taip pat jie yra maziau jautriis aukstai temperattrai. Pa-
Zymétinas §iy saulés elementy privalumas yra galimybé gaminti juos dideliy matmeny, tai
atveria dar papildoma kelig jy panaudojimui (Mohammad Bagher et al., 2015).

Trecioji karta apima SE darinius, kurie vis dar yra kiirimo stadijoje. Sie elementai
gaminami naudojant jvairias naujas medziagas ir struktiiras, tokias kaip nanovamzdeliai,
organiniai sluoksniai, puslaidininkiniai kvantiniai $uliniai / vielos / taskai. Trecioji karta
vystoma siekiant pagrindinio tikslo: jveikti Shockley—Queisser ribg ir padaryti saulés ele-
mentus labiau komercigkai prieinamus (Conibeer, 2007). Sia karta sudaro jvairiis saulés
spektro panaudojimo pavyzdziai (AKinoglu et al., 2021): spektriné konversija (saulés ele-
mento sugeriamo spektro modifikavimas); spektrinis padalijimas (selektyvi saulés spektro
sugertis skirtingais absorberiais viename saulés elemente); efektyvus papildomos fotony
energijos surinkimas naudojant energijai selektyvius kontaktus.

Tipisko vienos sandiiros saulés elemento nuostoliai skirstomi j dvi grupes: iSorinius
ir vidinius nuostolius, o §iy nuostoliy mechanizmy iStyrimas yra biitinas Zingsnis siekiant
padidinti elementy efektyvuma.
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ISoriniai SE nuostoliai apima kontakty Ses$éliavima, nuosekliajg varza, paraziting
kriivininky rekombinacija ir kt. Paprastai iSorinius nuostolius galima sumazinti pritaikant
inovatyvius gamybos biidus. Vidinius nuostolius sudaro: 1) zemesni uz draudziamosios
energijos tarpa, 2) termalizacijos, 3) emisijos, 4) Carnot ir 5) Boltzmann nuostoliai. Sie
nuostoliai yra fiziniy procesy, vykstan¢iy daugumoje puslaidininkiy, pasekmé, ir jy vargu
ar jmanoma visiskai iSvengti. Verta paminéti, kad termalizacijos ir Zemesniyjy uz drau-
dziamosios energijos tarpa nuostoliy suma sudaro apie 80 % visy vidiniy nuostoliy (Hirst
& Ekins-Daukes, 2011), tad pirmiausia juos reikia mazinti, kadangi jie yra pagrindinés
neefektyvios saulés spektro sugerties priezastys; taip pat juose gliidi ir kar$tyjy kriivininky
(KK) reiskinys vienos sandiiros saulés elementuose.

Karstieji kriivininkai yra laisvieji elektronai ir skylés, suzadinti | nepusiausvyrines
didelés energijos busenas (Ahmed et al., 2021). Ap§vietus p ir n sandarg fotonais, kuriy
energija yra mazesné uz draudziamosios energijos tarpa, Sie negali sukurti elektrony ir
skyliy poros dél energijos trikumo. Siuos fotonus sugeria laisvieji kriivininkai taip tap-
dami karstaisiais kravininikais. Fotonai, kuriy energija yra lygi arba didesné uz draudzia-
mosios energijos tarpa, generuoja elektrony ir skyliy poras su lygiagreciai vykstanciu kra-
vininky kaitinimo vyksmu.

Anksciau buvo parodyta (Umeno ir kt., 1978; Wasiak ir kt., 2017; Zanatta, 2019),
kad mazesnés uz draudziamosios energijos tarpa energijos fotony sugertis sukelia vadina-
maja anomalig karStyjy kravininky fotovolting (FV) jitampa, kurios poliskumas yra prie-
Singas jprastajam fotovoltiniam reiSkiniui. Stebétoji KK fotovoltiné jtampa yra budinga
daugumai puslaidininkiy medziagy, naudojamy fotovoltiniy jtaisy gamybai.

Apzvelgus tyrimus, susijusius su kar$tyjy kruvininky reiSkiniu FV jtaisuose, galima
apibrézti Sias uzduotis:

1. Karstyjy kriivininky reiskinys vienos sandiiros saulés elemente turéty biiti iStirtas
siekiant rasti biidus ir salygas, leidziancias nustatyti ir sumazinti Sio reiskinio
jtaka. Siuo atveju turéty biti analizuojama karstyjy kriivininky efekto priklauso-
mybé nuo temperatiiros, prieSjtampio ir Sviesos spektro, siekiant nustatyti §io
efekto ypatybes saulés elementuose.

2. Bitina ieskoti budy sumazinti spektrinius ir termalizacijos nuostolius dariniuose
su p ir n sandira.

3. Turéty bati jvertinta spektro dalis, sugeriama vienos sandtiros saulés elementu,
kuri gali kaitinti kriivininkus.

4. Reikty sukurti infraraudonosios spinduliuotés jutiklj, veikiantj karStyjy krivi-
ninky reiskinio pagrindu.

2. Bandiniy gamybos technologija ir tyrimo metodika

Siekiant jvykdyti 1 skyriuje suformuluotas uzduotis, tokie bandiniai buvo sukurti:

1. GaAs p ir n diodai. VirSutinis 5 um storio p tipo sluoksnis (skyliy tankis
5 x 10'7 cm3) skystosios fazés epitaksijos biidu uzaugintas ant n tipo padéklo,
kurio elektrony tankis yra 3 x 10" cm3. Tradiciné fotolitografijos technologija
ir terminis Au-Ge-Ni lydinio garinimas buvo naudojami gaminant 2,5 x 2,5 mm?
bandinius su ominiais kontaktais. Kontaktai buvo suformuoti bandinio kraste
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siekiant i§vengti tiesioginio zadinanciojo lazerio spindulio ap$vitos, galin¢ios su-
generuoti fotovoltinj signalg juose.

2. Polikristalinio silicio pramoniniai saulés elementai. Bandiniai i§pjauti i§ pramo-
niniy Si saulés elementy (SoliTek, Vilnius, Lietuva). Kraivininky tankis emite-
ryje ir bazéje yra atitinkamai n = 10%° cm=2 ir p = 10%® cm~3. Bandiniy matmenys
yra 2 x 2 mm?2,

3. Akytieji Si diodai, turintys akytaji pavirSinj sluoksnj. Diodai buvo gaminami
cheminio garinimo biidu nusodinant n tipo epitaksinj Si sluoksnj (elektrony tan-
kis 6 x 107 cm3) ant p tipo silicio padéklo (skyliy tankis 6 x 106 cm™3). Nanoa-
kytas sluoksnis kuriamas ant n-Si pavirsiaus naudojant fotokatalitinj elektroche-
minj anodinj process; elektrolitu naudojamas 1:4 etanolio ir koncentruoto HF
(49 %) misinys. Si pavirSiaus elektrocheminis ésdinimas atlieckamas optingje e-
lektrocheminéje kameroje su Pt tinklelio elektrodu (ASmontas, Fedorenko et al.,
2020).

4. Reketinis jutiklis. Bandiniai pagaminti ant 350 um storio n tipo GaAs plokstelés
(elektrony tankis 5 x 10% cm). Du AlxGa;xAs sluoksniai, kuriy AlAs moliné
dalis x tolygiai keiéiasi nuo 0,2 iki 0, iSauginti skystosios fazés epitaksijos badu,
palaikant elektrony tankj apie 10'® cm. Ominiai kontaktai suformuojami foto-
litografijos btidu bei garinant ir atkaitinant Au-Ge-Ni lydinj.

Silicis pasirinktas, nes jis yra labiausiai paplites puslaidininkis saulés elementy ga-
myboje, 0 GaAs — dél jo 1,42 eV draudziamosios energijos tarpo, kuris yra artimas opti-
maliai teorinei didziausio SE efektyvumo vertei.

Matavimo grandinés schema pavaizduota S2.1 pav. Matavimai atlikti fotosrovés re-
zimu. Apkrovos varza (R = 50 omy) parinkta priderinant prie grandinés impedanso ir sie-
kiant gauti atitinkamas laikines fotoatsako charakteristikas. Matavimams su priesjtampiu
buvo pagamintas nuolatinés jtampos Saltinis (0-9 V ir 0-0,3 A).

Laser light

Oscilloscope

Sample
R=50 Ohm

Voltage source

S2.1 pav. Matavimo grandinés schema (sukiiré autorius)

Laikinés fotojtampos ir lazerio impulsy charakteristikos fiksuojamos skaitmeniniu
osciloskopu Agilent Technologies DSO6102A, o lazerio impulsy forma — didelés spartos
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optinio signalo atskaitos detektoriumi 11HSP-FS1 (Standa Ltd., Vilnius, Lietuva). Dviejy
rusiy lazeriai buvo naudojami GaAs p ir n diody, polikristalinio silicio pramoniniy saulés
elementy ir reketinio jutiklio bandiniams aps$viesti. Neodimiu legiruotas itrio aliuminio
granato lazeris buvo naudojamas kaip 1,064 pm (hv = 1,17 eV) bangos ilgio spinduliuotés
Saltinis; jo budingi parametrai yra 17-25 ns impulso trukmé ir didziausias intensyvumas
10 MW/cm?. Vidutiné lazerio spinduliuotés galia buvo matuojama optiniu galios matuok-
liu (Thorlabs Inc., Naujasis Dzersis, JAV). Kitas spinduliuotés $altinis yra neodimiu legi-
ruotas itrio ortovanadato lazeris; jo parametrai: bangos ilgis 1,342 um (hv = 0,92 eV), im-
pulso trukmé 1,7 ns ir didZiausias intensyvumas 0,4 MW/cm?. Sviesos intensyvumas buvo
keiciamas reguliuojant lazerio kaupinimo galig. Eksperimentai atlikti 80-300 K tempera-
tiiry ruoze. Zemos temperatiiros salygos palaikomos naudojant savadarbj optinj kriostata.

Si diody su akytuoju Si pavirSiaus sluoksniu fotojtampos matavimai atlickami nuo
400 iki 1200 nm bangos ilgiy diapazone. Sviesa i§ halogeninés lempos per monochroma-
toriy ir spindulio skirstytuva nukreipiama j tiriamajj bandinj. Taikyta neardomoji meto-
dika, kai naudojamas prispaudziamas 7 x 7 mm? ploto ITO elektrodas (Kostylyov et al.,
2021).

MatLab skaitmeninio skai¢iavimo platforma buvo naudojama fotovoltiniam signalui
atskirti j komponentus.

3. Karstyjy kravininky reiskinio tyrimo rezultatai

Spinduliuotés sukelta fotosrové (fotojtampa ant 50 omy apkrovos varzos) (S3.1 pav.) GaAs
p ir n diode gali buti suskirstyta j dedamasias, darant prielaida, kad p ir n sandiira yra tiesiné
laike invariantiné sistema (ang. linear time invariant system). Cia Uy, yra fotoatsako deda-
moji, atsirandanti dél elektrony ir skyliy pory generavimo, o jos sparta lemia rekombina-
cijos proceso sparta; Uy, yra prie$ingo poliSkumo dedamoji, ji seka lazerio impulso forma;
Ur yra dedamoji, sukelta gardelés kaitimo, vykstancio dél kar$tyjy kraivininky termaliza-
cijos.

60
0
30 F
e ——
z )
S0t £
Y
) &%
S S-30F
° ©
g0l g
= -60 Experiment |4
2 - - 0] B8R xperime
= Experiment| i — U
5 li | 2
il Upe 1 0 —U;
—U; Ug
Py 120 F 7 ot H
UnetUy U, +UU
40 L L L A A L
0 50 100 0 50 100 150 200 250
Time, ns Time, ns
(@) (b)

S3.1 pav. Fotoatsako impulsy modeliavimas esant (a) 51 kW/cm? ir (b) 264 kW/cm? 1,064 um
bangos ilgio suzadinimui. Palyginimui eksperimentiné fotojtampa parodyta juoda spalva
(Gradauskas et al., 2021; Masalskyi & Gradauskas, 2021b)
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Verta paminéti, kad Ug dedamosios eksperimentiné verté yra mazesné nei modeliuo-
tosios, nes §is skirtumas atsiranda dél neigiamo ir teigiamo poliskumo fotojtampy konku-
ravimo bendrame signale. Uy palaiko Uy, esant maZzam intensyvumui (Zr. S3.1 pav., a), 0
Ug mazina Uy, esant didesniam lazerio intensyvumui (S3.1 pav., b). Létosios gardelés
kaitimo sukeltos dedamosios U indélis didéja esant auk$tesniam suzadinimo lygiui, nes
dalis fotono energijos, likusios sugeneravus elektrono ir skylés pora, yra panaudojama
krtvininkams kaitinti ir kar$tyjy kraivininky fotovoltinei jtampai susidaryti (Gradauskas
et al., 2020; Masalskyi et al., 2022a).

Kitas darbas yra skirtas FV jrenginiy KK reiskinio ypatumy tyrimui priklausomai
nuo priesjtampio, spinduliuotés spektro, temperatiiros. Tirty bandiniy voltamperiniy cha-
rakteristiky kreivés pavaizduotos S3.2 paveiksluose. Rezultatai rodo, kad ilgesnés spindu-
livotés bangos atveju GaAs (S3.2 pav., a) trumpojo jungimo srovés, atsirandancios dél
generavimo, dydis sumazéja 20 karty, o karStyjy kruvininky srovés — tik 15 karty, nes
fotono energijos pokytis ar¢iau draudziamosios energijos tarpo yra lydimas stipresnés
tarpjuostinés sugerties lyginant su vidje-juostine sugertimi (Dargys & Kundrotas, 1994).
Si bandinyje, apSviestame 1,064 pum lazerio Sviesa (3.2 pav., b), generacijos fotosrové yra
daug stipresné nei karStyjy kriivininky (fotono energija yra didesné uz draudziamosios
energijos tarpg), o KK fotosrove galima detektuoti tik esant dideliam tiesioginiam priesj-
tampiui, kai potencialo barjeras yra gana zemas.

Akivaizdu, kad tiesioginé jtampa yra palanki karStyjy kriivininky srautui per suma-
Zintg p ir n sandaros potencialinj barjera. Verta paminéti, kad didZiausios galios rezimu
SE veikia esant tiesioginei jtampai, o tai sudaro palankias saglygas karstyjy krivininky fo-
tosrovei tekéti, taigi kartu daro neigiama jtakg efektyviam saulés elemento veikimui.
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S3.2 pav. (a) GaAs ir (b) Si p ir n sandiiry voltamperinés charakteristikos. Juoda kreivé Zymi prik-
lausomybe tamsoje, raudona kreivé rodo KK fotosrove, mélyna kreivé atitinka fotosrove, sukelta
elektronas-skylé pory susidarymu (Masalskyi, Gradauskas, A§montas, Suziedélis, Silénas et al.,

2021; Masalskyi, Gradauskas, A$montas, Suziedélis, Sirmulis et al., 2021)

Siekiant jvertinti karStyjy kriivininky temperatiirg GaAs p ir n sandiroje, buvo su-
kurta vadinamoji voltamperinés charakteristikos temperatiirinio jtampos koeficiento me-
todika. Sis koeficientas atitinka jtampos kitimo vienam temperattros laipsniui verte esant
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pastoviai srovei ir yra pastovus tai paciai medziagai, kurios temperatiira vir$ija 20 K. Nus-
tatytoji GaAs p ir n sandiiros temperatiirinio koeficiento verté yra lygi —2,2 mV/K, kuri
yra artima kity $altiniy vertei —2,0 mV/K (Landis et al., 2011). Darant prielaida, jog aplin-
kos temperatiira lygi 300 K, gauta karStyjy kriivininky temperatiira yra 454 K. Taikant ta
pacig metodika, karStyjy kriivininky temperatiira skystajame azote nustatyta esanti lygi
262 K. Pazymétina, kad skystajame azote kriivininkai pakaitinami apie 182 K, o kambario
temperatiiroje — tik apie 154 K. Tai rodo, kad kriivininky kaitinimo procesas yra stipresnis
esant Zemai temperatiirai, tai susij¢ su kar$tyjy kriivininky energijos relaksacijos trukmeés
pailgéjimu Zeméjant temperatiirai (Dargys & Kundrotas, 1994).

Norint nustatyti karStyjy kraivininky srovés tekéjimo pobiidj, buvo skai¢iuojamas
laisvyjy kravininky uZimty buseny tankis (esant ankséiau jvertintai temperatiirai) p ir n
sanddros n ir p srityse. Laisvyjy krivininky uzimty biiseny didziausiosios vertés yra daug
mazesnés nei potencialo barjero aukstis. Tai patvirtina hipotezg, kad karstieji kriivininkai
nedifunduoja per barjera, o srové greifiausiai turi rekombinacinj pobiidj. Be to, §ig prie-
laidg patvirtina ir faktas, kad net atskiras 1,064 pum ilgio suzadintas elektronas neturi pa-
kankamai energijos, reikalingos difunduoti per potencialinj barjera.

Irodzius kar$tyjy kravininky fotosrovés buvimo faktg pramoniniuose saulés elemen-
tuose, apskaicCiuojama sugertos saulés spinduliuotés spektro dalis, kuri naudojama kraivi-
ninkams kaitinti. Tirtos medziagos taip pat yra Si ir GaAs. Skai¢iavimy rezultatai rodo,
kad 19,0 % viso saulés AM 1,5 G spektro, priskiriamo mazos energijos fotonams (kuriy
energija mazesné uz draudziamosios energijos tarpa), ir 33,2 % didelés energijos fotony
prisideda prie kriivininky kaitinimo silicyje. Galio arsenido atitinkamos vertés yra 33,0 %
ir 21,7 %. Tai reiskia, kad net ir darant prielaida, jog saulés elementas sugeria visg AM
1,5 G saulés spektro spinduliuvote, daugiau nei pusé jos potencialiai gali kurti kar§tuosius
kriivininkus. Atsizvelgus | spinduliuotés sugertj medziagoje, 59,8 % AM 1,5 G fotony,
turin¢iy energija hv > E,, panaudojama kriivininkams kaitinti silicyje. Nedidelis Kiekis,
tik 0,5 % absorbuoty fotony, turin¢iy hv < E, energija, naudojama kriivininkams kaitinti.
Kalbant apie GaAs, 36,5 % absorbuoty AM 1,5 G didelés energijos fotony yra priskiriami
kriivininkams kaitinti; atitinkamai mazos energijos fotony dalis yra 0,2 %. Skai¢iavimai
atlikti neatsizvelgiant j Sviesos atspind] ir darant prielaida, kad visi absorbuoti mazos
energijos fotonai kaitina tik laisvuosius kriivininkus. Taigi, norint parodyti, kokia reiks-
minga gali biiti §i sugertis, metodika taikyta tipiSkam n tipo SE emiteriui, kurio kriivininky
tankis yra iki 102 cm2 ir storis 0,5 um. Siuo atveju absorbuoto saulés spinduliuotés
AM 1,5 G spektro dalis, atitinkanti maZesniosios energijos fotonus, gali biti didesné nei
4 %, o §i fotony energija kaitina laisvuosius kriivininkus ir sukelia karStyjy kravininky
fotosrove ir véliau vyksta gardelés kaitimas. Todél yra slopinama klasikiné generacijos
nulemta fotosrové (Masalskyi & Gradauskas, 2022).

Ankstesni rezultatai atskleidé, kad kar$tyjy kriivininky reiskinio jtaka bendrajam vie-
nos sandiiros saulés elementy elektriniam signalui turéty biiti sumazinta. Siekiant to, buvo
pasitilytas darinys su ant tipisko saulés elemento pavirSiaus suformuotu varizoniniu pus-
laidininkiniu sluoksniu. D¢l kvantinio apribojimo reikinio draudziamosios energijos tar-
pas priklauso nuo jo matmeny; kintant puslaidininkio konstrukcijos matmenims, kinta ir
energijos tarpas. Akytojo Si (PSi) sluoksnis buvo formuojamas Si p ir n diodo priekinéje
puséje. S3.3 pav., a, parodyta talpinés fotojtampos spektriné priklausomybé su virSutiniu
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PSi sluoksniu ir be jo, 0 S3.3 pav., b, schemiskai paaiskintas fotojtampy susidarymas (As-
montas, Fedorenko et al., 2020).
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S3.3 pav. (a) Talpinés fotojtampos Si p ir n sandiroje spektrai be (tusti taskai) pavirinio PSi
sluoksnio ir su juo (pilni taskai); (b) fotojtampy susidarymo mechanizmai: 1 — elektrono ir
skylés poros generavimas didelés energijos fotonu, 2 — skylés dreifas PSi varizoninio sluoksnio
elektriniame lauke, 3 — klasikinis fotovoltinés jtampos susidarymas p ir n sandiroje,

4 — elektrono ir skylés generavimas didelés energijos fotonu ir atitinkamas kar$tyjy kravininky

fotojtampos susidarymas p ir n sandiiroje, 5 — fotojtampy susidarymas ties Psi / kristalinis Si
riba (Masalskyi & Gradauskas, 2022)

Sukurtame darinyje bendra fotojtampa didéja ne tik dél sumazéjusio atspindzio, bet
ir dél papildomy 1, 2 ir 5 procesy (S3.3 pav., b); abiejy $iy fotojtampy polisSkumas yra toks
pat kaip ir klasikinés fotovoltinés jtampos (3 procesas). S3.3 pav., a, stebimas fotojtampos
padidéjimas trumpyjy bangy srityje atsiranda dél varizoninio sluoksnio, kuris efektyviau
sugeria didelés energijos fotonus (1 ir 2 procesai) ir taip sumazina zalingg karstyjy krivi-
ninky poveikj, parodyta 4 procesu. Be to, varizoninio sluoksnio vidiniame elektriniame
lauke sugeneruotos skylés dreifuoja (2 procesas) taip iSvengdamos didelés rekombinaci-
jos. Galiausiai kar$tyjy kravininky fotojtampa, susidaranti Psi / n-Si sandiroje, iSplecia
efektyvyji spektrg ilgyjy bangy srityje (S3.3 pav., 5 procesas).

Kadangi viduj-juostin¢ (hv < Ej) spinduliuotés sugertis yra viena i$ karStyjy kriivi-
ninky fotosrovés atsiradimo prieZas¢iy, ji gali buiti naudojama infraraudonajai spinduliuo-
tei detektuoti. Remiantis $ia idéja, pasitlyta jutiklio struktiira, veikianti karStyjy kravi-
ninky reiskinio pagrindu. Reketu pagrjstas varizoninis GaAs/Aly2Gag sAs jutiklio darinys
gali detektuoti elektromagnetinés spinduliuotés ilgyjy bangy ruoza. Sukurtojo jutiklio
darbo rezimas nereikalauja kriogeniniy temperatiiry palaikymo ir sudétingos gamybos
technologijos. Fotosrovés impulso laikiné charakteristika parodyta S3.4 pav.
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S3.4 pav. Reketiniame jutiklyje indukuotos fotosrovés impulsas, apSvieciant 1,064 pm lazerio
spinduliuote, esant 7,5 MW/cm? intensyvumui. Zalia linija rodo lazerio impulso forma (salyginiais
vienetais), mélyna linija rodo fotosrove esant 80 K temperatiirai, o raudona linija Zymi fotosrove
esant 300 K temperatiirai (sukiiré autorius)

Jutiklis yra spartus — jo atsakas seka lazerio impulso signalg. Sukurtojo jutiklio atsa-
kas tiesiskai priklauso nuo §viesos intensyvumo, o tai irgi yra privalumas taikymo atvejais.
Elektrinio atsako signalo sumazéjimas 80 K temperatiiroje, lyginant su 300 K, matyt, yra
susijes su GaAs absorbcijos koeficiento ir laisvyjy kriivininky tankio sumazéjimu Zemose
temperatiirose (Dargys & Kundrotas, 1994). Sis jutiklis gali biiti naudojamas jvairiuose
darbinés temperatiiros diapazonuose, nes jo draudzamosios energijos tarpo kitimas yra
nereik§mingas (potencialinio barjero aukstis keiciasi tik 0,3 meV, kai temperatiira kinta
nuo 80 K iki 300 K).

Bendrosios iSvados

1. Saulés elemento fotoatsako padalijimo modelis rodo, kad bendras signalas yra
sudarytas i$ trijy dedamyjy, kurias sukelia elektrony-skyliy pory generavimas,
kriivininky kaitimas ir gardelés kaitimas. Modelis rodo karstyjy krivininky reis-
kinio individualig jtakg bendrajam signalui. [rodyta, kad karstieji krtivininkai in-
dukuoja signalg prie§ atiduodami papildomg savo energija kristalinei gardelei
Kaitinti. Sis rezultatas patvirtina, kad karstyjy kriivininky reiskinys turi biiti lai-
komas nauja savyjy nuostoliy riiSimi saulés elementuose.

2. Apskaiciuota karStyjy kriivininky pasiskirstymo statistika panaudojant jvertinta
kriivininky temperatiira rodo, kad karstyjy kruvininky fotosroveé tekanti per
GaAs p-n sandiira, esant +0,7 V tiesioginei jtampai, yra rekombinacinjos prigim-
ties, nes pakaitinti laisvieji kriivininkai uzima energijos biisenas, kurios yra daug
zemesnés uz sumazintg bet vis dar auksta sandiiros potencialinj barjera

3. Fotony, kuriy energija yra mazesné nei draudziamosios energijos tarpas, sugertis
turi potencialg kaitinti laisvuosius krivininkus kaip ir didesnés uz tarpa energijos
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fotony sugertis. Sis faktas reikalauja perzitiréti Shockley—Queisser riba, jskaitant
ir mazos energijos fotony sugertj.

4. Reketinis puslaidininkinis varizoninis darinys gali biiti naudojamas kaip infra-
raudonosios spinduliuotés jutiklis, veikiantis karstyjy kriivininky reiskinio pag-
rindu kambario temperatiiroje. Sukurto jutiklio i$¢jimo fotosignalas tiesiskai
priklauso nuo $viesos intensyvumo, o tai yra patogu prietaiso kalibravimui.
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