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Chapter 1

Introduction

In 1839, Edmond Becquerel was, reportedly, the first person to discover the photovoltaic
process of converting light into electricity on a device consisting of silver chloride in
an electrolyte [1]. The first solar cell, composed of selenium with gold electrodes, was
developed by Charles Fritts in 1883. More than half a century later, in 1954, the first
silicon-based solar cell was built by Chapin, Fuller and Pearson of Bell Laboratories [2, 3].
Since then, solar cell research and device development has progressed significantly and
the solar cell has been established as a generally available and commercially recognized
renewable energy conversion system [4]. In 2019, around 3 % of global electricity generation
was provided by solar cell systems [5].
Most solar cells presently available on the market are p-n junctions composed of silicon
or gallium arsenide, which are accordingly referred to as first-generation solar cells
or second-generation solar cells, when thin-film technology is incorporated to lower
material costs [6]. For thin-film solar cells, a variety of semiconductor materials, such as
CdS, α-Si, CuInSe2, CdTe, are utilized [7, 8].
Rising energy demands worldwide, dwindling resources and the negative consequences of
fossil fuels on the environment call for further advancement in renewable energy sources,
including fundamental research. In addition to other promising concepts such as wind
energy, the solar cell, due to the abundance of solar radiation and, therefore, its capacity
to meet the global energy demand, remains a viable alternative energy source and an
important research topic.
In recent decades the third-generation of solar cells, with new concepts and working
principles, including new materials, such as organic halide perovskites and novel cell
designs, such as nanostructures, has emerged [9–11].
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CHAPTER 1. INTRODUCTION

1.1 Third-generation Photovoltaics
Before introducing different concepts of third-generation solar cells, it is necessary to
understand both the working mechanism and fundamental loss mechanism in conventional
semiconductor single-junction devices. The fundamental steps involved in conversion of
optical excitation into electricity are:

I) absorption of an incident photon with energy Eph;

II) generation of an electron–hole pair (charge carriers);

III) charge separation utilizing a space charge region;

IV) collection of charges at the contacts.

In this regard, incident photons with energies smaller than the band gap Eg are not
absorbed and pass through the material. In contrast, photogenerated electron–hole pairs
with energies higher than the band edge rapidly (on a picosecond time scale) relax towards
the band edge, where they accumulate [12, 13]. The surplus of energy is converted into
heat until thermal equilibrium with the lattice is established. At the band edge, the charge
carriers exist in a meta-stable, long-living state and can either be extracted from the device
as photocurrent or recombine. The relaxation process of charge carriers to the band edge
is denoted as thermalization or cooling down and charge carriers with energies above the
band gap value, i.e., higher kinetic energies than the lattice thermal energy, are referred to
as hot carriers.
In semiconductors, the relaxation process of the hot charge carriers to the band edge
is a multi-step process [14–16]. Within the first 100 fs, the carrier–carrier scattering
results in a Boltzmann distribution of the hot carriers with a single fixed temperature
above the lattice temperature [17]. Next, the charge carriers scatter inelastically with
phonons, thereby predominantly emitting optical phonons and the now-overpopulated
optical phonons decay to low-energy acoustic phonons. In the final step, the acoustic
phonons decay and on the macroscopic scale, the entire process manifests through heat
dissipation into the environment.
In summary, fundamental limitations for this operating principle in a single-junction
solar cell are given by the two major intrinsic loss mechanisms: a) inability to absorb
photons with energies below the band gap (Eph < Eg) and b) thermalization of photon
energies exceeding the band gap (Eph > Eg) [18]. Together, they are responsible for more
than half the loss of the incident solar energy for energy conversion [19]. Based on these
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CHAPTER 1. INTRODUCTION

Figure 1.1:Schematic representation of the fundamental loss mechanism and steps for
photovoltaic energy conversion in conventional semiconductors: (1)excitation
of electron�hole pair through absorption of incident photon; (2)thermaliza-
tion of the excited charge carriers to the band edge; (3)transport of the
charge carriers across the interface (with generation current densityJG and
recombination current densityJR); (4) extraction of charge carriers through
contacts or (5) recombination of the electron�hole pair.

working principles, W. Shockley and H. Queisser were the �rst to calculate a theoretical

thermodynamic limit of energy conversion, the Shockley�Queisser (SQ) limit [20]. Within

a detailed balance model, the process of incident photon absorption is in thermodynamic

equilibrium with the reverse process of radiative recombination. A maximum e�ciency of

30% was calculated for a silicon-based device with a 1.1 eV band gap [20]. In a real solar

cell, additional extrinsic loss contributions such as recombination due to impurities and

serial and parallel resistances add up to the overall higher e�ciency loss.

The development of third-generation solar cells aims to produce highly e�cient cells

exceeding the SQ limit through new device and material design strategies. To reduce the

fundamental losses, di�erent strategies and cell concepts are being pursued [9�11]:

ˆ Tandem solar cells increase the number of available energy levels [21]. For these

systems, two or more cells with di�erent �xed band gaps are stacked on top of each

other and each cell converts only a narrow range of the incident solar spectrum,

according to its respective band gap. The material with the largest band gap

is stacked on the top and, therefore, ensures that the congruent cells receive a

�ltered spectrum. This strategy has been successfully applied for a variety of

semiconductor and organic solar cells such as double or triple tandem cells composed
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CHAPTER 1. INTRODUCTION

of GaInP / GaAs/ Ge [22, 23].

ˆ Multiband or intermediate-level cells exploit the same principle as the tandem

cells but are applied to a single cell by strategic incorporation of speci�c impurities,

adding one or more �xed energy levels within the band gap [24� 26]. This allows

for energy conversion of photons in these additional intermediate impurity states in

parallel with the normal band gap conversion.

ˆ For carrier multiplication, an increase in numbers of extracted charge carriers is

pursued through various approaches. Inimpact ionization or multiple exciton

generation in nanostructured semiconductors, a single high-energy photon generates

more than one charge carrier pair [27� 29]. Optical processes for carrier multiplication

include upconversion , where several photons with energies below the band gap

interact and generate one photon with energies above the band gap, as well as

downconversion , where one high-energy photon is converted into multiple lower-

energy photons [30, 31].

ˆ The term thermophotonic device is used to describe two optically coupled and

thermally isolated photovoltaic devices that are facing each other [6]. As one of the

devices is heated to a higher temperature, it generates light through band-to-band

recombination and thus serves as an illumination source.

The �nal strategy presented, which is also a topic in this thesis, arehot carrier solar

cells (see Fig. 1.2) [32, 33]. The concept for hot carrier cells was �rst proposed by R. T.

Ross and A. J. Nozik in 1982 and consists of two principal aspects [12]:

I) preventing hot charge carriers from thermalization to the band edge by slowing down

or eliminating charge carrier cooling;

II) fast extraction of hot carriers prior to thermalization process.

If the cooling-down process is slowed down su�ciently, the now long-living hot carriers

can be extracted without losing their excess energy. In conventional solar cells excited

charge carriers with su�ciently long lifetimes are generated as a result of the existence of

the band gap. If other mechanisms for stabilization are in action, no band gap is required

for the hot charge carrier solar cells. Thus, the bene�t of hot carrier solar cells is that they

are capable of utilizing the entire energy of the photons or rather the full solar spectrum.

Therefore, energy conversion in these systems is only limited by the Carnot e�ciency
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CHAPTER 1. INTRODUCTION

Figure 1.2: Schematic illustration of the concept for a hot charge carrier solar cell.

of thermodynamics [18]. Detailed balance calculations suggest that e�ciencies up to 66

% (unconcentrated sunlight) and 85 % (concentrated sunlight) can be achieved [12, 21].

Research focuses mainly on one of the two aforementioned aspects at a time and, while

many promising research �ndings have been discovered, the hot charge carrier cell are not

yet used in applications.

In the phonon bottleneck strategy, the interaction of the charge carriers with phonons is

suppressed at some point in the decay cascade in order to prevent the fast thermalization

to the band edge [34� 37]. Additionally, as carrier cooling is suppressed, overpopulation

of hot phonons can build up and these phonons re-emit their energy back to the charge

carriers.

The material requirements are small band gaps for broad absorption, high carrier mobility

and weak electron�phonon scattering to allow for long hot carrier lifetimes [13, 38]. The

biggest challenge for the material properties is given by the last condition. For example,

in most semiconductor, e�cient electron�phonon scattering is an intrinsic characteristic.
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CHAPTER 1. INTRODUCTION

This is, for example, relevant for polar semiconductors with Fröhlich interaction, which

features intraband cooling by emission of longitudinal optical phonons with momentum and

energy conservation on timescales of picoseconds or less [19]. However, as a second step,

these optical photons decay into acoustic phonons through the anharmonic or Klemens

mechanism, where one optical photon decays into two acoustic photons each with almost

half of the energy of the optical phonon and opposite wave vectors [39].

At this point the phonon bottleneck principle could come into play, since this step can, for

example, be suppressed in materials with a phonon scattering channel, in which the phonon

band gap is in the range of the acoustic phonons, this around half the energy of the optical

phonons. Additionally, to slow down the cooling process, the optical phonons can re-scatter

with electrons, which leads to a regaining of energy. This concept has been investigated

and published for binary semiconductorsInN , BiN , quantum dots or multiple quantum

wells, where thermalization times of a few hundred picoseconds (two orders of magnitude

above values for conventional semiconductors) have been observed [40�45].

The second requirement for hot carrier solar cells is to achieve fast carrier extraction

through,e.g., energy-selective contacts [12, 13]. As charge carriers are transported to

non-energy-selective contacts for extraction, heat leakage occurs [46]. The contacts require

large conductance and a speci�c narrow and energy-selective width [47, 48].

In addition to long-living states at the band edge of semiconductors, nanostructure devices

like semiconductor quantum dots, as well as halide perovskites, can utilize long-living hot

carriers. Another strategy is investigated in the material group of metallic nanostructures.

Here, the utilization of plasmonic resonance is being developed through surface plasmon

resonance [49]. When the frequency of incident light matches the intrinsic oscillation of

free electrons within the metallic nanostructures, the generation of hot charge is one of

the energy-releasing mechanisms as the plasmons disphase.

1.2 Hot Carrier Aspects in Metal Halide Perovskites

One prime candidate for exceeding the SQ limit is the metal halide perovskite [32, 33, 50].

Within this material class, energy conversion could be enhanced through utilization of hot

carriers additionally to conventional working mechanisms, by slowing down the carrier

cooling process. The model system and fundamental investigation of manganite/titanite

heterojunctions within this thesis present an interesting analogue for research on metal

halide perovskite�which is closer to commercial production�due to the common aspect

of long-living hot carrier states in combination with correlation e�ects.
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CHAPTER 1. INTRODUCTION

The use of metal halide perovskites in photovoltaics is an emerging new technology and

research on this material has skyrocketed over the last decade. Through progress in

material properties with respect to composition and morphology as well as device design,

e�ciencies have increased rapidly [51]. Currently, the maximum e�ciency of 25 % is

almost on level with crystallineSi solar cells [52].

Metal halide perovskites have aABX 3 perovskite structure. On theA site, monovalent

organic molecular cations such as methylammonium(MA ), formamidinium (FA) or inor-

ganic alkali metal cations (C, K , Rb) can be found. TheB site is occupied by divalent

metal ions such asPb, Ge, Sn and the X site by halides, for example,I , Br or Cl [51, 53].

As a prerequisite for solar energy conversion, the material provides good optoelectrical

properties with high absorption, long carrier di�usion length and high carrier mobility

[54, 55]. It is a correlated polar semiconductor, in which electronic degrees of freedom

strongly couple to the lattice vibration. The band gap can be tuned through material

composition to include both wide-band and narrow-band gap absorbers (1.15�3.06 eV)

[51, 56]. However, to become feasible for commercial use, these metal halide perovskites

must overcome several major challenges, including stability towards moisture, light and

heat [53, 57, 58]. Additionally, signi�cant e�ort has been put into making the solar cells

eco-friendly by replacing the lead on the B site [59, 60].

In recent years, this material class has been identi�ed as a promising candidate for hot

carrier solar cells, as a number of compositions show relatively long-living hot carrier

states [32, 33, 50, 61]. Ror example, under strong illumination (thus highly excited carrier

densities) cooling rates ranging from picoseconds up to nanoseconds have been observed in

FASnI 3 [62� 64], which drastically exceed the picosecond lifetime of hot carriers in inor-

ganic semiconductors. The slowing down of hot charge carrier cooling has been attributed

to the phonon bottleneck principle [61, 65� 68]. However, the origin of slow carrier cooling

is still under debate and it is likely that all the following aspects are relevant, although

not with equal importance:

ˆ The accumulation of slowly dissipating optical phonons slows down the carrier cooling

process [67, 68].

ˆ A low thermal conductivity and, thus, a short phonon lifetime [69, 70], among other

things, results in decreased heat transport (inMAPbI 3 acoustic phonon lifetimes

are in the range of picoseconds, around two magnitudes of order shorter than in

semiconductors [69]).
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CHAPTER 1. INTRODUCTION

ˆ Large polarons with long-range Coulomb interactions between charge carriers and

ions are formed [71]. One proposed concept is the formation of a protective shield

(screening) by the large polarons, which prevents optical phonon scattering [70, 72].

ˆ In optical acoustic phonon upconversion, the decay of acoustic phonons is suppressed,

which results in an increased up-transition of the acoustic phonon. The thermal

energy is recycled back and reheats the charge carriers, therefore prolonging the

overall cooling time [73, 74].

ˆ For the Auger heating e�ect, the electron�hole recombination energy is transferred

to another carrier and thus excites the carrier. Therefore, the recombination energy

is re-transferred to the electronic system [74].

The charge carrier cooling rate varies widely and depends on illumination parameters such

as pump energy (i.e., initial hot carrier excess energy) and �uency (i.e., excited carrier

density) [33, 50, 75]. Additional material properties such as cation species, morphology and

geometric con�nement in�uence the slowing down of charge carrier cooling. For example a

higher excess energy, i.e., excitation energy, as well as higher initial hot carrier densities

can further increases the lifetime [75]. For the cation species it has been shown, that the

exchange of iodine with lighter halides can decrease cooling lifetime as it increases the

frequency of longitudinal optical phonons [33, 61, 75].

1.3 Manganite Perovskite for Hot Polaron Solar Cells

Within this thesis, highly correlated perovskite manganite oxides are proposed as a

model system for hot carrier solar cells, since it provides insights into new pathways

and mechanisms for photovoltaic energy conversion beyond conventional semiconductor

systems.

Through the correlative exchange interactions of lattice orbital and spin degrees of freedom,

interesting phenomena such as the colossal magnetoresistance e�ect (CMR) and colossal

electroresistance (CER) e�ects emerge. The appearance of order phenomena such as

purely orbital, combined charge and orbital and magnetic order phases are observed. Due

to the interaction of charge carriers and lattice, i.e., strong electron�phonon coupling,

a new quasi-particle, the polaron, is formed [76, 77]. For conventional semiconductors

the band structure can in good approximation be described with a rigid band structure,

as the modi�cation in electronic structure due to a change in occupancy i.e. through
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CHAPTER 1. INTRODUCTION

excitation, are small. The polaronic nature, i.e., strong coupling of atomic arrangement and

electronic structure, of this material leads to deviations from the rigid band structure of

semiconductors [78]. Investigations of the impact of correlation e�ects on optical excitation,

lifetime of hot charge carriers and energy conversion, allow for fundamental insights into

hot carrier stabilization and harvest [79, 80].

In p�n heterojunctions composed of manganites and titanites, the photovoltaic energy

conversion has been demonstrated by several research groups [77, 81� 85]. I�and et al.

established a correlation between order phenomena and photovoltaic energy conversion

for two types of order phases [86]: The temperature where a strong increase of the open

circuit voltage Uoc is observed coincides with the onset of the charge and orbital order in

P r1� xCaxMnO 3 (PCMO) x = 0.34 as well as with the magnetic order in case ofx = 0.95.

Above the phase transition to the ordered phase, i.e., within the disorder phase, only a very

small open circuit voltage is observed. However, below the phase transition, a signi�cant

value for the open circuit voltage is observed, which further increases with decreasing

temperature. Additionally, Raiser et al. reported long-living states with nanosecond

lifetime within the charge and orbital order phase for PCMOx = 0.34 [79]. Thus, long-

living hot polaron states, which can be harvested for photovoltaic energy conversion, exist

due to cooperative correlation phenomena.

In the scope of this thesis, the research within this material class is extended to the orbital

order P r1� xCaxMnO 3 (PCMO) x = 0.1 and a Ruddlesden�Popper (RP) 2D layered system

of charge and orbital orderP r0:5Ca1:5MnO 4 (RP PCMO). This enabled the establishment

of a new type of phonon bottleneck principle for hot polaron manganite perovskites

solar cells, which is brie�y introduced here. The slowing down of carrier relaxation and the

emergence of long-living states is given through strong coupling of electrons to cooperative

lattice modes. Therefore, instead of suppressing the phonon interaction as proposed

previously to slow down carrier cooling (Section 1.1), the strong and cooperative phonon

interaction is turned into an advantage and utilized.

In an ionic model, the �vefold-degeneratedd orbital in the ground state of an isolated

MnO 6 octahedron is split into threet2g and two eg separate states by the crystal �eld of

the octahedron as well as through Jahn�Teller (JT) distortion (for details, see Chapter

2.2). Additionally, due to strong hybridization, the Mn 3d states overlap with the oxygen

O 2p states [78]. The relaxation process of a Jahn�Teller dimer for excitation from an

occupied to an unoccupied Jahn�Teller splitMn 3d eg-O 2p state occurs through structural

relaxation on a fast time scale, if an isolatedMnO 6 octahedral con�guration is considered.

The excited charges relax to the ground state through a conical intersection between
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CHAPTER 1. INTRODUCTION

the energy potential surfaces [79]. However, within the con�ned geometry of the lattice

and in the presence of cooperative long-range correlations, the energy potential surface is

modi�ed and the structural relaxation is suppressed [79]. Consequently, within the order

phase, long-living hot charge carriers for photovoltaic energy conversion emerge [79]. Two

transitions are relevant for photovoltaic energy conversion: on the one hand, the intraband

transition between occupied and unoccupiedeg states (Jahn�Teller transition) and on the

other hand, the charge transfer transition into thet2g states.

1.4 Thesis Objectives and Outline

In this thesis, the hot polaron photovoltaic e�ect in junctions with di�erent phases�in

particular, di�erent ordered phases ofP r1� xCaxMnO 3 (PCMO) x = 0.1 and a 2D layered

Pr0:5Ca1:5MnO 4 (RP PCMO)�are investigated. The required high-quality, epitaxial and

well-characterized manganite thin �lms are prepared on a variety of substrates (SrT iO3

(STO), Nb dopedSrT iO3 (STNO) and MgO) by means of ion beam sputtering (IBS) as

well as metal aerosol deposition (MAD). The MAD samples were prepared by the MAD

group of the 1. Phys. Institute (Group V. Moshneaga, see also [87]).

On the basis of the �ndings, a generalization of thehot polaron phonon bottleneck

mechanism is established. Furthermore, the in�uence of order and correlation on the

photovoltaic properties are explored from a mechanistic viewpoint. These topics are

presented through three publications in Chapters 4-6. The thesis is structured as follows:

In Chapter 2, the theoretical background on the fundamental limits of photovoltaic energy

conversion, electronic and structural properties of manganites and the role of the charge

separating interface ton-doped titanite is given. Information on the measurement setup

for photovoltaic properties is presented in Chapter 3. The photovoltaic properties are

analyzed through current density�voltage measurements in the dark and under di�erent

illumination conditions. Additionally, characteristic photovoltaic parameters open circuit

voltage Uoc and short circuit current density Jsc are analyzed (see Fig. 1.3).

Chapter 4 deals with the photovoltaic and electronic properties of the 2D layered

Ruddlesden�Popper (RP) Pr0:5Ca1:5MnO 4 material system. In comparison to the 3D

Pr1� xCaxMnO 3 x = 0.34 with a transition to the charge and orbital order phase at about

220 K, the epitaxial 2D RP PCMO thin �lms show a charge order transition temperature

above room temperature [86, 88]. Moreover, the RP PCMO exhibits photovoltaic energy

conversion above room temperature as well. Consequently, proof of principle for extending

the hot polaron photovoltaics to a room temperature device has been acquired.
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CHAPTER 1. INTRODUCTION

Figure 1.3:Photovoltaic e�ect: an exemplary current density�voltage curve in the dark and
under illumination conditions. The two characteristic photovoltaic parameters
of short circuit current density Jsc and open circuit voltageUoc are marked.

In Chapter 5, the lightly doped 3D PCMO x = 0.1, which exhibits a purely orbital order

phase, is investigated. This material enables the extension of hot polaron photovoltaics to

a di�erent type of order, as previous works focused on charge and orbital order, as well as

magnetic order phases [86]. Additionally, according to the phase diagram by Jirak, the

purely orbital order phase exists up to 800�1100 K [89]; therefore, it o�ers a second model

system for polaronic room temperature photovoltaics. However, the onset of photovoltaic

energy conversion is experimentally observed only well below room temperature. A read-

justment of the phase diagram (see Fig. 2.3) for low doping is proposed and the concept of

spontaneous orbital order with long-living states below room temperature and an induced

orbital order of Jahn�Teller distortions at higher temperatures is discussed. This additional

phase transition and the change of the phase diagram is supported by several anomalies in

various physical properties, e.g., transport, magnetic, optic, ultra-fast transient excitation

probe studies; change in lattice constant; and �nite temperature simulations based on

tight binding.

The mechanism for photovoltaic energy conversion in hot polaron systems di�ers in na-

ture from conventional semiconductors. In Chapter 6, the dependence of characteristic

parameters, such as the open circuit voltage and the short circuit current density on

illumination conditions, including photon energy and power density, are analyzed. The

interplay and in�uences of correlation phenomena such as phase transition orbital order

phase and kinetic contributions are discussed.

A general discussion and summary is given in Chapter 7.
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Chapter 2

Theoretical Background

This Chapter provides theoretical background for this thesis, covers thermodynamics

for photovoltaic energy conversion and introduces the used material systems and their

respective properties as well as strategies for tuning the interface properties of the junction.

2.1 Thermodynamic Approach to Photovoltaic Energy

Conversion

In this section, two di�erent thermodynamic approaches to describe the fundamental

limits of a photovoltaic energy conversion are presented. In the �rst subsection, the

detailed balance approach is introduced in the form of Shockley�Queisser (SQ) model.

The foundation of this thermodynamic model is based on material features and their

corresponding limitations. Even if, in the framework of the SQ theory, many simpli�cations

are made, it is ultimately the �real� material mechanisms of conventional semiconductors

that determine the maximum e�ciency. The radiation is described from an idealized

thermodynamic point of view and the conventional semiconductor by the intrinsic material

property of the band gap. An alternative approach on the basis of the �rst and second

laws of thermodynamics for an ideal material is presented in the second subsection. In

this case, the solar cell is approximated as a heat engine within a typical idealized Carnot

and Landsberg framework.

2.1.1 Detailed Balance and the SQ Limit

In 1961, Shockley and Queisser presented a theoretical approach, based on the thermody-

namic principle of detailed balance, for the determination of the fundamental limits of

photovoltaic energy conversion in silicon-based solar cells [20]. In this approach, the basis

for this theoretical upper limit is given by physical mechanisms instead of the previously
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CHAPTER 2. THEORETICAL BACKGROUND

employed phenomenological approach, in which the potential maximum e�ciency is based

on limits of empirical values such as lifetime. The detailed balance approach yields not only

an upper e�ciency limit but also a systematic formalism for the performance of a solar cell,

in the context of which, for example, the current�voltage characteristics can be modelled

e�ectively. Since then, this approach has undergone many expansions and re�nements; it

is widely used as a starting point for models of photovoltaic energy conversion.

In thermodynamic equilibrium, the conditions of detailed balance, i.e., that every process

is in equilibrium with its inverse process, are given. Transferring this detailed balance to a

solar cell translates to the following: The energy, in the form of light into and out of the

system, is in equilibrium. More speci�cally, the detailed balance pair of photon absorption

and its reverse process of radiative recombination is considered.

Within their approach, Shockley and Queisser used a highly idealized model with several

simpli�cations [20]:

ˆ Incident photons with energies below the band gap are not absorbed and all photons

with energies above the band gapEg are absorbed without loss (perfect absorption).

ˆ Each absorbed photon (with energy above the band edge) creates exactly one

electron�hole pair.

ˆ All generated electron�hole pairs thermalize to the band edges without any detri-

mental loss contribution and end up in thermal equilibrium with the lattice.

ˆ All charge carriers (electron�hole pairs) at the band edges are collected as current

or recombine by emission of exactly one photon per electron�hole recombination

process. If all charge carriers are collected (perfect collection) the internal quantum

e�ciency Q is a step function with Q = 1 and a voltage ofV = Eg=q for photons

with energies aboveEg and Q = 0 for photons with energies belowEg.

ˆ Non-radiative recombination channels, such as recombination at impurities, are

excluded.

Consequently, as the material speci�c properties, only the band gapEg and the temperature

T of the cell are required for the calculation of an e�ciency limit. Accordingly, the limit

of e�ciency is strongly in�uenced by the band gap.

The incident energy source, the sun, can be approximated as a black-body emitter, with

a temperature of aroundTs = 6000 K. The spectral photon �ux � is therefore given by
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CHAPTER 2. THEORETICAL BACKGROUND

Planck's law with photon energyE, temperatureT of the emitting body, Planck's constant

h, speed of lightc and Boltzmann constantkb, solid angle
 , as [90]:

� (E; T ) =
2


h3c2

E 2

exp E
kbT � 1

: (2.1)

A geometrical factor is included to take, among other things, the limited angle for the

solar radiation which shines on the solar cells into account [91].

In the original SQ model, this black-body approximation was applied for both the ab-

sorption and emission process. However, Würfel et al. introduced a generalized Planck's

equation, in which the chemical potential of a material is included, as the photons emitted

by the semiconductor material result from electron�hole recombination processes [92]. For

a thermal emitter, such as the sun, the chemical potential is set as� = 0. The generalized

Planck's equation for the spectral photon �ux� (E; T; � ) is given by:

� (E; T; � ) =
2


h3c2

E 2

exp
�

E � �
kbT

�
� 1

: (2.2)

Nowadays, the AM 1.5G standard global solar spectrum is often applied in addition to

the black-body spectrum for the incident photon spectrum [93].

For the detailed balance, the current density is then given by the di�erence between

absorbedJabs and emitted photonsJrad :

J = Jabs � Jrad

= q
Z 1

Eg

� sun (E; Tsun ; � = 0; 
 abs)dE � q
Z 1

Eg

� cell (E; Tcell ; �; 
 emit )dE:
(2.3)

If all absorbed photons from solar irradiance are collected (voltage is zero), the short

circuit current density is equal to the photo-generated current densityJsc = Jabs.

In thermodynamic equilibrium, the total current density is zero and thus,Jabs = Jrad

for V = 0. Under applied external voltageV and by Boltzmann approximation of the

Bose-Einstein term in 2.2, this results in the idealized diode equation:

J = J0;rad

�

exp
� qV

kbT

�

� 1
�

� Jsc; (2.4)

with the constant prefactor of radiative saturation current densityJ0;rad . The idealized

diode J (V) equation can approximate a real solar cell e�ectively and is applied for many

solar cell concepts. A widely used expansion of this model is the inclusion of series and
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Figure 2.1:Theoretical maximum e�ciency as a function of the band gapEg in the SQ
model for a Silicon-based cell operated at room temperature. The illumination
was �xed to the global standard AM 1.5G spectrum (reprinted with permission
[97]).

parallel resistance and the diode quality factorn to include additional loss mechanism of a

real solar cell [94� 96]. Within the SQ theory, the maximum e�ciency � SQ is given by the

incident radiative power pin , the outgoing powerpout and the maximum current-voltage

J (V) � V , according to:

� SQ =
pout

pin
=

max(J (V) � V)
pin

: (2.5)

Consequently, the e�ciency is a function of the light absorbers' band gapEg, as shown in

Fig. 2.1. A maximum e�ciency of 33 % occurs atEg = 1.34 eV for global standard AM

1.5G spectral irradiance [97]. In this context, the fraction of incident solar radiation lost

through thermalization f therm (relaxation of photons with E > E g to the band edge) and

spectral mismatchf spec (loss of photons withE < E g) can be described as follows [18]:

f therm =
2
 abs

c2h3

Z 1

Eg

E 2

exp
�

E
kbTs

�
� 1

(E � Eg)dE; (2.6a)

f spec =
2
 abs

c2h3

Z Eg

0

E 2

exp
�

E
kbTs

�
� 1

EdE: (2.6b)
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There are several publications that deal with the extension and generalization of the

detailed balance approach for solar cells to include additional physical mechanisms. These

revisions and re�nements include additional mechanisms such as photon recycling, Auger

generation and non-radiative recombination [98�100].

2.1.2 The Solar Cell as a Heat Engine

A di�erent approach to determine a maximum e�ciency, as well as establishing a systematic

formalism, is given by the point of view of a thermodynamic heat engine. The sun emits

energy, which, in turn, is converted into usable work in the solar cell. The fundamental

limits of the energy conversion process are investigated using the �rst and second laws

of thermodynamics. Among other things, these approaches could o�er alternative ideas

regarding hot carrier solar cells.

The most simpli�ed and fundamental approach is, to approximate the solar cell as a Carnot

heat engine. Within the idealized and reversible Carnot heat engine, the energy of the

sun is absorbed and converted into electric energy within the solar cell without generating

irreversible entropy. The sun, as the heat source, is represented as a black-body radiation

source with temperatureTs. The output of the solar cell is characterized by the work done

w, the heat �ux q supplied to the system and the solar cell temperatureTcell , which is

assumed to be equivalent to the ambient surrounding temperature. The entropy, which is

due to the generated heat, is given assw . The �rst law of thermodynamics states that, for

the change in internal energyu of a closed system:

u = w + q: (2.7)

When us is given as the radiation energy of the sun, which is the input into the system,

then w is the output work and q is the heat �ux. This results in the Carnot e�ciency

� carnot for the photovoltaic energy conversions given as:

� carnot =
w
us

= 1 �
Tcell

Ts
: (2.8)

As only the respective temperatures of the source and solar cell and no other intrinsic

material properties, such as the band gap, are considered, the Carnot e�ciency represents

an ultimate thermodynamic upper limit. Accordingly, all photons contribute to the energy

conversion, i.e., neither thermalization losses nor loss of photons with energies below the
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