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ABSTRACT  

   

Increasing the conversion efficiencies of photovoltaic (PV) cells beyond the single 

junction theoretical limit is the driving force behind much of third generation solar cell 

research. Over the last half century, the experimental conversion efficiency of both single 

junction and tandem solar cells has plateaued as manufacturers and researchers have 

optimized various materials and structures.  

While existing materials and technologies have remarkably good conversion 

efficiencies, they are approaching their own limits. For example, tandem solar cells are 

currently well developed commercially but further improvements through increasing the 

number of junctions struggle with various issues related to material interfacial defects. 

Thus, there is a need for novel theoretical and experimental approaches leading to new 

third generation cell structures.  

Multiple exciton generation (MEG) and intermediate band (IB) solar cells have 

been proposed as third generation alternatives and theoretical modeling suggests they can 

surpass the detailed balance efficiency limits of single junction and tandem solar cells. 

MEG or IB solar cell has a variety of advantages enabling the use of low bandgap materials. 

Integrating MEG and IB with other cell types to make novel solar cells (such as MEG with 

tandem, IB with tandem or MEG with IB) potentially offers improvements by employing 

multi-physics effects in one device.  

This hybrid solar cell should improve the properties of conventional solar cells with 

a reduced number of junction, increased light-generated current and extended material 

selections. These multi-physics effects in hybrid solar cells can be achieved through the 

use of nanostructures taking advantage of the carrier confinement while using existing solar 
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cell materials with excellent characteristics. This reduces the additional cost to develop 

novel materials and structures.   

In this dissertation, the author develops thermodynamic models for several novel 

types of solar cells and uses these models to optimize and compare their properties to those 

of existing PV cells. The results demonstrate multiple advantages from combining MEG 

and IB technology with existing solar cell structures.  
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CHAPTER 1 

INTRODUCTION 

1.1 Solar Energy 

The development of energy technologies is important to modernized societies with 

benefits that will improve quality of life for generations to come. After the mid-20th 

century, electric or power was considered a major gift to civilization. Until the early 21st 

century, fossil fuel and nuclear technologies were the leading energy sources to provide 

benefits to world. However, fossil fuels and nuclear power have major issues due to both a 

dwindling work force and leak potential for nuclear plants (magnified by the 2011 

Fukushima Daiichi disaster) as well as a limited coal supply due to be depleted within the 

next 200 years plus the environmental contamination of carbon dioxide emissions and ash 

disposal practices of coal-fired power plants. Currently, solar energy is the most promising 

future generation energy resource because of it is clean and   permanent. However, existing 

energy resources are still the dominant providers of electricity for both industrial and 

commercial purposes. Furthermore, energy consumption has been extensively increased 

due to the demands of diverse fields, which are deeply related to the industrial and 

economic status of countries worldwide. Thus, the implementation of nuclear energy has 

tremendously increased in that past 50 years. Practically, the energy consumption is 

expected to increase by 56% between 2010 and 2040. Fig. 1.1 shows world energy 

consumption going from 524 quadrillion British thermal units (Btu) in 2010 to 630 

quadrillion Btu in 2030 and to 820 quadrillion Btu in 2040 [1]. Energy consumption from 

Non-Organization for Economic Co-operation and Development (OECD) nations is 
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expected to dramatically increase after 2020 compared to OECD countries. Non-OECD 

countries are still developing their infrastructures and enhancing their novel technologies 

based on investments from the global companies in OECD countries. Thus, it may require 

more time and money to develop their countries.     

 
 

Fig.1.1. World energy consumption, 1990-2040, [U.S. Energy Information 

Administration ,July 2013] [1] (see Appendix. A) 

 

In other words, even though energy consumption will increase more than 50% in 

the future, it is still dependent on the oil and nuclear power to maintain their facilities [1]. 

Due to limited usages and environmental contamination from both coal and nuclear plants, 

utilization of these sources should decrease as in favor of renewable alternatives. 

According to the “Annual Energy Outlook 2013 with Projections to 2040,” Executive 

Summary:  “Electricity generation from solar and, to a lesser extent, wind energy sources 

grows as their costs decline, making them more economical in the later years of the 

projection.” [U.S. Energy Information Administration, July 2013] [2].  
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Even if the future of solar energy is bright, the lack of solar energy infrastructure 

and cost of installation hinders development. Even though the solar cell is popular energy 

resource, electricity suppliers are still focused on providing solar cells based on income 

analysis and regional differences. In other words, solar energy use is still restricted for the 

most part to individuals who can afford solar cells.  

Therefore, to satisfy rapidly increasing demands for green energy and to relieve the 

problems of economic status, an urgent need exists to increase the efficiency and reduce 

the cost of electricity (COE) in $/kWh [3],[4].  But, solar energy still shows relatively high 

COE compared to the existing energy sources so that increasing the conversion efficiency 

is a key to reducing COE of photovoltaic (PV) devices. Furthermore, the national energy 

policies should also support an increase in the general use of solar energy. 

Even though researchers are focused on increasing the conversion efficiency of PV 

devices by investigating semiconductor materials from periodic table of the element such 

as silicon, group III-V and group II-V, existing methods like thin-film solar cells or tandem 

solar cells are going to meet limitations due to their own material properties.  

For instance, the II-VI material-based thin film solar cell shows about 10% range 

of conversion efficiency due to organic material properties. Tandem solar cells present the 

greatest improvement of solar cell efficiency, but their material properties are problematic 

due to the need for increasing the number of carriers.  

To overcome these issues, new or innovative concepts are still needed to enhance 

PV conversion efficiency by both theoretical and experimental approaches. In Fig. 1.2, the 

wafer and thin film based first and second generation solar cells display high cost and low 

conversion efficiency [4]. But, third generation solar cells like tandem, multiple exciton 
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generation, hot carrier, and intermediate band solar cells can reduce cost and increase 

efficiency (see Fig. 1.2) [4].  

 

Fig 1.2. Efficiency vs cost of 1st, 2nd, and 3rd generation solar cells [4]. 

 

In Fig. 1.3, the current efficiency records of solar cells have dramatically increased 

to the point that tandem solar cells are leading PV devices with concentrators to achieve 

50% conversion efficiency [5],[6]. Further, the single junction silicon PV, Heterojunction 

with Intrinsic Thin-layer and GaAs-based III-V solar cell are also approaching 30% 

conversion efficiency [5],[6].  

In Fig. 1.2, 30% of single junction solar cells’ efficiencies are the range of first and 

second generation PV devices, which show high COE. Even if the efficiency of tandem 

solar cells display the range of third generation PV devices, it has to increase the number 
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of junctions or stacks to enhance efficiency, and it has shown some drawbacks such as 

material defects between layers and cost effectiveness.  

 

 

Fig. 1.3. Solar cell efficiency chart from 1975 to 2013 [National Renewable Energy 

Laboratory (NREL), Golden, CO., 2013] [5] (see Appendix A) 

 

1.2 The Current Issues for Solar Cells for Future Generation PV 

 

Among the renewable energy resources, solar energy is expanding as a popular 

energy alternative to replace existing energy sources. Using solar cells or PV devices is an 

eco-friendly way to generate electrical power without any pollution since solar energy is 

directly converted into electricity. The solar energy operation principle is the same as the 

theory of p-n junction diode wherein the excitation source is the Sun instead of temperature 

or electrical bias. Fig.1.4 provides information of solar cell operation wherein once photons 
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from the Sun enter a solar cell, there is an electron and hole pair generation at the emitter. 

A hole flows through the front contact, and an electron travels into the base [7]. 

 

Fig. 1.4. The operation of a solar cell [7] 

 

As carriers traverse the devices, they can experience losses of solar cells such as (1) 

thermalization loss, (2) recombination loss, (3) photon energy loss and (4) contact losses 

[4]. Typically, (2) and (4) are process dependent parameters that can be experimentally 

reduced. However, the theoretical approach of resolving (1) and (3) is necessary for third 

generation PV devices. For instance, the thermalization of hot carriers at a conduction band 
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is the dominant loss in the PV devices that can be reduced by multiple EHPs of single 

junction solar cells. Furthermore, (3) can be managed by splitting solar spectrum through 

tandem and intermediate band solar cells.  

The recent records of solar cells in Fig 1.3 have indicated that the existing 

technologies will approach its material induced limit.  For example, the recent world 

records for using the most single junction solar cells indicate that UNSW reported using 

about 25% Si solar cells and Alta Devices claimed using 28.2% AlGaAs/GaAs cascade 

materials [5],[6],[8],[9]. And, the current report of thin-film amorphous silicon solar cells 

has indicated 25.6%. [10]. These records have approached to the ideal single junction limit 

as 31%.  

Tandem solar cells are well-commercialized PV devices due to high conversion 

efficiency with light-concentrators. Current world records of tandem solar cells have been 

presented at 3J and 4J junction tandem solar cells. In a triple junction tandem solar cells, 

InGaAs (=1.00 eV)/GaAs (=1.42 eV)/InGaP (=1.89 eV) inverted metamorphic growth 

show 44.4% at 302 suns [6]. It is also shown 44.7% of four junction tandem solar cells 

from Fraunhofer ISE, Soitec, CEA-Leti and Helmholtz Center Berlin. This approach is 

composed of a wafer bonding structure with two dual junctions which its material 

composition is (InGaP(1.89 eV)/ GaAs (1.42 eV)// InGaAsP (1.05 eV) / InGaAs (0.73eV), 

297 Suns) [11]. But, its theoretical efficiencies from the detailed balance limit indicate 54.8% 

of 3J, and 59.4% of 4J from the same configurations. There is also more than 10% 

difference between theoretical and experimental efficiencies so that it is still necessary 

further developments to improve the entire properties of tandem solar cells.   
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The clear ways to enhance tandem solar cells are increasing the number of junctions 

and develop its corresponding materials. But, the current methods can face to approach to 

the theoretical limit of tandem solar cells due to defect issues.  

1.3 Thermodynamic Approaches for Nanostructured Solar Cells 

 

The thermodynamics limit or detailed balance limit of solar cells are the general 

test bed for developing new concepts for PV cells. Since Shockley and Queisser (SQ) 

developed the detailed balance of single junction in 1961 [12], it has been strong tools to 

expect the theoretical limit of proposed solar cells.   

In section 1.2, the author discusses the large difference between theoretical limit 

and experimental results of solar cells because of excluding non-radiative recombination 

in the detailed balance limits. Further, solar cells have their own material induced limits, 

for instance, silicon is an indirect bandgap materials in which there is an indirect transition. 

To suppress these properties, making nanostructured solar cells is a good candidate because 

of excellent quantum confinement and relaxed momentum conservation. And, 

nanostructured solar cells have a good light-control for better absorption.   

There are many proposed types of third generation PV cells such as multiple exciton 

generation (MEG) solar cells from many electron and hole pairs per one incoming photon, 

intermediate band solar cell (IBSC) by three carrier transitions and hot carrier solar cells. 

In the 1990s, various concepts such as multiple exciton generation (MEG) and 

intermediate band solar cells (IBSC) were proposed and their limiting efficiencies were 

also calculated to surpass the SQ limits.  
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MEG is a carrier multiplication solar cell per an incoming photon by impact 

ionization. Werner reported the limiting efficiencies of multiple exciton generation that its 

theoretical limit under one sun is about 45%after finding 130% of quantum efficiency in 

silicon and its optimum bandgaps are lowered about 0.7 eV [13], [14]. Luque and Marti 

proposed IBSC in 1997 and its theoretical limit is about 63% that it is similar to triple 

junction tandem solar cells, and active research using quantum dots of III-V materials is 

still being conducted in many groups with current reports about efficiencies around 20% 

[15],[16]. Tandem solar cells are the well-known commercialized PV cells with stacked 

different bandgap materials, and current reports shows over 40% utilization with 

concentrators [5],[6].  

1.4 Motivation for Hybrid Approaches 

 

Theoretical approaches for nanostructured solar cells have provided great impact 

to developing novel types of solar cells to achieve more than 50% conversion efficiency 

for future generations solar cells.  

As described in previous sections, continual improvements in efficiency are 

necessary to achieve approaches in which the levelized electricity cost is low. 

Nanostructured approaches and advanced concept approaches have been long suggested as 

a means of realizing efficiencies above the SQ limit. However, nanostructures and 

advanced concept approaches have not achieved an improvement in efficiency, due to a 

combination of the fundamental concepts themselves, as well as the materials suggested 

for their implementation. For example, the conventional intermediate band approach has a 

lower theoretical efficiency that a four junction tandem, which has already been 
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experimentally realized. Similarly, MEG approaches often utilize low band gaps and 

materials which have not a commercial or high efficiency experimental base. Moreover, 

MEG approaches, unless they use unrealistic concentration levels, and highly idealized 

assumptions, also have theoretical efficiencies below approaches already implemented. 

Thus, the overarching motivation of the thesis is to overcome these limits, primarily by 

developing hybrid approaches, which allow known materials to approach thermodynamic 

limits. In addition, for the special case of silicon, the thesis shows that the inclusion of 

MEG processes can realize high efficiencies. 

 

 

Fig.1.5.  The proposed hybrid solar cells: (a) The properties of solar cells (b) Hybrid 

Approaches and (c) is the advantages of hybrid solar cells.  
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For instance, (1) combining with MEG with multijunction solar cells offers the 

improved conversion efficiency with low bandgap material choices, (2) integrating IBSC 

with tandem solar cells provides the increased theoretical conversion efficiency with 

reduced number of junctions and (3) carrier multiplication effect in IBSC give an advantage 

of material choices at low bandgap region with improved theoretical efficiency. 

It is summarized in Fig 1.5 that describes (1) the properties of MEG, IBSC and 

tandem solar cells, (2) the combination procedures of existing technologies with 3rd 

generations PV of nanostructures and (3) the advantages of three proposed hybrid solar 

cells. 

Moreover, other benefits of hybrid solar cells in thermodynamics have provided the 

wide selections of materials. For example, because of MEG effect of each junctions in 

tandem solar cells or intermediate band solar cells, the overall optimum bandgaps have 

reduced while comparing the existing optimum materials. And, intermediate band and 

tandem hybrid approaches make it possible to choose from group IV, III-V and II-V 

combinations.    

1.5 Dissertation Outline 

 

In this dissertation, the author proposes the hybrid concept solar cell with a 

combination of third generation photovoltaic cell theory to search the multi-points of 

benefits. The general sequence of each proposed concept is calculated by combining its 

detailed balance theory and investigating appropriate materials. 

In Fig.1.6, process flows are presented to introduce the hybrid solar cells. The first 

two models are the detailed balance limit of tandem solar cells with multiple exciton 
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generation solar cell (see Fig.1.6 (a)) and intermediate band solar cells (see Fig.1.6 (b)) to 

improve the characteristics of tandem or multijunction solar cells. And, the last model is 

the thermodynamic model of carrier multiplications of intermediate band solar cell (see 

Fig.1.6 (c)). 

 

Fig. 1.6.  The development of hybrid concepts of solar cells using detailed balanceshows: 

(a) MEG and multijunction-tandem hybrid solar cells, (b) the intermediate band 

and tandem hybrid solar cells and (c) MEG+IB hybrid solar cells. 

 

The introduction explains the needs in solar cell technology and the purpose of this 

research along with its motivation.  Chapter 2 introduces the detailed balance limit of single 

junction solar cell, MEG, tandem and intermediate band solar cells to understand and 

support the novel concept of hybrid solar cells.  In chapter 3, the author discusses the 

thermodynamic limit of MEG solar cells and how low optimum bandgap materials can 

benefit the multijunction solar cell, and the delayed threshold energy can provide the 

impact of reducing MEG effect through different light concentration.  

In chapter 4, the author will discuss MEG and multijunction hybrid solar cells with 

assumption of carrier multiplications at each junction where a small number of junctions 

is achieved with enhanced theoretical conversion efficiencies compared to conventional 
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tandem solar cells. For instance, two or three junctions of MEG and multijunction hybrid 

solar cells are shown as having better performance than three or four junctions of tandem 

solar cells.  

In chapter 5, based on the theory behind the interaction of MEG and multijunction 

hybrid solar cells, the author discusses limiting efficiencies of silicon-based MEG solar 

cells with a concentrator and various threshold energies. Further, silicon-based double 

junction MEG and multijunction hybrid solar cells are discussed where silicon (with 1.12 

eV bandgap) is used at the upper junction materials and the appropriate bottom junction 

materials are searched based on theoretical efficiency calculations. Chapter 5 also includes 

the non-ideal quantum yield to calculate the limiting efficiency of silicon-based 

nanostructured multijunction solar cells. 

In chapter 6, experimental results are discussed of electrical and optical properties 

of a proto-type silicon nanostructured solar cell that that it is defined by electron beam 

lithography and reactive ion etching technology. The author discusses the importance of 

silicon nanostructured solar cells for further improvements like carrier multiplications. Its 

experimental conversion efficiency achieved about 6.4% conversion efficiency including 

an increased light-generated current, which has an optical resonance near bandgap of 

amorphous-silicon region.  

Chapter 7 will discuss the detailed balance limit of intermediate band and tandem 

solar cells showing how a double junction in this hybrid solar cell can gain efficiency 

comparable to the conventional six-junction tandem solar cells. This efficiency gain is due 

to three carrier transitions in the intermediate band solar cells. After calculating the detailed 
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balance limit, the author discusses the appropriate material needed for above 3eV 

intermediate band and tandem hybrid solar cells. 

Chapter 8 covers intermediate band solar cells of carrier multiplications hybrid 

solar cells. The intermediate band (IB) has metallic properties which are at half-filling 

states. The properties of IB for MEG in IB solar cells will be discussed through carrier 

multiplication of IBSC. 

Finally, the author will offer conclusions presenting the overall benefits of hybrid 

solar cells and discuss future research.  
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CHAPTER 2 

THERMODYNAMIC LIMITS OF SINGLE JUNCTION, TANDEM, MULTIPLE 

EXCITON GENERATION, INTERMEDIATE BAND SOLAR CELLS  

2.1 Background of Detailed Balance Limits 

 

 The detailed balance limit is the theoretical approach most typically used to 

calculate the performance limits for solar cells. It is the primary tool used in this research 

to calculate the efficiency of the proposed PV approaches. The following chapter presents 

the detailed balance approach, and applies it to the advanced concepts of multiple exciton 

generation and intermediate band processes.  

.  Detailed balance was applied to solar cells by William Shockley and Hans J. 

Queisser, who showed that a single p-n junction solar cell has a theoretical efficiency limit, 

also known as the Shockley-Queisser limit or the detailed balance limit [8]. 

The detailed balance limit is deeply related to thermodynamics, which is based on 

four fundamental laws:  

(1) The zeroth law states that when two systems sit in equilibrium with a third 

system, they are also in thermal equilibrium with each other;   

(2) The first law, also known as Law of Conservation of Energy, states that 

energy cannot be created or destroyed; it can, however, be redistributed or 

changed from one form to another. 

(3) The second law refers to the increased entropy that occurs in any isolated 

system, which is not in thermal equilibrium.  
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(4) The third law states that the entropy of a system approaches a constant value 

as the temperature approaches zero [17].  

Every system in thermal equilibrium physics is satisfied by zeroth and first laws of 

thermodynamics. When including the second law, the detailed balance limit provides an 

explanation about the upper limit of an ideal solar cell related to the temperature of both 

the sun and solar cell. 

 
Fig. 2.1.  (a) In this solar cell model (a), the detailed balance limit, shows T1 representing 

solar radiation as it relates to the temperature of the sun with full exposure. Fig. 

2.1b (T2) also shows temperature radiation angles within the solar cell, but this 

model is only partially exposed to the sun [7]. 

 

Under maximum concentration as shown in Fig. 2.1 (a), the solar cell absorbs 

incident photons from every direction. The realization of this requires optical approaches. 

Fig. 2.1 (b) shows a solar cell without concentrated sunlight. In this case, the solar cell 

emits radiation in all directions, but at any given time only a portion of the sky radiates 

sunlight on the solar cell. .  

 After absorbing the incident photons greater than bandgap energy, there is one 

electron and hole pair (EHP) generated. Shockley and Queisser have presented that there 

are five carrier processes which can occur: (1) one EHP generation, (2) radiative 

recombination, (3) non-radiative generation, (4) non-radiative recombination and (5) 
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removing electron from n-contact and hole from p-contact [12]. In the steady state, the sum 

of these five processes should be zero to calculate the current-voltage characteristics. But, 

non-radiative processes like (3) and (4) are often not included in efficiency limit 

calculations and only the radiative recombination process is considered in the detailed 

balance limit calculations [12]. 

The detailed balance limit is a purely rate based calculation between (1) solar 

particle flux and (2) EHP generation and recombination. 

 

 
Fig. 2.2.  Illustration of solar photon energy distribution between the Sun and the Earth. 

 

To calculate the light-concentration in the solar cells, a geometrical factor is 

important which is related to the distance between the Sun and the Earth.  Fig. 2.2 shows 

the dilution of sunlight as dependent on the amount of solar radiation reaching the Earth. 

The sunlight intensity is smaller with increasing distance of an object from the Sun. If a 

radius of the Sun is R and a radius of the Earth’s orbit from the Sun is D, the energy density 

at the Earth surface is a ratio of (=4π·R(=696M·m)2·QS/4π·D(=150G·m)2=fS ·QS) where 

QS is the emission energy of Sun. Therefore fS (=2.16×10-5 or 1/46200) is called a 
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geometric factor or dilution factor. And, its factor is related to the incident power and 

incident angle of solar cell [12],[18].  

2.2 The Detailed Balance Limit  

 

The detailed balance limit of solar cells is a tool for calculating the theoretical 

maximum conversion efficiency of the proposed ideal solar cell model. The first theoretical 

approach to calculate the efficiency of single junction solar cells was developed and 

calculated by Shockley and Queisser (SQ) [12]. Its SQ limit has provided the key-

directions to develop the solar cells to reach their calculated efficiency. As results, the 

experimental results are within the SQ limit.  

The following assumptions of detailed balance define the ideal solar cell: 

(1) one electron and hole pair generation per photon, 

(2) the radiative recombination of a photon emission, 

(3) infinite mobility, and 

(4) the complete absorption of all photons above the bandgap. 

Fig. 2.3 describes the process of one EHP generation for single junction solar cell.      

While photon energy with greater than bandgap energy is incident into solar cells, there is 

electron and hole pair generation. The excited electron at the conduction band contributes 

to the production of an electrical current. Due to the infinite mobility of carriers, the quasi-

Fermi level is constant in a p-n junction. The general approach of detailed balance is based 

on the thermodynamic laws where solar energy is exchanged with the ideal photovoltaic 

devices [12],[18].  
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Fig. 2.3.  This illustration shows the process of one-electron and hole pair generation of a 

single junction solar cell where µ is the chemical potential, and εFC and εFV are 

the Fermi level at conduction band and valence band, respectively. 

 

The detailed balance or thermodynamic limit model is based on the particle flux of 

Plank’s equation, which is shown in Equation (2.1). Based on this equation, the general 

detailed balance equations of solar cells are obtained in equations (2.1), (2.2) and (2.3) 

([12], [18]).  

The detailed balance or thermodynamic limit model is based on the particle flux of 

Plank’s equation, which is shown in Equation (2.1). In Equation (2.2), the first term is the 

absorption from the Sun, the second is the absorption from the blackbody radiation of the 

earth and the last terms is the emission of photon or emission flux.  Equation (2.3) is the 

chemical potential or quasi-Fermi level separation of solar cell.  
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 Vqgμ                                    (2.3) 

where  is the solar photon flux under a given photon energy range between E1 and E2,  fS 

is the geometric factor(= 1/46200) and C is the concentration of sunlight (=1~46200), q is 

the element of charge (=1.6×10-19 C), k is the Boltzmann constant (=1.38×10-23 J/K), h is 

Plank’s constant (=6.63×10-34 J·s), c is the speed of light (3×108 m/s), fS is the geometric 

factor (=1/46200), E1 is the low energy state and E2 is the high energy state, TS is the 

temperature of the sun (=6000 K), TC is the solar cell’s temperature (=300 K), and µg(=q·V) 

is the chemical potential of single junction solar cell where V is the operating voltage. 

 

Typically, the full concentration is directly related to a geometric factor, C=1/fS in 

equation (2.2), that the solar cells absorbs sunlight from all directions so that the value of 

C is 46200 suns. 

The maximum power of solar cell is calculated by  
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          (2.4) 

where Jm and Vm are the current density and operating voltage at the maximum 

power point; the subscript m stands for maximum power, and σ is the Stefan-Boltzmann 

constant (=5.67 x 10-8 Wm-2K-4) 

If the input spectrum is changed to the terrestrial spectrum, Equation (2.2) is 

replaced by (2.5) 
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where ГAM1.5 is the terrestrial spectrum from ASTMG 173-03 and Eg,max is the end 

of photon energy in terrestrial spectrum (=4.428 eV) 

Based on these equations, the results were obtained for both blackbody radiation 

and a terrestrial spectrum as a function of bandgap under one sun and full concentration 

(=46200). The results are shown in Fig. 2.4 and Table 2.1. 

 
 

Fig. 2.4. The efficiency with Eg variation of single junction solar cells (Black Body and 

terrestrial spectrum) where (a) is  blackbody radiation with one sun and full 

concentration (C=46200) and (b) is terrestrial spectrum with one sun and for full 

concentration (C=46200) 

 

 

Table 2.1. The maximum efficiency and optimum bandgap of single junction solar cell 

with different spectrum and concentration.  

 

One Sun Efficiency Optimum Bandgap 

Black Body 31.0% 1.31 eV 

AM1.5G 33.7% 1.34 eV 

C=46200 Efficiency Optimum Bandgap 

Black Body 40.7 % 1.11 eV 

AM1.5D 45.1 % 1.12 eV 
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To calculate the theoretical efficiency of a terrestrial spectrum case, the author used 

the AM1.5G for one sun and AM1.5D for full concentration (C=46200).  

The well-known maximum conversion efficiency for blackbody radiation is 31.0% 

and the remaining 69% value represents a loss for solar cells. Those losses are composed 

of thermalization of hot carriers, transmission, radiative emissions, contact, etc. Among 

these losses, the thermalization of hot carriers is dominant, which comprises about 50% of 

losses. Once excited electrons with excess energy are in the conduction band, these carriers 

are experienced with lattice scattering (=phonon emission) until the carriers are relaxed to 

the conduction band edge. The heat loss is defined as the thermalization loss [19]. 

To minimize the losses of solar cells, the concentration is the first solution. 

However, the maximum conversion efficiency of single junction solar cell under maximum 

concentration (C=46200) is 40.7% under blackbody radiation that approximately, 60% of 

solar energy is not converted. In other words, the minimization of thermalized hot carriers 

is important for further improvements of single junction solar cell by various ways. Thus, 

the author would like to discuss three different solar cells which are tandem solar cells, 

multiple exciton generation and intermediate band solar cell in the next three chapters.   

2.3 Tandem Solar Cells 

 

Tandem or multijunction solar cells are composed of multilayers of well-matched 

different bandgap materials. There are many reports about detailed balance calculations for 

tandem solar cells, which includes finding the appropriate materials [20],[21].  

Tandem solar cells are also the one of most commercialized solar cells. Today’s 

current-matched tandem solar cells have focused on triple junction solar cells, which 
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achieved 43.5% of GaInNAs/GaAs/InGaP (lattice-matched growth) with 500 suns [22] and 

44.4% of InGaAs/GaAs/InGaP (inverted metamorphic growth) with 302 suns [6]. The 

current world record of 4 junction tandem solar cells is 44.7% of wafer bonding approaches 

with InGaP/GaAs//InGaAsP/InGaAs under 297 suns [11],[23].   

The detailed balance of tandem solar cells is based on (1) the model of a single 

junction solar cell, (2) spectral splitting to find optimum bandgaps and maximum 

theoretical conversion efficiencies and (3) the perfect mirror between layers where other 

photon energy greater than bottom junction is not related to other layers.   

Two kinds of connections can be used, which are independent and series 

connections. Optimum conversion efficiency is calculated by (1) adding maximum power 

at each junction for independent connection tandem solar cells and (2) current-matching of 

each junction for series connection [20]. Fig. 2.5 shows a schematic of tandem solar cells 

and two kinds of connections are described for double junction tandem solar cells. 

Independent or unconstrained connections are not electrically coupled for each sub-cell.  

The series connection of tandem solar cells is calculated by finding the current-matched 

conditions for the individual junctions. For instance, Fig. 2.5 (b) is an independently 

connected double junction solar cell and Fig. 2.5 (c) is the series-connected double junction 

solar cell; their general mathematical relationships are summarized in Table 2.2       
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Fig. 2.5.  The schematic of tandem solar cells: (a) shows is the general schematic of 

tandem solar cells, (b) shows a two-junction independent connection, and (c) 

shows a two-junction series connection where Eg(i) stands for bandgap energy of 

each sub-cell in tandem solar cells, and  i=positive integer. 

 

 

Table 2.2. The relationship of theoretical efficiencies for tandem solar cells between an 

independent connection and a series-connection. J is the current density and V 

is the operating voltage, Jm is the current density at maximum power point and 

Vm is the operating voltage at maximum power point. Pmax is the maximum 

power, and i=1,2,3…N. 

 

Connection Current  Density Operating Voltage Maximum Power 

Independent 

Connection 

Jm,i Vm,i 
i,mV

N

1i
i,mJmaxP 



  

Series Connection JTotal=J1=···=JN VTotal=V1+···+VN Pmax=JTotalVTotal 
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             Fig. 2.6. The spectral splitting of double junction tandem solar cells 

 

The spectral splitting is also important to find optimum conditions of tandem solar 

cells. Fig. 2.6 describes the procedure of spectral splitting in double junction tandem solar 

cells under terrestrial spectrum. The dotted line in Fig. 2.6 is the boundary of solar spectrum 

for a double junction tandem solar cell; above this photon energy, photons are absorbed in 

the top junction and below it they are absorbed in the bottom junction(s)While shifting this 

boundary point, we  can obtain the conversion efficiencies and the corresponding optimum 

bandgaps. At the boundary, there is a perfect mirror to split the solar spectrum. The overall 

simulation results of double junction tandem solar cells are shown in Fig. 2.7 and Table 

2.3 under one sun illumination.  
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   Fig. 2.7. The efficiency contour of 2 junction tandem solar cells 

 

Table 2.3. The efficiency table of double junction tandem solar cells under one sun 

illumination with terrestrial spectrum (AM1.5G spectrum). 

 

Number of Junction Eg1 (eV) Eg2 (eV) Efficiency (%) 

2 (Independent connection) 0.94 1.73 46.1 

2 (Series Connection) 0.95 1.61 45.7 

 

The overall results shown in Fig 2.7 are that the contour plots of a 2J independent 

connection shown in Fig. 2.7 wherein (a) is broader than that of the series-connection and 

However, the series connection should be matched with the lowest current of a junction, 

thereby creating its contour region as shown in Fig 2.7 (b), which is narrower than the 

independent connection.  

2.4 The Multiple Exciton Generation Solar Cells  

 

The detailed balance of single junction solar cell is based on one electron-hole pair 

generation per incident photon giving a maximum theoretical efficiency for photovoltaic 

(PV) devices of 31 % under one sun illumination with blackbody radiation [12]. As 
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mentioned in section 2.2, the thermalization of hot carriers at the conduction band is the 

largest amount of losses of single junction solar cells. Thus, if this thermalization loss can 

be reduced in the solar cell, a higher efficiency can be realized.  

When incoming photon energy is greater than bandgap hit is incident on a single 

junction solar cell, detailed balance calculations assume that there is one EHP. This process 

is shown in Fig. 2.8 (a).  

 
 

Fig. 2.8.  (a) Thermalization of electrons of single junction solar cells results in energy 

loss and heat generation; (b) MEG has the potential to create more than one EHP 

per absorbed high energy photon where Eph is the photon energy, CB is the 

conduction band, VB is the valence band and I.I is the impact ionization © [2013 

IEEE] [24].  (see Appendix. B) 

 

The excess energy of the incident photons makes possible the generation of more 

than two EHPs due to impact ionization. This process is called the carrier multiplication or 

multiple exciton generation (MEG).  

Such processes were first measured in a solar cell device by Kolondinski [13] in 

1993, with a quantum efficiency over 100% from a bulk type of silicon solar cell. 
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Subsequently, Werner published the detailed balance limit of carrier multiplication for the 

blackbody radiation and terrestrial spectrum under one sun. The optimum bandgaps (Eg) 

are 43.6% at 0.758 eV and 44.2% and 0.7 eV under blackbody radiation and AM1.5G 

respectively [14],[25]-[27] The detailed balance limit of MEG includes the quantum yield 

(QY) which is stair-case step function after threshold energy which is energy over QY over 

100% and its value is two times of bandgap energy [26]. It will be discussed in section 3.2 

with Fig 3.2.  

Compared to single junction solar cell, the assumption of one EHP generation is no 

longer followed in MEG solar cells, such that a single photon can create more than two 

EHPs by the impact ionization. The reverse MEG process contributes to emit one photon 

emission by Auger mechanism [28]. The multi-carries interactions at the conduction band 

are explained by Auger recombination. In the thermodynamics of MEG, multi-carrier 

recombination can transfer energy to an electron having the highest energy state to emit a 

single photon. Thus, it means that voltage is not increased by quantum yield that explains 

the emitted photon energy. But, it experimentally shows many differences such as a 

radiative emission, a faster generation rate than bulk Auger mechanism.    

Recently, the nano-crystals or quantum dots have demonstrated the MEG effects 

for high energy photons by using PbSe and PbS colloidal quantum dots over 300% of 

internal quantum efficiencies with delayed the threshold energy that it is the energy of QY 

over 100% [29].  

A QY measurement by ultra-fast transient absorption spectroscopy shows that the 

QY linearly increase after the threshold energy and its threshold energy is generally 

between 2·Eg and 3·Eg [29]. But, the effect of increasing threshold energy provides the 
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huge impacts for maximum conversion efficiency and its optimum bandgap. Therefore, the 

generalized detailed balance limit of MEG solar cell in the thermodynamic limit will be 

discussed in the Chapter 3 with different QY (Ideal and non-ideal QY) and the change of 

threshold energy.  

2.5 The Intermediate Band Solar Cells 

 

The intermediate band solar cell (IBSC) was proposed by Marti and Luque in 1997 

[15]. The band structure of an intermediate band solar cell is shown in Fig 2.5 [15], where 

an additional energy level (or band) is introduced into the previously forbidden band gap. 

Crucially, the band has a separate quasi-Fermi level than either the conduction or valence 

band.   

Conventional assumptions of IBSC are (1) only radiative recombination (2) the 

infinite mobility to make constant of the quasi-Fermi levels and make three separate quasi-

Femi levels (εFC, εFI and εFV ) shown in Fig 2.9, (3) no carrier extraction at intermediate band 

(electrons in conduction band and holes in the valence band can only be extracted to the 

ohmic contact), (4) absorption of all photon above the band gaps, (5) a perfect mirror at the 

back of IBSC that the radiation generated can only escapes to the front side of illumination 

(similar to tandem and single junction solar cells), (6) isotropic illumination of cell for 

maximum efficiency [15].  

The IB level makes it possible to generate three transitions which are (1) from 

valence band to conduction, (2) valence band to intermediate band and (3) intermediate 

band to conduction band. Then, two carriers at a conduction band can contribute to generate 

an electrical current because of assumption (1) and (3).  Fig. 2.9 shows about the band 
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structure and carrier transitions in an IBSC. Further, the intermediate band shows a metallic 

band properties that it is half-filling state which it is electrically isolated [15],[30]. 

 

 
 

Fig. 2.9.  The carrier transitions of intermediate band solar cells, where Eg is the bandgap, 

ECI is energy between intermediate band and conduction band, EIV is the energy 

between intermediate band and valence band, subscripts (V, I, C) are valence 

band, intermediate band and conduction band respectively.  
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 IVCIg μμμ                (2.9)  

where TS is the temperature of the sun (=6000 K), TC is the solar cell’s  

temperature(=300 K),  is the solar photon flux under given photon energy range between 
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E1 and E2,  i=1,2,···, fS is the geometric factor(= 1/46200) and C is the concentration of 

sunlight, q is the element of charge, k is the Boltzmann constant (=1.38×10-23 J/K), h is the 

Plank’s constant (=6.63×10-34 J·s), c is the speed of light (3×108 m/s), E1 is the low energy 

state and E2 is the high energy state. μCI is the chemical potential between conduction band 

and intermediate band, μIV is the chemical potential between valence band and intermediate 

band and μg is the chemical potential for bandgap. 

 

Fig. 2.10. Efficiency vs bandgap of conventional intermediate band solar cells under fully 

concentrated sunlight (C=46200) accounting for bandgap optimization.  

 

Equations from (2.6) to (2.9) are the detailed balance equations of IBSC. To 

determine appropriate intermediate band level, the generation rate and recombination rate 

of between (1) valence band to intermediate band and (2) intermediate band to conductions 

should be the same and it is shown in Equation (2.8). The simulation results of IBSC are 

summarized in Fig. 2.10 and Table 2.4. 
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Table 2.4. The optimum bandgaps and maximum efficiency of full concentration for a 

single IBSC with blackbody radiation.  

 

 ECI (eV) EIV (eV) Eg (eV) Efficiency (%) 

C=46200 0.72 1.25 1.97 63.2 

 

Table 2.5. The optimum bandgaps and maximum efficiency of conventional triple junction 

solar cells for independent and series connection under full concentration with 

blackbody radiation. 

 

Tandem Eg1 (eV) Eg2 (eV) Eg3 (eV) Efficiency (%) 

Independent 

Connection 

0.62 1.26 2.10 63.8 

Series 

Connection 

0.60 1.14 1.82 63.1 

 

Both Table 2.4 and 2.5 show that the theoretical conversion efficiency of IBSC 

under full concentration is similar to those of triple junction tandem solar cells under full 

concentration. In implementing intermediate band solar cells, III-V quantum dot structures 

provide promising structures of IBSC in which two materials (one is for barrier and the 

other is for quantum dot) form the IBSC.  IBSC with III-V quantum dot provides a higher 

theoretical efficiency than a single junction solar cell. This advantage will be discussed in 

the chapter 7 by forming a hybrid with a tandem solar configuration. 
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CHAPTER 3 

IMPACT OF THRESHOLD ENERGY ON LIMITING EFFICIENCIES IN MULTIPLE 

EXCITON GENERATION SOLAR CELLS 

3.1 Introduction 

 

Multiple exciton generation (MEG) [4],[31],[32] solar cells offer an approach to 

increasing solar cell efficiency above the Schockley-Queisser limit (or single junction solar 

cell limit) [12] without the need for multiple junctions. Prior to its examination for solar 

cells, the generation of multiple electrons from high energy processes has been used 

experimentally in several applications including impact ionization in avalanche 

photodiodes; the generation of multiple carriers from a high energy electron in EBIC 

(electron beam induced current measurements); and in radiation detectors [ 33]-[36]. 

However, these processes use excitation energies many times the bandgap, making them 

unsuited for absorption from the solar spectrum. However, experimental measurement of 

greater than unity quantum efficiency from light with photon energies between two to three 

times the bandgap shows that multiple electrons can be generated with energies available 

in the solar spectrum, with one of the first experimental demonstrations in a bulk silicon 

solar cell [13].  

Despite the first demonstration of carrier multiplication in silicon solar cells, 

experimental results in MEG solar cells focus primarily on nanostructures and smaller 

bandgaps, due to detailed balance efficiency calculations giving the optimum bandgaps at 

low values [4],[31],[32]. Quantum dots are of special interest since momentum 

conservation rules are relaxed, hot carrier cooling rates are potentially slowed, and 
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Coulomb coupling is greatly enhanced to increase the rate of the Auger process 

[4],[31],[32]. Because of theoretical efficiency models [4],[25]-[28] which highlight the 

uantum yield (the ratio of the number of carriers generated to the number of photons of a 

given energy incident on the solar cell), experiments have focused heavily on the 

measurement of the quantum yield (QY).  

Measurements of QY in quantum dot (QD) nanostructures initially reported QYs 

in a PbSe system of up to 300% [37], and measurements reported by various groups and 

materials showed QYs of up to 700% [38] Material systems examined include PbS [29], 

PbSe [29],[39], CdTe [40], CdSe [40],[41], InAs [42],[43], and Si [19],[44]. The initial 

high reported values of QY [38] are close to those needed for ideal thermodynamic 

efficiencies when a solar cell is operating at moderate concentration. However, 

uncertainties in the measurement of QY due to effects such as surface states and long-lived 

QD photocharging in the pump-probe measurements [45]-[51] have resulted in accepted 

values up to 300% [48] in QD systems to 130% for PbSe QDs without using the transient-

absorption method [52]. These QY studies also include measurements of the threshold 

energy. For example, a measurement of Si nanocrystals gives a QY of 260% and a 

threshold energy of 2.4Eg,si where Eg,si is the effective bandgap of the Si nanocrystals [44]. 

Threshold energies of other materials range from 2.2Eg [53] to 4.2Eg [51]. 

The inclusion of less ideal QYs and concentration consistent with physically 

realistic levels (i.e., below the maximum concentration of 46200 assumed in detailed 

balance) changes the theoretical efficiency as well as the optimum bandgaps for the MEG 

process. While there have been numerous detailed balance studies for MEG processes 

[14],[25],[26],[54]-[56], including the impact of non-ideal QYs [54]-[56], the impact of the 
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threshold energy has examined under terrestrial spectrum. But, the blackbody radiation has 

not been well examined with and without light concentration. In this chapter, the author 

includes the threshold energies in detailed balance calculations, showing that there is no 

theoretical benefit from MEG processes if the threshold energy is above approximately 3Eg 

(for one sun) to 4Eg (for concentrated sunlight). 

 

Fig. 3.1.  (a) Thermalization of electrons of single junction solar cells results in energy 

loss and heat generation; (b) Multiple Exciton Generation results in more than 

one EHP per absorbed high energy photon where Eph is the photon energy, Eg is 

the bandgap energy, CB is the conduction band, VB is the valence band.  

 

Since measured values of the threshold energy are within this range, it is important 

to include threshold energies in the detailed balance calculations. Further, the impact of the 

threshold energy with higher concentration voids the design rule in which lower bandgaps 

increase the theoretical efficiency of an MEG solar cell.  
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MEG solar cells increase the theoretical solar cell efficiency compared to a single 

junction solar cell by using photons with energy at least twice the bandgap to generate two 

or more electron hole pairs (EHPs). In a conventional solar cell (Fig. 3.1(a)), a high energy 

excited electron relaxes to the conduction band edge and emits heat. In MEG solar cells as 

shown in Fig. 3.1(b) the extra energy generates one or more additional EHPs.  

3.2 Theory 

 

The detailed balance calculations of MEG solar cells follow general detailed 

balance approaches, but differ from conventional detailed balance in that the assumption 

of one electron hole pair (EHP) per incident photon is circumvented. In conventional solar 

cell detailed balance calculations, the QY is assumed to be unity and the reflection is zero, 

giving a maximum QY of 100% for photons with energies above the bandgap and below 

it.  

The ideal QY of an MEG cell is step-like, such that photons with energy between 

Eg and 2Eg generate a single EHP, photons with energy between 2Eg and 3Eg generate two 

EHPs, and so on, as shown below: 

,..3,2,1m

gEMEM
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gEE00
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                        (3.1) 

where m is the number of multiple electron hole pairs generated, M is the maximum 

number of electron hole pairs which are generated, Eg is the bandgap, and E is the photon 

energy.  

The value of M (the maximum number of EHPs which are generated from a photon 

or the maximum QY) theoretically depends on the solar spectrum and the bandgap. For a 
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black body (BB) spectrum, M is very large, since the BB spectrum contains photons at 

arbitrarily high energies, and hence even high bandgaps will encounter photons with 

energies many multiples of the bandgap. However, for spectra such as AM1.5, where the 

highest energy photon is at a finite energy (for AM1.5 (ASTMG 173-03 [57]) the highest 

energy photon is 4.428 eV), the maximum number of EHPs which can be generated 

depends on the bandgap. Fig. 3.2 (a) shows the ideal QY vs. photon energy for three 

bandgaps, showing that M=7 at Eg = 0.56 eV, while for a bandgap of Eg=1.68 eV, 

theoretically M = 2 (i.e., at most two electron hole pairs can be generated). 

 

Fig. 3.2.  (a) Ideal QY for three different bandgaps under the AM1.5 spectrum and (b) 

non-ideal QY with A=1 for one value of Eg (=1.12eV) and three different 

threshold energies.  

 

Experimentally, measured QYs diverge from the ideal QY because: (1) the 

threshold energy for a multiple exciton generation event is Eth = r·Eg where r≥2 is a real 

number and (2) rather than displaying a step-function shape, experiments show a linear 
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increase in the QY with energy. The equation for non-ideal QY is given in equation (3.2) 

[54].  

 ),..
gE

thEE
()thE,E(A)gE,E()E(QY


                         (3.2) 

where θ is the heaviside step function; A is the slope of the linearized QY (in terms 

of QY and the photon energy normalized to Eg), Eg is the bandgap; and Eth is the threshold 

energy for a MEG event.  

 

The non-ideal QY in Fig. 3.2 (b) shows that the threshold energy has a large impact 

on the maximum QY. For example, for the AM1.5 spectrum, and a threshold energy Eg = 

2Eg, M retains the same value as in the ideal case, but the maximum QY is reduced to 2 

with a threshold energy of three times the bandgap (see Fig. 3.2(b) green and red lines). 

For this bandgap, there is no impact from MEG processes (i.e., M=1) when Eth = 4Eg.  

Further, although the ideal slope A is 1, experimental measurements are best fit 

using less ideal values [54].  The impact of the slope vs stair-case QY has been examined 

in detailed balance [54] but not the impact of threshold energy. In this chapter, the author 

includes the effect of non-ideal threshold energies in detailed balance calculations. 

Particularly for the case of AM1.5 and under concentration, the threshold energy has a 

dominant impact on the efficiency and optimum bandgap at A=1.  

Using the above non-ideal equations for QY, the theoretical thermodynamic 

equations for the MEG solar cell are given below, where equation (3.5) is the current 

density for BB radiation and equation (3.6) is that for a terrestrial spectrum.  
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where  is the particle flux given by Planck’s equation for a temperature T with a 

chemical potential µ in the photon energy range between E1 and E2 (from Equation (3.3)); 

 MEG is the particle flux for MEG solar cell (from Equation (3.4)), h is Planck’s constant; 

c is the speed of light; μ is the chemical potential of a single junction solar cell (=q·V) 

where V is the operating voltage, μMEG is the chemical potential of MEG (=q·QY(E)·V); k 

is the Boltzmann constant; J is the current density of the solar cell; q is the element of 

charge; C is the optical concentration (C=1~46200); fS is the geometry factor (=1/46200), 

TS is the temperature of the sun (=6000K); TC is the solar cell’s temperature (=300K); Emax 

(=4.428 eV at 280 nm wavelength) is the highest photon energy of the terrestrial spectrum  

and Г(E) is the converted terrestrial spectrum from ASTMG 173-03.   

3.3 Results 

 

Using the above equations, the well-known ideal efficiencies versus bandgap of 

MEG solar cells under blackbody radiation for one sun (C=1) and under full concentration 
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(C=46200) are shown in Fig. 3.3 (a) and (b) respectively as a function of M. Compared to 

existing literature, the author repeats these plots with an extended number of calculations 

for M in order to identify the M value after which no further efficiency increase is 

calculated. For the one-sun BB case, the maximum efficiency is saturated after M=13 (i.e., 

a total of 13 EHPs generated from the high energy photons) and the conversion efficiency 

is 44.7% at Eg=0.77 eV. At full concentration, the maximum conversion efficiency is 

85.9% at Eg = 0.05 eV at M=200.  

 
 

 

Fig. 3.3. Efficiency vs Eg with ideal QY for one sun and maximum concentration for 

Blackbody Radiation and terrestrial spectrum where M is the maximum QY. 

 

The ideal MEG solar cells efficiencies for the AM1.5 spectrum under one sun and 

under maximum concentration are shown in Fig. 3.3 (c) and (d). For one sun illumination, 

the conversion efficiency is saturated at M=5 for which Eg = 0.7 eV. A QY = 300% 
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(corresponding to M=3), which is consistent with experimental measurements of QY, 

should allow close to ideal theoretical efficiencies. At maximum concentration, the 

conversion maximum efficiency is 79.8% at Eg = 0.31eV and M = 14. In Fig. 3.3 (c) and 

(d) there are no values plotted below 0.3 eV as there are no photons in the AM1.5 spectrum 

below this value, and reducing the bandgap below the lowest photon energy only degrades 

efficiency.  

 
 

Fig. 3.4. Efficiency vs Eg for non-ideal QY as a function of threshold energy under both 

one sun and full concentration (Blackbody radiation and terrestrial spectrum) 

 

Fig. 3.4 shows the theoretical efficiency with non-ideal QYs for BB and AM1.5 

spectra. Eth = 2Eg corresponds to the ideal threshold energy, and QY is linearly increased 

(A=1) after 2Eg. For these calculations, there is no limit placed on the maximum ideal QY 

values as there is for the ideal QY calculations above.  
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The results for the BB spectrum illustrate a dual peak structure or broadening of the 

efficiency peak due to non-ideal Eth. Because under concentration the optimum bandgap 

is smaller, the efficiency curves under maximum concentration with non-ideal Eth display 

two peaks in the efficiency. This is due to the fact that at low bandgaps, the difference in 

the number of photons at energies twice the bandgap and at several times the bandgap is 

insignificant. 

Table 3.1. Efficiency vs optimum Eg (eV) for ideal QY and Non-Ideal QY for Blackbody 

Radiation and ASTMG 173-03 where η (%) is the maximum conversion 

efficiency, M is the maximum ideal quantum yield and Eth is the threshold energy. 

  

Ideal Quantum Yield 

 One sun Full Concentration 

 Black Body Spectrum 

M 1 2 ¨ 13 1 2 ¨ 200 

Eg 1.31 1.05 ¨ 0.77 1.11 0.83 ¨ 0.05 

η 30.9 39.6 ¨ 44.7 40.7 55.6 ¨ 85.9 

 Terrestrial Spectrum (ASTMG 173-03) 

M 1 2 ¨ 5 1 2 ¨ 14 

Eg 1.34 0.95 ¨ 0.7 1.12 0.7 ¨ 0.31 

η 33.7 41.9 ¨ 44.4 45.1 60.2 ¨ 79.8 

Non-Ideal Quantum Yield 

 One sun Full Concentration 

 Black Body Spectrum 

Eth 2Eg 3Eg ¨ 8Eg 2Eg 3Eg ¨  

Eg 0.84 1.24 ¨ 1.31 0.07 0.04 ¨  

η 36.5 31.5 ¨ 30.9 85.8 85.7 ¨  

 Terrestrial Spectrum (ASTMG 173-03) 

Eth 2Eg 3Eg ¨ 8Eg 2Eg 3Eg ¨ 8Eg 

Eg 0.93 1.34 ¨ 1.34 0.31 0.31 ¨ 1.12 

η 37.1 33.7 ¨ 33.7 76.6 58.3 ¨ 45.0 

 

However, as the bandgap increases, the threshold energy begins to play a strong 

role, such that at about Eg ≥ 0.5 eV with Eth > 4 or 5Eg, there is essentially no efficiency 
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benefit from MEG processes- in this bandgap range, the MEG solar cell is the same as a 

conventional device. At moderate threshold energies, the conversion efficiency vs. 

bandgap corresponds to a combination of the ideal MEG efficiency curve at low bandgaps 

and the ideal single junction efficiency curve at higher bandgaps. A similar effect is shown 

for the non-ideal MEG efficiencies at AM1.5, but with the convergence between the MEG 

and conventional solar cell occurring at lower Eth.  

The key values of M, Eth, Eg, and efficiency are summarized in Table 3.1, and 

highlight the impact on optimum bandgap and efficiency of including threshold energy in 

the calculations. First, as expected with the inclusion of non-idealities, the overall 

efficiency is lower. For example, comparing the ideal M=2 case with that of the linear QY 

and Eth = 2Eg under one sun illumination, the optimum efficiency is 36.5% in BB and 

37.1% in AM1.5 instead of 39.6% in BB and 41.9%. Further, there is a substantial drop in 

the conversion efficiency with threshold energies consistent with experimental values in 

the range between 2Eg and 3Eg. At 3Eg, the maximum efficiency under one sun is 

essentially identical to a single junction solar cell, with no theoretical benefit derived from 

the MEG process, regardless of what the maximum QY is assumed to be. 

Another substantial difference observed with the inclusion of Eth is the value of the 

optimum bandgap for MEG cells. In ideal QY calculations, an efficiency increase from the 

MEG process exists even for bandgaps up to about 0.5 eV, but when a higher Eth is 

considered, the efficiency benefits are strongly reduced at higher bandgaps. Ideal BB MEG 

calculations give an optimum Eg =0.05 eV at maximum concentration. While such low 

bandgaps are not realistic, in general the results show a slowly increasing optimum 

bandgap depending on the maximum QY. However, the dual peak (or peak broadening for 
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lower concentration) voids this design rule, with the efficiency decreasing unless Eg <0.5 

eV and Eth < 4Eg are assumed. At maximum concentration with the terrestrial spectrum, 

after the threshold energy exceeds 4Eg, the maximum efficiency and optimum Eg is fixed 

at 45.0 % and Eg = 1.12 eV. Typical measurements of threshold energies are on the order 

of from 2Eg to 3Eg, which is significant since it leads to a theoretically predicted optimum 

bandgap range that includes commonly used semiconductors for solar cells, including 

silicon. 

3.4 Conclusion 

 

In summary, the author has applied a generalized detailed balance model to MEG 

solar cells. For this simulation, using both ideal and non-ideal QYs the author calculates 

and compares conversion efficiencies under blackbody and terrestrial solar spectrum 

irradiation with and without concentration. Like the cases with ideal QYs, the optimal 

parameters (Eg and η) of non-ideal QYs (with ideal threshold energies and maximum 

concentration) show that the author can choose extremely low bandgap materials for MEG 

solar cells. However, the conversion efficiency and optimum bandgap are strongly 

dependent on the threshold energy, and the value of the efficiency for low material 

bandgaps is particularly sensitive to such non-idealities. For intermediate concentration 

and values of the threshold energy above Eth = 3Eg, the efficiencies and the optimum 

bandgaps are essentially identical to those without MEG processes.  
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CHAPTER 4 

LIMITING EFFICIENCIES OF MULTIJUNCTION SOLAR CELLS WITH 

MULTIPLE EXCITON GENERATIONS 

4.1 Introduction  

 

A number of approaches have been proposed to overcome the detailed balance 

single junction efficiency limits calculated by Shockley and Queisser [12], including 

multiple junction solar cells and novel concepts such as multiple exciton generation (MEG) 

and intermediate band solar cells [15],[21],[58].  Multijunction (MJ) solar cells have been 

commercialized and demonstrate high efficiencies. However, the realization of efficiencies 

over 50% via conventional tandem approaches requires increasing the number of junctions 

in the solar cells from the present three junctions (3J) to at least four junctions (4J), 

introducing substantial materials challenges [59]. By including MEG processes into MJ 

solar cells [60], both the number of junctions and materials constraints are relaxed allowing 

efficiencies over 50% with a 2J and 3J device. © [2014 IEEE] [61](see Appendix. B)  

4.2 Multijunction Solar Cells with MEG Process 

 

Since MJ solar cells were first proposed by Jackson [ 62 ] in 1955, steady 

improvements in efficiencies have been achieved, initially through mechanical stacks (e.g., 

AlGaAs and Si demonstrating 28.5% at AM 1.23 165 suns in 1978 [63]), and later through 

monolithic structures, with most of the focus on a three junction MJ on a Ge substrate. Two 

junction tandem photovoltaic devices demonstrated over 30% under 140~180 suns in 1994 

[64],[65] and a triple junction tandem solar cell broke the 40% barrier under 240 suns [66] 

in 2007 using both lattice-matched (LM) and mismatched configurations. Since then, high 
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efficiency device structures have diversified, with a range of approaches realizing over 40% 

efficiency [67]-[72].  Current triple junction solar cells show 43.5% and 44.4% using dilute 

nitride (GaInNAsSb/GaAs /InGaP) LM approaches and InGaP/GaAs/InGaAs [6],[22] 

respectively. 

Despite numerous experiments showing MJ devices over 40%, MJ solar cells still 

face barriers in reaching 50% efficiency, due to a larger required number of junctions 

(minimum 4J in order to achieve 50%); material defects (due to metamorphic or other 

growth approaches); and limited material combinations and structures that have 

appropriate growth technologies [73],[74]. For instance, even though the detailed balance 

calculations for a triple junction solar cell under one sun show a conversion efficiency over 

50% [20],[58],[75],[76], the experimental results are about 10% absolute efficiency points 

lower. This is largely due to the inability to grow a monolithic structure with the optimum 

bandgaps using only closely lattice matched materials. The resulting non-optimum 

bandgaps give rise to current mismatches [77], and since the junctions are series connected, 

the overall MJ’s current is limited to the lowest current. One approach to avoid this 

combines two solar cells with 2J each mechanically, but this represents a significant 

departure from existing structures [78]. 

An fundamental discussion of MEG solar cells have discussed in chapter 3 about 

the MEG phenomena, detailed balance limit and experimental approaches 

[13],[14],[25],[26],[79]-[81],[29],[41],[82],[83]. For a multijunction solar cells with MEG, 

the detailed balance for MJMEG is discussed in section 4.3. 

A quantum yield over 100% has been measured in bulk silicon solar cells [13], and 

nanostructured materials have shown an enhanced MEG effect with quantum yields up to 
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300% [81]-[83]. An attractive aspect of MEG solar cells is that they allow the use of low 

bandgap materials. Therefore, it is of interest to integrate MEG concepts with MJ solar 

cells and recalculate the optimum bandgaps (Eg) to determine if this enables the use of 

practical materials while improving the theoretical efficiencies [60]. 

In this chapter, the author analyze the thermodynamic limits for MJ hybrid MEG 

solar cells (MJMEGs), calculating the theoretical maximum efficiency and finding the 

optimum bandgaps under both blackbody (BB) radiation and the terrestrial spectrum at 

both one sun illumination and maximum concentration.  

4.3 Theory  

 

4.3.1 Detailed Balance Calculations Including MJMEG 

 

Thermodynamic models of multiple junction solar cells and multiple exciton 

generation are well documented in literature [14],[20],[25]-[28],[75],[76],[79]-[81]. 

Thermodynamic models of a single junction solar cell consider absorption of the solar 

spectrum using one bandgap and one electron and hole pair (EHP) generation per photon 

[12], whereas MJ solar cells have multiple bandgaps, dividing the solar spectrum among 

the different junctions in the stack [20],[75],[76]. An example of this spectral splitting is 

shown in Fig.4.1 (a) for a 4J solar cell, dividing the spectrum into 4 different bandgaps.  

In detailed balance calculations for MEG devices, the author typically use ideal 

assumptions from detailed balance as described in [25]-[28] which state that a MEG solar 

ell is perfectly ideal photovoltaic device (100% absorption above band gap, recombination 

at the thermodynamic limit) in which there are multiple EHPs generated for a high energy 

photon and multi-particle recombination events emit a single photon [25]-[28]. 
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Fig. 4.1.  Spectral splitting and QY in conventional MJ and MJMEG solar cells. (a) A four 

junction MJ solar cell. The QY of each region is 1. (b) Ideal QY for a 

multijunction device with MEG © [2014 IEEE] [61]. 
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The main difference between conventional single junction or MJ and MEG solar 

cells is the number of EHPs generated from a particular photon wavelength or energy. The 

generated number of EHPs is given by the quantum yield (QY). For single junction or 

conventional MJ cells, QY =1 as shown in Fig.4.1 (a), but for MEG cells QY can exceed 

one.   

In ideal MEG devices, the QY is one for photons with energies between the 

bandgap and twice the bandgap (2Eg), two for photons of energy greater than 2Eg but less 

than 3Eg, and so on, giving in the ideal case a staircase function for the QY [60].  The 

equation for the ideal QY of any junction in an MJMEG cell is given by:  
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                                (4.1)  

From equation (4.1), the author defines M as the maximum value of m (i.e., the 

maximum number of generated EHPs) within a junction. The remaining equations in the 

detailed balance calculations are given in equation (4.2) to (4.5). These equations and their 

constants have their usual form and definition of constants as in [20],[25]-

[28],[60],[75],[76]. The notation Ji, µi, Ei etc refers to the “ith” junction, and the “i+1”th 

unction is the junction with above  the  “ith”  cell in the MJMEG solar cell stack where 

i=1,2,3…. . For a solar cell with n total junctions, the “n+1” energy in the integral limits is 

replaced by infinity when using a BB spectrum or the highest photon energy in the AM1.5 

spectrum when using this input solar spectrum. 
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where  is the particle flux of MEG given by Planck’s equation for a temperature T 

with a chemical potential µ(=q·QY(E)·V) in the photon energy range between E(i) and E(i+1), 

ГAM1.5 is the terrestrial spectrum from ASTMG 173-03, h is the Plank's constant, c is the 

speed of light, k is Boltzmann's constant, TS is the temperature of the sun, TC is the 

temperature of the solar cell, fS is the geometry factor (=1/46200), and C is the 

concentration, V is the operating voltage.  

 

Detailed balance involves the calculation of the current from the solar cell as the 

difference between the absorbed and emitted photon fluxes. Equation (4.2) is the definition 

of the either absorbed or emitted photon flux for a MEG solar cell. Equation (4.3) and (4.4) 
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correspond to the current generated by an MEG solar cell for the BB and AM1.5 spectrum 

respectively for the ith solar cell in the MJMEG. The first two flux terms correspond to 

photons absorbed from the solar spectrum. If the ith solar cell absorbs photons with more 

than twice its band gap (which depends on the other solar cell band gaps in the stack), the 

light generated current is increased compared to a conventional MJ solar cell.  

The last term of equation in (4.3) and (4.4) corresponds to the emitted photon flux. 

The emitted photon flux is changed in an ideal MEG device compared to conventional 

single junction solar cell, in that the inverse of the MEG process must also occur [25]-[28]. 

hus, in the calculation of the emitted photon flux, the “i” in equation (4.5) is modified 

from its definition compared to a conventional single junction or multijunction solar cell. 

In a conventional single junction or multijunction solar cell, it corresponds to the chemical 

potential, the quasi-Fermi level separation or the voltage across the device (µ´=q·V). In an 

MEG process, this is replaced by m´, where m depends on the energy as given in (1). 

Physically, the QY(E) term in the emission process accounts for the use of more than two 

EHPs in the emission process and equation (4.5) accounts for  the increased energy of the 

emitted photon (e.g., twice or more the bandgap) [25]-[28]. Overall, for MEG devices, the 

m´ term in the emitted flux terms does not mean that the voltage measured from the solar 

cell is increased m times but rather accounts for the increase in the energy of the emitted 

photons. 

Conventionally, the inclusion of multiple carriers recombination processes as 

describe above is termed as Auger recombination, and corresponds to the thermodynamic 

limit for a multiple EHPs interaction in recombination [28]. Because of the similarity to 

Auger recombination (e.g., multiple electron hole pairs are generated from a single 
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recombination event) or inverse impact ionization, the MEG detailed balance calculations 

are considered to include Auger recombination. However, there are in practice multiple 

differences between such a thermodynamic process and measured Auger processes, 

including radiative emission and faster generation rates from the proposed multiple EHPs 

process compared to the rate of conventional bulk Auger recombination [82],[84].  

Overall, Auger mechanism in equation (4.1) to (4.5) and [25]-[28] is the 

thermodynamic limit term; conventional Auger coefficients typically include other 

multiple carrier interaction and would have different Auger coefficients, leading to higher 

recombination [43],[84]. Further discussion of QY in MJMEG has explained in Appendix 

C.  

4.3.2 Spectral Splitting in MJMEG Solar Cells  

 

A key difference between a conventional MJ and a MJMEG solar cell is that the 

quantum yield can exceed unity. In a single junction MEG solar cell, the ideal maximum 

QY can be high, and the highest efficiencies assume QY over 800%. For the case of a BB 

spectrum, the theoretical QY can be arbitrarily high, as the spectrum contains at least some 

photons with an energy many times the bandgap. The maximum QY is lower for the 

terrestrial AM0 or AM1.5 spectra, which have a defined upper energy limit. In this case, 

the maximum QY is determined by the bandgap of the solar cell. For example, with 

bandgap of 0.5 eV, the maximum QY for the AM1.5 spectrum (in which the highest energy 

photon is 4.42 eV) is 800%; for an absorber material bandgap of 1.0 eV, the maximum QY 

is 400%.  

In a MJMEG solar cell, unlike a single junction MEG, the maximum quantum yield 

is limited by the next higher bandgap. For example, if the lowest bandgap is 0.5 eV and the 
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next bandgap is 0.9 eV, then the maximum QY is 1, and there is no theoretical increase 

from MEG processes. If the bandgap combinations are 0.5 eV and 1.2 eV, then photons 

with energies between 1.0 and 1.2 eV can generate two EHPs in the 0.5 eV solar cell.  

Overall, if there is a wide spacing between the bandgaps of the MJ device, then each solar 

cell in the stack can absorb photons with energies at least twice its bandgap.  

Fig. 4.1 (b) shows this ideal calculated QY for a 4J solar cell with bandgaps of 0.31 

eV(=Eg1), 0.93 eV(=Eg2), 1.86 eV(=Eg3) and 2.79 eV(=Eg4). Each junction has a possible 

maximum QY of 200%. In the absence of the higher bandgap junctions, the lowest bandgap 

junction could generate 3 electron hole pairs at photon energies above 0.93eV; however, 

no 0.93 eV photons strike the bottom cell since these are all absorbed by the solar cell 

above it.  

The example shown in Fig.4.1 (b) explains why the number of junctions for which 

MJMEG solar cells demonstrate efficiency advantages is constrained. As the number of 

junctions increases, the benefit from MEG processes disappears because the maximum QY 

of any junction is limited by the photon energy resulting from the spectral splitting. Overall, 

to take advantage of MEG within each junction, the threshold of photon energy is two times 

greater than the lower photon energy (Eg(i+1)>2Eg(i)) assuming two EHPs per one photon.   

4.4 Results 

 

The author have calculated the limiting efficiencies of up to 4 junction MJ and 

MJMEG solar cells, for BB and AM1.5 spectra with either series or independent 

connections. For the AM1.5 spectrum, AM1.5G is used for the one-sun calculations and 

AM1.5D for the concentrated solar calculations. The efficiency contour plots for 2J solar 
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cells are shown in Figs. 4.2-4.4 for BB and Figs. 4.5-4.6 for AM1.5 spectra; Fig. 4.7 gives 

the plot for 2 J and 3J solar cell at 900 suns. The BB simulation is included as they more 

clearly highlight the trends due to the absence of local maxima and minima caused by the 

absorption bands in the AM1.5 spectrum. 

Tables 4.1 and 4.2 give the results for the optimum bandgaps for 2J to 4J MJ and 

MJMEG solar cells for one sun, and Table 4.3 and 4.4 show the results for full 

concentration. The series-connected case is the most relevant, as this typically implemented 

for monolithic devices. The optimum bandgap values and efficiency are also given for 

independent connections, particularly given increasing focus on spectral splitting 

approaches which can use independently connected solar cells.  

 

Table. 4.1. Independent connection for MJ and MJMEG (BB and AM1.5G, One sun) 

where BB is the blackbody radiation and AM is the terrestrial spectrum, η is the 

maximum conversion efficiency © [2014 IEEE] [61]. 

  Eg1 (eV) Eg2 (eV) Eg3 (eV) Eg4  (eV) η (%) 

2(MJ) BB 0.98 1.87   42.9 

 AM 0.94 1.73   46.1 

2(MJMEG) BB 0.68 1.76   47.8 

 AM 0.70 1.82   48.8 

3(MJ) BB 0.82 1.43 2.25  49.3 

 AM 0.93 1.42 2.08  52.0 

3(MJMEG) BB 0.60 1.49 2.13  51.3 

 AM 0.69 1.24 2.25  52.8 

4(MJ) BB 0.72 1.21 1.77 2.55 53.3 

 AM 0.70 1.13 1.64 2.25 56.0 

4(MJMEG) BB 0.54 1.31 1.81 2.47 54.1 

 AM 0.70 1.13 1.64 2.25 56.0 
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Table 4.2. Series Connection for MJ and MJMEG (BB and AM1.5G, One sun), © [2014 

IEEE] [61] 

  Eg1 (eV) Eg2  (eV) Eg3 (eV) Eg4 (eV) η (%) 

2(MJ) BB 0.98 1.70   42.5 

 AM 0.95 1.61   45.7 

2(MJMEG) BB 0.64 1.46   47.3 

 AM 0.57 1.38   47.8 

3(MJ) BB 0.83 1.31 1.96  48.6 

 AM 0.93 1.36 1.90  51.4 

3(MJMEG) BB 0.75 1.26 1.95  50.6 

 AM 0.70 1.20 1.80  51.8 

4(MJ) BB 0.70 1.11 1.53 2.14 52.5 

 AM 0.71 1.11 1.49 2.00 55.3 

4(MJMEG) BB 0.71 1.10 1.53 2.16 53.7 

 AM 0.71 1.11 1.49 2.00 55.4 

 

Table 4.3.  Independent Connection for MJ and MJMEG (BB and AM1.5D, C=46200),  

   © [2014 IEEE] [61] 

  Eg1 (eV) Eg2 (eV) Eg3 (eV) Eg4 (eV) η (%) 

2(MJ) BB 0.77 1.70   55.8 

 AM 0.70 1.53   60.4 

2(MJMEG) BB 0.46 1.42   66.7 

 AM 0.47 1.34   68.3 

3(MJ) BB 0.62 1.26 2.10  63.7 

 AM 0.70 1.34 1.99  67.9 

3(MJMEG) BB 0.45 1.38 1.95  69.7 

 AM 0.49 1.44 2.08  72.2 

4(MJ) BB 0.52 1.03 1.61 2.41 68.7 

 AM 0.51 0.95 1.49 2.13 72.6 

4(MJMEG) BB 0.42 1.27 1.95 2.38 72.4 

 AM 0.48 1.38 1.82 2.33 75.2 
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Table 4.4. Series Connection for MJ and MJMEG (BB and AM1.5D, C=46200), © [2014 

IEEE] [61] 

 

  Eg1 (eV) Eg2 (eV) Eg3 (eV) Eg4(eV) η (%) 

2(MJ) BB 0.76 1.54   55.5 

 AM 0.70 1.44   60.4 

2(MJMEG) BB 0.42 1.25   66.6 

 AM 0.46 1.22   67.9 

3(MJ) BB 0.60 1.14 1.82  63.2 

 AM 0.69 1.17 1.74  67.7 

3(MJMEG) BB 0.40 0.95 1.72  67.1 

 AM 0.35 0.94 1.58  68.7 

4(MJ) BB 0.49 0.93 1.38 2.01 67.8 

 AM 0.54 0.98 1.39 1.90 71.8 

4(MJMEG) BB 0.36 0.81 1.30 1.97 69.8 

 AM 0.53 0.97 1.37 1.88 71.9 

 

The figures and tables show that in all cases the MJMEG hybrid solar cells have 

higher efficiencies than the corresponding MJ solar cell. Further, as expected from the QY 

discussion above, the efficiency benefit is larger when the number of junctions in the stack 

is smaller and under higher concentration. For example, Table 4.2 shows that for a 4J solar 

cell, the difference between a MJ and a MJMEG is 0.1% at one sun (AM1.5G), while it is 

7.5% absolute for a 2J solar cell under concentration (AM 1.5 D) in Table 4.4. 

While MJMEG solar cells have a higher efficiency, two additional advantages are 

the impact of MEG on the optimum bandgaps and the sensitivity of the efficiency to the 

bandgaps. The net effect is that it allows higher efficiencies with bandgaps in the range of 

existing III-V materials. 
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4.4.1 Impact on Optimum Bandgaps 

 

The inclusion of MEG processes in a MJ solar cell has a relatively large impact on 

the optimum bandgaps, particularly junctions. The figures and tables show that the lowest 

optimum bandgap shifts to lower energies. This is best illustrated graphically in Figs 4.2 

to 4.6, where in comparing each set of plots, the highest efficiency region illustrated by 

dark red shifts to lower energies. Similarly, Table 4.2 shows that a conventional 2J series 

connected solar cell has an optimum lowest bandgap of 0.95 eV under one sun AM1.5 

conditions, whereas including MEG effects decreases the optimum bandgap to 0.57 eV. 

Including concentration further reduces the optimum band gap to 0.46 eV (Table 4.4). 

The lower optimum bandgaps and its decreasing value with concentration are 

caused by two effects. These trends are consistant with single junction MEG results, which 

also have substantially higher efficiencies under concentration. This can be understood in 

that the optimum bandgaps for MEG processs are lower than those for a conventional 

device. However, for lower bandgaps, the difference between the quasi-Fermi level 

separation and the bandgap is a comparatively large fraction. As this difference is reduced 

with concentration, the propreties of MEG devices improve strongly with concentration.  

A second cause of the reduced bandgaps is that MEG will only provide a benefit if 

the solar cell absorbs light of energy at least twice its bandgap. This has the effect of 

increasing the spread of bandgaps, particularly decreasing the lowest bandgap.  

Even so, several of the MJMEG devices do not have MEG processes in all of the 

component solar cells. For example, from Table 4.3, the bandgap of the second junction of 

a triple junction 
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Fig. 4.2.  Efficiency contour for a 2J MJ and MJMEG hybrid at one sun, BB spectrum 

independently connected © [2014 IEEE] [61]. 

 

 

 

Fig. 4.3.  Efficiency contour for a 2J MJ and MJMEG hybrid at one sun, BB spectrum 

series connected, © [2014 IEEE] [61]. 

 

 

Fig. 4.4.  Efficiency contour for a 2J MJ and MJMEG at maximum concentration, BB 

spectrum series connected, © [2014 IEEE] [61]. 
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Fig. 4.5.  Simulated efficiency contour for a 2J MJ and MJMEG hybrid at one sun, 

AM1.5G spectrum, series connected, © [2014 IEEE] [61]. 

 

 

Fig. 4.6.  Simulated efficiency contour for a 2J MJ and MJMEG hybrid at maximum 

concentration, AM1.5D spectrum, series connected, © [2014 IEEE] [61]. 

 

MJMEG is Eg2=1.38 eV for a BB spectrum. In order to benefit from MEG processes, 

the highest bandgap should be greater than 2.76 eV; however, this is higher than the 

optimum bandgap (=1.95 eV) of the third junction so the middle solar cell does not benefit 

from MEG processes. 

4.4.2 Impact on Sensitivity of Efficiency to Bandgap 

 

An important advantage of the MJMEG compared to the MJ solar cell is the 

increased flexibility in choosing bandgaps. The double junction MJMEG contour plots 
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(Figs 4.2-4.6) show this effect graphically; a 3J 3-dimensional plot displays similar effects 

(Fig.4.7). Figs 4.2-4.4 show that the optimum bandgap ranges somewhat to smaller 

bandgap values) and a second larger "tail" region at substantially lower values, particularly 

for the lowest band gap. Taken together, these two regions greatly expand the possible 

bandgaps which give high efficiencies. 

Similar effects are seen for 2J solar cells under a AM1.5 spectra, although 

comparing the MJ and MJMEG the "tail" is less evident due to "ragged" contours resulting 

from the absorption peaks in the AM1.5 spectra.  For example, Fig.4.5 shows that a 

conventional 2J device has an optimum bottom junction bandgap between 0.9 and 1.0 eV; 

the MJMEG device has an optimum bottom junction bandgap between 0.4 eV and 1.2 eV. 

Similar effects are shown in Fig. 4.6 under concentration, with optimum bottom band gaps 

ranging from 0.3 eV to 0.9 eV.  

The contour plots and tables show several important features. The optimum 

bandgaps (Table 4.2 and 4.4 for series connected one sun and maximum concentration) 

show lower optimum band gaps. For example, under one-sun, the optimum bandgaps are 

0.7 eV, 1.2 eV, and 1.8 eV for the MJMEG device. 0.7 eV fits well with the typically used 

Ge substrate.  

  In addition to the increased range of bandgaps, the efficiencies of two or three 

junction MJMEG solar cells under concentrated sunlight conditions are larger than 

conventional three or four junction MJ solar cells. For instance, the maximum conversion 

efficiency of double junction MJMEG solar cells under full concentration is greater than 

that of conventional triple junction MJ solar cells. From these results, the author expect 
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that better efficiency MJMEG solar cells can be made with fewer junctions compared to 

conventional MJ solar cells when operated under concentrated conditions. 

4.4.3 The Discussion of 2J and 3J MJMEG Devices under 900 Suns 

 

 

Fig. 4.7.  Simulated efficiencies of series-connected 2J(=(a),(b)) and 3J(=(c), (d))MJ and 

MJMEG solar cells under 900 suns. Eg1 and Eg2, Eg2 and Eg3 and  Eg3 and Eg1 

planes are used to plot in Fig.7 (c) and (d) © [2014 IEEE] [61]. 

 

As an example with moderate concentration, the author calculate efficiencies for 

both 2J and 3J MJ and MJMEG devices under 900 suns with the terrestrial spectrum and 

display the results in Fig. 4.7. Fig. 4.7 (a) and (b) present results for 2J cells. The maximum 
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efficiency is 60.9% with optumum bandgaps of 0.47 eV(=Eg1) and 1.24eV (=Eg2) in 2J 

MJMEG devices, changed from the optimum values of 2J MJ cells (0.7(=Eg1) and 1.44 

eV(=Eg2)) with 54.3%). These optimum MJMEG bandgaps are well matched with InAs 

(bottom junction) and Si or InP (top junction).  

3J MJ and MJMEG device results are highlighted in Fig. 4.7 (c) and (d). At 

concentration levels approaching 1000X, the plots in Fig. 4.7 (d) show efficiencies of 60% 

for cells with bandgaps which are lattice matched to InP; lattice matched device structures 

for 4J cells can also be fabricated with efficiencies close to optimum. For example, for a 

3J MJMEG, potential materials include InAs (=0.36 eV)/ AlGaSb (=1eV)/ and AlAsSb or 

AlSb (=1.6eV) to give a maximum theoretical efficiency of 59.3%. Another approach using 

InP can show a good efficiency (54.7%) with InGaAs (=0.65eV)/ InP(1.34 eV)/AlAsSb or 

InAlAs (=1.9eV).  These materials are significant since they allow optimum 3J and 4J 

monolithically grown solar cells using materials (e.g., InP and InAs) for which MEG 

phenomenon have been shown by ultrafast transient absorption measurements [83],[84]. 

The material selection for the bottom junction is especially critical if one is to achieve good 

carrier confinement in the quantum dots necessary for efficient MEG. 

4.5 Conclusion 

 

Hybrid solar cells combining multijunction solar cells with MEG to enhance the 

entire performance of multijunction solar cells offer higher theoretical efficiencies and a 

broader material space. Importantly, these efficiencies can be achieved with a maximum 

MEG QY of 200%, a range which has been experimentally demonstrated. Specific 

advantages include a broader material optimum bandgap space, allowing the use of lattice 
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matched bandgaps. For example, under maximum concentration a 2J MJMEG solar cell 

with lattice matched materials has a higher theoretical efficiency than a 3J solar cell either 

with ideal band gaps. At 900X concentration, a 3J MJMEG on a Ge substrate with lattice 

matched materials can reach efficiencies over 50%. Furthermore, moving the optimum 

bandgaps to lower values allows the inclusion of MEG process into 3J and 4J solar cells 

with lattice matched materials on InP substrates with ideal or close to ideal efficiencies. 
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CHAPTER 5 

LIMITING EFFICIENCY OF SILICON BASED NANOSTRUCTURE SOLAR CELLS 

FOR THIRD GENERATION SOLAR CELLS 

5.1 Introduction 

 

In chapters 3 and 4, the author has discussed the advantages of both MEG and 

MJMEG solar cells based on detailed balance calculated efficiency limits and has 

considered optimum material combinations. In this chapter, the author focuses on MEG 

and MJMEG solar cells with silicon. The theoretical efficiencies of these MEG and 

MJMEG cells are enhanced given both a smaller threshold energy and an ideal step like 

quantum yield (QY) [31],[32].  

Current research extracting the QY from terahertz pump-probe measurements 

shows a linearly increasing QY up to 300% [19]. Colloidal PbSe [29], PbS [29], InN [84], 

InAs [43] or Silicon [44] quantum dots (QD) experimentally demonstrate carrier 

multiplication.  

Nanostructures such as QDs and nanowires provide deep carrier confinement due 

to both relaxed momentum conservation rules and slow carrier cooling rate in discrete 

energy levels [31],[32]. Therefore, silicon nanostructures can be regarded as having a direct 

bandgap even if bulk silicon is an indirect band material [44].  

Although the theoretical conversion efficiency of MEG solar cells is improved, 

there is still a relatively large amount of solar energy that does not convert to an electrical 

current due to thermalization losses. Thus, tandem or multijunction solar cells are a better 

alternative to efficiently capture the wide-range of the solar spectrum [85].  
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Multijunction solar cells are composed of selected bandgap materials to manage the 

wide range of the solar spectrum [76]. Incorporating silicon MEG into multijunction solar 

cells will give further great advantages by generating multiple electron and hole pairs (EHP) 

[60].  

However, making a silicon nanostructured MJMEG solar cell has a critical issue 

with compatibility with other semiconductor materials because, silicon bandgap is  1.12 

eV) and a limited maximum QY (=300%) under the terrestrial spectrum. Therefore, silicon 

nanostructures have to be used as an upper junction within a double junction MJMEG and 

the materials for the bottom junction that maximize the MEG effect are limited due to 

lattice mismatch considerations with silicon.  

In this chapter, the author will present an efficiency model for Si nanostructured 

MEG and MJMEG solar cells and will discuss (1) detailed balance limit calculations of 

silicon MEG solar cells including non-idealities and (2) the thermodynamic limit of double 

junction MJMEG solar cells (MJMEGSC) with silicon nanostructures. © [2011 IEEE] [86] 

(see Appendix B) 

5.2 Theory 

 

5.2.1 The Importance of Silicon Materials 

 

Selecting materials for MEG solar cell can help to improve the nanostructured solar 

cells. The properties of silicon MEG solar cells experimentally depend on the threshold 

energy that it will give a guide about how MEG solar cell fabricated well. Its theoretical 

expectation can be tested by the MEG detailed balance theory including non-idealities such 

as the variation of threshold energies.  Silicon is a represented material due to the fist 
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observation of carrier multiplication materials even in a bulk-type solar cell. Further, 

silicon still has the highest world record of single junction solar cells. Thus, using nano-

structures will provide large benefits to improve entire properties of MEG solar cells due 

to excellent quantum confinements. 

Theoretically, from the non-ideal QY simulation in section 3.3, the variations 

theoretical efficiency of PbSe (Eg=0.7 eV) with changing threshold energy is larger than 

silicon (Eg=1.12 eV) under the concentrated-sunlight. Thus, the experimental situation will 

be the same. Therefore, the silicon nanostructures are better selections of materials for 

MEG solar cells because of less sensitive to change of threshold energies. 

In the near perfect condition, the theoretical approach of Si MEG is important to 

expect the optimum quantum confinements. Also, the controlling size of nanostructures 

give great effects such as effective bandgaps or better light absorptions to improve the 

characteristics of nanostructured solar cells.    

 

5.2.2 The effective bandgap of silicon nanostructure  

 

The size of the QDs affects the performance of MEG solar cells due to the shift in 

effective bandgap energy. From references [87]-[90], the Delerue model describes the 

effective bandgap change due to dot size based on a linear combination of atomic orbitals 

(LCAO) approach. The corresponding equation for silicon as a function of dot diameter, d 

(nm), is given by reference 88. 

                            
d

19.0

36.1d

98.3
12.1)eV(Si,gEEffective                     (5.1)  

The corresponding effective bandgap as a function of dot diameter according to 

equation (5.1) is plotted in Fig. 5.1 below.   
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Fig.5.1. The effective bandgap as a function of diameter for Si QDs © [2013 IEEE] [86].  

 

Table 5.1 shows the effective bandgaps for 4 different diameters of silicon QDs 

considered in the present work. The effective bandgap is inversely proportional to the size 

of the QD, and its threshold energy will determine the properties of MEG solar cells. 

Table 5.1. The effective Si QD bandgap vs diameter © [2013 IEEE] [86].  

 

Diameter (nm) ∞ 15.9 8.9 6.5 5.2 

Bandgap (eV) 1.12 1.2 1.3 1.4 1.5 

 

From Table 5.1, the author has selected 1.2 eV effective bandgap to maximize the 

characteristics of Si MEG solar cell and it’s the detailed information is discussed in section 

5.3.1.  

5.2.3 Silicon MEG  

 

The relationship between the effective bandgap of Si nanostructures and size offers 

the ability to determine the properties of the MEG solar cell. Detailed balance limit 
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equations (5.2) to (5.5) are applied to calculate the theoretical efficiency based on the QY 

including non-idealities. The relevant equations for MEG are repeated here from the 

previous chapters. The ideal QY is given by a step function 

,...3,2,1m
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gEE00
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where m is the number of multiple EHPs generated, M is the maximum number of 

EHPs, Eg is the band gap, and E is the photon energy. 

From the experiments of QY extraction, the actual QY is better described by a linear 

increase after Eth. Thus, the modified non-ideal QY is described by 
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where θ is the heaviside step function, A(=1) is slope of the linearized QY, and Eth 

is the threshold energy. 
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where   is the particle flux given by Planck’s equation at temperature T with a 

chemical potential µ(=q·QY(E)·V) in the photon energy range between E1 and E2, h is 

Planck’s constant, c is the speed of light, while μ and μMEG are the chemical potential of 

the single junction and MEG solar cell. Here, V is the operating voltage, k is the Boltzmann 

constant, J is the current density of the solar cell, q is the charge of an electron, C is the 
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optical concentration, fS is the geometry factor (=1/46200), Eg is the bandgap energy, TC is 

the solar cell’s temperature (=300K), Emax (=4.428 eV at 280 nm wavelength) is the highest 

photon energy of the terrestrial spectrum, and Г(E) is the converted terrestrial spectrum 

from ASTMG 173-03. 

 

Fig. 5.2.  The QY and photon energy of silicon QD, The maximum value of ideal QY is 3 

and changes the delayed Eth as 2Eg, 3Eg and 4Eg. (a) Eg=1.12eV, (b) Eg=1.2 eV, 

(c)Eg=1.3 eV and (d)Eg=1.4 eV © [2013 IEEE] [86].  

 

Fig.5.2 describes the ideal and non-ideal QY of silicon as a function of the effective 

bandgap and threshold energy. Under ideal QY conditions, even though the QY can 

increase infinitely, the solar photon flux at high photon energies is negligible so that QY is 

limited to two or three (M≤3). On the contrary, the non-ideal maximum QY depends on 

the threshold energy and reduces with increasing Eth. Thus, with increasing effective 
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bandgap of the silicon QDs, the maximum non-ideal QY is decreased. And, Table 5.2 

summarizes the simulation results based on Fig. 5.2 in section 5.3.1. 

5.2.4 MJMEG Solar Cells with silicon QDs  

 

The efficiency of MEG solar cells with silicon nanostructures is limited by the 

maximum ideal QY (=3 or 300%) under terrestrial spectrum conditions.  A more efficient 

way to overcome thermalization losses is utilizing multijunction solar cells with 

concentrators resulting in increased photo-generated current of each cell. 

For the MJMEGSCs, one has to consider the relationship between QY and spectral 

splitting to achieve non-overlapping QY and to maximize the MEG effect of each layer of 

the MJMEGSCs. 

The basic assumption of MJMEGSCs is that every layer has carrier multiplication 

or MEG [60]. However, the net MEG effect of each layer depends on the QY interacting 

with spectral splitting. For instance, the top junction of a 2J MJMEGSC shows relatively 

high QY because there is no blocking layer to absorb the high energy photons [60].  

The maximum QY of the bottom junction is limited. Fig. 5.3 describes how the 

maximum QY depends on the bandgaps of each junction within 2J MJMEGSCs. 

First, it presumes that bulk silicon or silicon QDs are used for the top junction 

material to obtain the appropriate maximum carrier multiplications. Then, choosing 

possible materials for the bottom junction can be flexible to have the maximum QY. The 

effective bandgap of Si for the top junction is determined by the size of the QDs or 

nanostructures. The simulations determine the optimum bandgaps and corresponding QYs 

under both ideal and non-ideal QY conditions. Fig.5.3 (a) and (c) show QY vs. photon 

energy for the optimum bandgaps derived from the ideal QY with and without 
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concentration. Also plotted in (a) and (c) are the corresponding non-ideal QYs for these 

same bandgap materials.  Fig.5.3 (b) and (d) show QY vs. photon energy for the optimum 

bandgaps derived using the non-ideal QYs with and without concentration and again also 

displays the ideal QYs for comparison.  These results are discussed in more detail in section 

5.3.2. It is obvious from Fig.5.3 that the more step-like ideal QY will increase the photo-

generated current and theoretical efficiencies compared to the non-ideal QY.  

 

Fig. 5.3.  The spectral splitting of double junction-MJMEG solar cells. The maximum QY 

depends on its bandgaps of each junction (a) and (b) are under one sun 

illumination, (c) and (d) are under full concentration (C=46200).  

   © [2013 IEEE] [86].  

5.3 Results and discussion  

 

5.3.1 Silicon MEG solar cell  

 

Using the QYs in Fig.5.2, the author obtains the maximum theoretical conversion 

efficiency under one sun illumination for fixed M=3 and varying threshold energies for 

four different effective bandgap materials, with the results shown in Table 5.2. 
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Table 5.2. The efficiency of Si MEG ideal QY and non-ideal QY under one sun (ASTMG 

173-03) where is M is the maximum QY and value of Eth is for M=3  © [2013 

IEEE] [86]. 

 

 1.12 eV 1.2 eV 1.3 eV 1.4 eV 

M=3 41.8 40.0 37.9 36.6 

Eth 1.12 eV 1.2 eV 1.3 eV 1.4 eV 

2Eg 36.6 35.6 34.4 34.2 

3Eg 33.5 33.3 33.1 33.3 

4Eg 33.3 33.3 33.1 33.1 

 

For the ideal QY (M=3, Eg=1.2 eV), the theoretical efficiency of the ideal and non-

ideal QY cases give quite different results.  For the ideal QY (M=3, Eg=1.2 eV), the 

theoretical efficiency of a Si MEG is over 40.0%, decreasing with increasing effective 

bandgap. For the non-ideal QY, the maximum conversion efficiency is strongly dependent 

on both effective bandgap and threshold energies. Table 5.2 shows that the non-ideal QY 

drops the efficiency from 41.8% (ideal QY) to 36.6% when Eg = 1.12 eV, with a smaller 

drop for higher effective band gaps.  For instance, if the effective bandgap of silicon is 1.4 

eV based on a 6.5 nm diameter QD (Table 5.1), its theoretical efficiency with non-ideal 

QY and its corresponding maximum QY are (1) 34.2% and 2.17 (Eth=2Eg), (2) 33.3% and 

1.16 (Eth=3Eg) and (3) 33.1% and 1(Eth=4Eg). Thus, as shown in Table 5.3, the cell 

efficiency only improves if Eth is near 2Eg.  If Eth is increased, the beneficial effects of 

MEG are greatly reduced. For Eg,effective=1.12 eV, the efficiency above Eth = 3Eg essentially 

saturates, and the difference between Eth = 3Eg and Eth = 4Eg  is 0.2% absolute regardless 

of the value of the bandgap. Further, at these threshold energy ranges, the efficiency gains 
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from the MEG process are relatively small compared to an ideal device without the MEG 

processes. 

As shown in Fig. 5.1 and Table 5.1, the size of the QDs determines their effective 

bandgaps. With increasing Si QD size, the effective bandgap approaches the bulk-bandgap. 

Based on the detailed balance calculations presented here, the best performance for Si QDs 

is approached by making the QDs as large as possible while simultaneously preserving the 

beneficial effects of confinement in terms of lack of momentum conservation and hence an 

ideal threshold energy approaching energy approaching 2Eg. Thus for subsequent 

simulations the author has selected an effective bandgap of 1.2 eV to maximize the effect 

of MEG. 

Further, there are several ways to increase efficiency of MEG solar cells. One way 

is using concentration which enhances the conversion efficiency of solar cells by increasing 

both the light-generated current and the quasi-Fermi level separation. Another is realizing 

a more step-like QY vs. photon energy behavior. The current QY measurements in silicon 

show this possibility, that the shape of the QY is important in enhancing MEG solar cell 

performance by producing more light-generated current [91]. 

For this simulation, the author selects three maximum ideal QYs (M=1, 2, and 3) 

and one non-ideal QY with Eth=2Eg and an effective Eg=1.2 eV to calculate theoretical cell 

efficiencies for a variety of concentration levels.   The results are shown in Fig.5.4 and 

Table 5.3. For the ideal QY case, After M=2 the theoretical efficiencies vs. concentration 

are saturated since there is no further reduction of the thermalization loss. Therefore, in 

case of silicon nanostructures, 200% to 300% maximum QY is the critical point to optimize 

silicon nanostructured MEG solar cells.       
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Table 5.3. The efficiency of Si MEG with ideal QY and non-ideal QY with changing 

concentration where C is concentration. (Effective Eg=1.2 eV) 

 

Si C=1 C=100 C=1000 C=10000 C=46200 

M=1 33.4 37.7 40.0 42.3 43.8 

M=2 39.8 44.2 46.8 49.4 51.0 

M=3 40.0 44.3 47.0 49.6 51.1 

Eth=2Eg @M=3 35.6 39.7 42.1 44.6 46.2 

              

 

Fig. 5.4.  The Efficiency VS Concentration of Si (Eg=1.2 eV) MEG under terrestrial 

spectrum with concentration. The    concentration axis presents as log scale 

where M is the maximum QY © [2013 IEEE] [86].  

 

As expected, the non-ideal QY results in cell efficiencies consistently below the 

ideal QY and its maximum conversion efficiency under full concentration is 46.2%. In a 

realistic concentration like 100 or 1000 suns, the expected efficiencies are 39.8% and 42.2% 

respectively.   
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5.3.2 MJMEG hybrid solar cells with Si QDs  

 

In the previous section, MEG solar cells were analyzed theoretically and it was 

shown that when including either ideal or non-ideal QY, the calculated efficiency under 

one sun is not greatly improved. Therefore, the author has proposed double junction 

MJMEG hybrid solar cells as a better approach and has proceeded to determine their 

detailed balance efficiency limits.   

The double junction MJMEG cell is assumed to have a top junction composed of 

silicon QDs for which the effective bandgap depends on QD size. The bandgap of silicon 

relative to the solar spectrum dictates that it should be used at the top junction in order to 

absorb photons that can effectively generate carrier multiplication. The simulations point 

out the significance of MEG effects within the bottom junction for maximizing QY. To 

maximize carrier multiplication, the optimum material for the bottom junction should have 

a small bandgap and a threshold energy close to two times the bandgap to prevent non-

overlapping QY and match the solar spectra.  

The ideal QY can always satisfy this condition due to its step-like nature. However, 

the optimum bandgaps calculated using the non-ideal QY are quite different because, in 

the non-ideal QY case, the maximum QY of the bottom junction is determined by the 

bandgap of the top junction. Thus, if the threshold energy of bottom junction is close to the 

top junction bandgap, the maximum QY is approximately 1 and the bottom junction will 

behave like a conventional multijunction solar cell. In order for the bottom junction to show 

a clear MEG effect the measured QY should approximate the ideal QY to maximize carrier 

multiplication.  
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Table 5.4. The double junction of MJMEG solar cells using Si QDs for upper junction 

where S is the series connection. H stands for MJMEG Hybrid solar cells. IQY 

is the ideal QY and NQY is the non-ideal QY © [2013 IEEE] [86]  

 

C=1 Eg1(eV) Eg2(eV) η (%)  

2J 

(S,C) 

0.5 1.12 

(Si Bulk) 

23.3  

2J 

(S,C) 

0.75 1.52 44.2  

2J 

(S,H,IQY) 

0.57 

(InAs) 

1.38 

(Si QD, 6.9nm) 

47.8 Fig 5.3 (a) 

2J 

(S,H,NQY) 

0.57 

(InAs) 

1.38 

(Si QD, 6.9nm) 

40.9 Fig 5.3 (a) 

2J 

(S,H,IQY) 

0.73 

(Ge, InN) 

1.51 

(Si QD, 5.1 nm) 

46.9 Fig 5.3 (b) 

2J 

(S,H,NQY) 

0.73 

(Ge, InN) 

1.51 

(Si QD, 5.1 nm) 

44.6 Fig 5.3 (b) 

C=46200 Eg1(eV) Eg2(eV), η (%)  

2J 

(S,C) 

0.5 1.12 

(Si Bulk) 

37.9  

2J 

(S,C) 

0.7 

(Ge) 

1.44 

(GaAs) 

60.4  

2J 

(S,H,IQY) 

0.31 

(,InAs) 

1.12 

(Si Bulk) 

69.4 Fig 5.3 (c) 

2J 

(S,H,NQY) 

0.31 

(InAs) 

1.12 

(Si Bulk) 

58.1 Fig 5.3 (c) 

2J 

(S,H,IQY) 

0.7 

(Ge, InN) 

1.44 

(Si QD, 5.9nm) 

63.8 Fig 5.3 (d) 

2J 

(S,H,NQY) 

0.7 

(Ge, InN) 

1.44 

(Si QD, 5.9nm) 

61.0 Fig 5.3 (d) 

 

From Table 5.4, the optimum bandgaps calculated using the non-ideal QY are 

nearly the same as the conventional double junction MJ solar cells and show only slightly 

increased efficiencies. Therefore, the QY for MJMEG solar cells has to be similar to the 

ideal QY to maximize the MJMEG solar cells. For instance, the theoretical efficiency using 

the ideal QY for Eg1=0.58 eV and Eg2=1.38 eV is 47.8% under one sun and its efficiency 

is 6.9% higher than non-ideal QY. The simulated efficiency using the non-ideal QY for 
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Eg1=0.73 eV and Eg2=1.51 eV is 44.6%, whereas the calculated efficiency based on the 

ideal QY with same bandgaps is 46.9%. 

Choosing the appropriate materials for silicon based double junction MJMEGs is 

important. There are various reports of QY extraction experiments for group II-VI, III-V 

and IV materials such as PbSe [29], PbS [29], InN [84] and InAs [43] and Ge [35] using 

ultra-fast transient absorption methods, observing impact ionization, and through 

simulations. Publications describe materials compatible with silicon nanostructures 

including Si on Ge, III-V nanostructures on silicon substrates and silicon hybrid solar cells 

[92]-[94].For instance, Ge (for the bottom junction) and Si QDs (for the top junction) can 

be a good approache. InAs or InN nanostructures on Si substrate have been mentioned for 

variety of applications for optoelectronic devices due to strain accommodation at the 

nanostructure surfaces [35],[92]. Finally, all-Si QD layers can tune light-absorption paths 

[95]. But, the all-Si QD method suffers from the relatively high bandgap of silicon (Eg=1.12 

eV, Eth=2.24 eV) in the bottom junction preventing MEG and thus these cells display the 

nearly same theoretical efficiency as conventional multijunction solar cells from detailed 

balance calculations. For instance, the conversion efficiencies are 49.3% for MJ and 49.4% 

for MJMEG where Eg1=1.12 eV, Eg2=1.5 eV and Eg3=2.0 eV with one sun under terrestrial 

spectrum. 

Therefore, the most promising way to realize MJMEGSC with silicon 

nanostructures is the combination with Ge or III-V materials. However, the lattice 

mismatches between Si and these other materials need to be overcome for optimum 

current-matched multijunction solar cells. 
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5.4 Conclusion  

 

In summary, the author has investigated the effect of the threshold energy of Si 

multiple exciton generation solar cells on conversion efficiency through detailed balance 

calculations including quantum size effects.  In general, a smaller threshold energy and 

ideal step like QY are important in realizing conversion efficiencies greater than the one 

junction limit.  Quantum dots have a size–dependent effective bandgap. Thus, controlling 

both QD size for its effective bandgap and threshold energy is very important in 

maximizing the efficiency of MEG based solar cells, which the author demonstrates 

through the MEG detailed balance calculations for varying Si QD diameters reported here.  

MJMEG is an alternative way to effectively manage the thermalization losses of hot 

carriers. The author has shown how the behavior of the QY of each junction is critical to 

maximize the effects of MEG and explained why silicon nanostructures for the top junction 

are ideal due to its maximum QY. The simulations identify a number of possible materials 

such as Ge, InN and InAs as suitable bottom junction materials. 
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CHAPTER 6 

THE EXPERIMENTS OF SILICON NANOSTRUCTURE SOLAR CELLS  

6.1 Introduction 

 

Nanostructured solar cells utilizing quantum confinement effects to boost 

conversion efficiency are an attractive option to replace the current solar cell technology. 

Such nanostructure based cells are called "third generation" solar cells and development 

efforts so far are largely confined to research laboratories. 

For last half-century, crystalline silicon solar cells have been at the forefront of the 

PV industry as a result of the success of commercial and academic research. Crystalline 

silicon solar cells in the laboratory reached 24.7% conversion efficiency in 1999 [8], and 

currently, commercial crystalline silicon PV devices show an average 20% conversion 

efficiency [96],[97]. PV devices with this range of efficiency are called first generation PV 

devices. The first generation solar cell is based on silicon wafers with texturing for light 

trapping and screen-printing to make ohmic-contacts [96],[98].  

In these first generation PV cells, to obtain high conversion efficiencies, it is 

necessary to control the surface morphology to reduce the reflectance and improve the 

electrical performance. Typically, in third generation devices like multiple exciton 

generation solar cells, it is also significant to consider how to integrate it with appropriate 

nanostructures for obtaining good quantum confinements that MEG and increasing light-

generated current.  

In today's manufacturing of silicon solar cells much effort is focused on the 

processes to texture the silicon surface, the subsequent cleaning of that surface, and the 
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deposition of a silicon nitride film [99]. MEG solar cells also have to focus on these issues 

to improve the entire properties even if there are carrier multiplications. Therefore, 

optimizing and controlling these processes is challenging since the final electrical 

performance depends on both the material qualities and fabrication methods. Certainly, it 

increases the cost of silicon PV modules due to additional purifications of the surface of 

the silicon wafers [96]-[98].  

Recently, silicon heterojunction with intrinsic thin-layer (HIT) solar cells have 

appeared as novel structures with high conversion efficiencies (24.7% and 25.6%) 

[10],[100]. Intrinsic amorphous silicon (α-Si) shows good passivation characteristics on a 

clean single crystal silicon surface and these cells achieve high open circuit voltages [101].  

However, HIT cells still require texturing and cleaning of the single crystal silicon surface 

and their performance is very sensitive to the nature of that surface upon which the α-Si is 

deposited. 

By depositing amorphous silicon at the silicon nanostructured solar cells, the author 

will discuss the effects of this approach for the future silicon PV cells.   

In this chapter, it will describe the fabrication and measurements of both optical 

and electrical properties of a future generation silicon nano PV cells. This experiment is an 

initial attempt at fabricating silicon nanostructured solar cells with electron-beam 

lithography (EBL) and future work aimed at MEG solar cells.  This project was a joint 

effort with Mr. Green as part of the 2013 National Nanotechnology Infrastructure Network 

Research Experience for Undergraduates program [Christopher Green, NNIN REU, 2013] 

[102].(see Appendix. D)    
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6.2 Silicon Nanostructured Solar Cells 

 

Silicon nanostructured solar cells are recently developed PV cells using quantum 

dots or nanowires [97],[103],[104] to increase the effective conversion efficiency and to 

absorb light effectively. The effect of nanostructures is to make it possible to change the 

material properties such that indirect bandgap materials can behave like direct bandgap 

materials due to discrete energy levels inside quantum structures [105]. The effective 

bandgap is influenced by the size of nanostructures; i.e., the effective bandgap is inversely 

proportional to the size of nanostructures. Typical nanostructures have sub-100nm 

dimensions, much less than the wavelength of the light illuminating the solar cell making 

the shape, density, and composition of the nanostructures all factors in determining the 

optical absorption properties  The management of these sub-wavelength dimensions can 

give a great impact for optimizing reflectance and these structures have unique features of 

separation of light absorption and carrier transport in the confinement of electrons in the 

quantum structures. 

In general, MEG solar cells have to minimize the optical losses with modifications 

of processes including both passivation and anti-reflection coating for better quantum yield. 

In this project, the author focused on electron-beam defined front surface nanostructures 

only, passivated with a thin deposited amorphous silicon film and with no additional anti-

reflection coating. The second benefit of a silicon nanostructured solar cell is the possibility 

to generate more than one electron and hole pair per one incoming photon by impact 

ionization, increasing the short circuit current. Even though the quantum yield extractions 

of nanostructures have proven the quantum yield can be over 100%, experiments do not 

show a great improvement of conversion efficiency likely due to surface effects and the 
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use of low bandgap materials [52].  In other words, the MEG phenomenon is still 

controversial due to various different results of quantum yield extraction experiment by 

ultra-fast time resolved photo-luminescence.  

Even if the short current is increased, to date nanostructured solar cells exhibit low 

conversion efficiencies with low fill factors and small open circuit voltages and it is clear 

much more research is needed to solve these issues [97].  These characteristics will be 

discussed in section 6.4. 

This work focuses on the fabrication and measurement of both optical and electrical 

properties of a silicon nanostructured solar cell with an array of vertical nanopillars 

patterned on the front surface of the silicon chosen as the type of nanostructure to be studied.  

Using electron beam lithography, the size and pitch of a masking layer is defined and the 

pattern transferred into the silicon substrate using dry etching.  Initially, the diameter of the 

nanopillars was set at 100nm with 700nm spacing between nanopillars and the etch depth 

target was approximately 500nm. The cell has a backside diffused emitter and uses shadow 

mask defined metallization.  The process is detailed in section 6.3.  

6.3 Experimental Procedure 

 

Fig. 6.1 is the process flow of fabricating silicon nanostructured solar cells. These 

silicon nanostructure solar cells are fabricated by n+ doped back-side junction of p-type 

300 µm thickness of silicon wafers with p-α-Si/i-α-Si and aluminum contacts.  The process 

flow and hence the later results were constrained by the availability of a tool which was 

delayed in getting up and running. 
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 Fig. 6.1. The experiment flows of silicon nanostructured solar cells 

 

First, after 200 nm of SiO2 deposition of front and back side wafers at PECVD 

(Oxford Plasma Lab 100), the front-side etched marks were defined by a photolithography 

process (OAI Aligner). After developing photoresist, 200nm of SiO2 and the 1µm depth of 

etched marks on silicon substrate are consecutively formed by reactive ion etching (RIE, 
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Oxford Instrument Plasmalab 80+). These marks are used for next processes of Aligners 

and electron beam lithography (EBL).  

Then, the both side of SiO2 layers are removed by Buffered Oxide Etchant about 

10 min to completely eliminate the remaining oxide film on the silicon wafers. And, to 

make a diffusion mask, the front side of silicon wafer was coated by SiO2 by PECVD 

(Oxford Plasma Lab 100) again. 

The next step is n+ diffusion for back-side of wafers at 1000°C for one hour and 

annealed about 7 hours to make a junction in the rear side of wafers. This process is 

supported by the diffusion furnace of ‘Center for Solid State Electronics Research (CSSER) 

 90nm thickness of PMMA was coated on the front-side of wafers for EBL process. 

100nm diameter openings are patterned by EBL equipment (JEOL 6000F/S) in CSSER. 

The distance between of nanostructures is about 700nm and the entire die size is small at 

1mm × 1mm due to write time limitations. Then, 30nm thickness of SiO2 is deposited with 

electron beam evaporation (LESKER #3 at CSSER) followed by liftoff of the PMMA to 

make oxide hard masks for the silicon etching.  

The nanostructures or nanowires are etched by a Surface Technology Systems 

inductively coupled plasma (STS ICP) system using the SiO2 hard masks. Highly 

anisotropic nanowires with 600nm height were formed using the Bosch process, which 

consists of alternating cycles of etchant using sulfur hexafluoride (SF6) and polymer 

deposition from octaflourocyclobutane (C4F8). This method inherently creates scalloping 

on the sides of the nanowires. This nanostructures are displayed in Fig. 6.2.  

A passivation and contact layer consisting of 10nm intrinsic i-α-Si and 30nm of p-

α-Si was deposited on silicon nanostructures using PECVD (P-5000, Solar Power 
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Laboratory). The effective diameter of silicon nanostructures is increased to 180nm due to 

the deposition of these amorphous silicon films. 

 

 

Fig. 6.2.  The fabrication of silicon nanostructures where (a) is the SEM image for 

deposition of 30nm thickness SiO2 (b) is the image for silicon nanostructures 

after deep RIE etching [Christopher Green, NNIN REU, 2013] [102]. 

 

An electron beam evaporation tool, LESKER III at CSSER, was used to deposit 

200nm of aluminum (Al) on the front and back sides of the wafer. A shadow mask was 

aligned on the front side of the wafer during deposition to prevent the base contact metal 

from covering the nanowires.  

While measuring the electrical properties of this solar cell, non-alloyed Al contact 

on p-type amorphous silicon layer could not give data. Therefore, the wafers were placed 

in an oven to allow Al to diffuse through the passivation layer without compromising the 

amorphous nature of the layer. 
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6.4 Results 

 

Both the optical reflectance and electrical performance under illumination were 

measured for the nanostructured cells and comparisons made to control devices processed 

without nanostructures fabricated on the same substrate. Even though this experiment 

results cannot provide good information for MEG solar cells, the light-generated current is 

increased due to properties of nanostructured solar cells and it will have more 

supplementary works to study of nano-PV cells for MEG.       

6.4.1 The Electrical Characteristics 

 

Electrical measurements were made on a probe station with illumination provided 

by a halogen lamp approximately calibrated to provide AM1.5 illumination. Only the small 

nanostructured region of the cell (1mm×1mm) is illuminated since the surrounding region 

is masked by the thick base contact aluminum metal, but the cell electrical area is 

considerably larger, with obvious negative effects on Voc. The control cell is identically 

processed, except no nanowires are etched in the illuminated region.  Fig. 6.3 and Table 

6.1 are the summary of results.  

 

Table 6.1. The electrical characterization results of silicon-nanostructured solar cells  

 [Christopher Green, NNIN REU, 2013] [102]. 

 

 JSC (mA/cm2) VOC (V) FF (%) η (%) 

Silicon Nano 

PV Cell 

21.6 0.44 67.7 6.43 

Control 

Device 

14.1 0.42 55.5 3.48 
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Fig. 6.3.  The electrical properties of silicon nanostructured solar cell  

   [Christopher Green, NNIN REU, 2013] [102]. 

 

The current-voltage relationships in Fig. 6.2 also show a series-resistance issue 

from the and low fill factor for both the nano and control cell, which is thought to be due 

to the lateral resistance between the illuminated area and the front-metal contact. The p-

type and intrinsic amorphous silicon passivation layers have very high sheet resistance and 

typically in the HIT solar cell indium tin oxide (ITO) is deposited on these amorphous 

silicon layers to reduce the series resistance, something which was not done for these 

devices.   It is also possible that there is an aluminum to p-a-Si high contact resistance 

problem.   

The performance could be further improved through optimization of the passivation 

technology.  The etched nanostructures not only increase the surface area but are also likely 

to suffer from surface damage induced by plasma etching, both of which lead to rapid 
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surface recombination. As long minority lifetime is needed which requires minimizing all 

recombination sites and thus one needs to find optimum etch conditions to minimize the 

surface damage and establish post etch cleans that enable the deposited amorphous silicon 

films to effectively passivate the surfaces of the nanostructures.  

The experimental results of silicon nanostructures have several drawbacks due to 

low open circuit voltage and its low fill factor. Actual diffusion process has conducted at 

entire rear side of wafers that even though the size of silicon nanostructures area is 1 mm 

× 1 mm, the entire diode size is 10 mm × 10 mm so that the current from nanostructures to 

the junction is laterally flowed instead of vertical flowing. Generally, an open circuit 

voltage of this solar cell is defined in equation (6.1)  

                                      )1
OJ

SCJ
ln(

q

Tk
OCV 


                                                      (6.1) 

Where VOC is an open circuit voltage, k is the Boltzmann constant, T is an solar cell 

temperature (=300 K), q is the element of charge, JSC is the short circuit current and J0 is a 

recombination current 

And, JSC is a factor from light generation under 1 mm × 1mm of nanostructure area 

and J0 is a recombination current which depends on diode area (=10 mm × 10 mm ) of solar 

cell. Therefore, an asymmetric dimension of solar cell area destroys the entire open circuit 

voltage. 

To resolve this issue, the n+ diffusion should be localized to prevent the lateral flow 

of current. Thus, even though the actual size of diode is 10 mm × 10 mm, in this dissertation, 

the experimental results have conducted with an assumption of 1 mm × 1mm area under 

light illumination where it is shown in Fig 6.4.  



  89 

 

Fig. 6.4.  The cross-section and top-view of silicon nanostructured solar cells. 

 

Furthermore, to make better silicon nanostructured PV cells, the front side of 

nanostructured area and the rear side of should be same. Or, the front-contact with p-α-Si 

has to remove and should replace to the all rear contact or should deposit ITO for making 

contact with Al. And, it is also necessary to localize diffusion to directly collect the 

generated carriers from nanostructures. Thus, the current can flow vertically from 

nanostructures to the junction of backside wafers.   

6.4.2 The Optical Characteristics  

 

Reflectance measurements were taken of silicon nanostructured patterns using the 

Filmetrics F40 microscope with conventionally textured silicon and bare silicon as a 

references. The results in Fig. 6.5 plot the reflectance vs. wavelength from 400 to 850 nm. 

The reflection characteristics of a conventionally textured silicon solar cell are 

better than the silicon nano PV cell and a polished silicon surface. The Si nanowire PV 

cells show an optical resonance from 685nm to 750nm wavelength due to the periodic 

nanostructures and its minimum reflectance (=2.5%) is lower than the textured silicon solar 
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cell. Other regions show higher reflectance which is not unexpected due to the wide spacing 

of the periodic structures of silicon nanostructures. In other words, the high-reflection 

region represents bulk-silicon area and the optical resonance region is the nanostructured 

area having high-absorption. 

 

Fig. 6.5.  The measurements of reflectance between silicon nanostructures PV cell and 

textured Si PV and Bulk or bare silicon solar cells [Christopher Green, NNIN 

REU, 2013] [102]. 

6.5 Conclusion 

 

Initial experiments fabricating silicon nanostructured solar cells have been 

conducted. These nanostructured solar cells are fabricated by EBL and deep RIE process 

with thin amorphous silicon layers for passivation. To investigate light-trapping, the 

efficiency has measured under AM1.5 spectrum and shown that the short-circuit current of 

silicon nanostructured solar cell is higher than the reference cell. However, its open-circuit 

voltage is low due to a large parasitic diode area and the possibly the quality of the surface 

passivation. Furthermore, the optical reflectivity has been measured comparing polished 
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silicon, a textured silicon solar cell and the nanostructured solar cell. One significant point 

is that the silicon nanostructured solar cell has an optical resonance at 700 nm where its 

reflection is lower than the textured solar cell, presumably due to the periodic nature of the 

nanowire array.  

 Further research is needed to optimize the fabrication process increasing the 

number of silicon nanostructures to provide higher absorption and enhance the conversion 

efficiency for future MEG solar cells. And, studying the physical parameters such as 

diameter, spacing, and structure on absorbance must be performed to allow for 

optimization of nanowire structures. Furthermore, a study of passivation would help to 

improve both optical and electrical characteristics. 
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CHAPTER 7 

LIMITING EFFICIENCIES OF INTERMEDIATE BAND SOLAR CELLS WITH 

TANDEM CONFIGURATION 

7.1 Introduction  

 

Tandem (or multijunction) solar cells present high experimental conversion 

efficiencies over 40%, and have the highest efficiency record [4], [106]. For instance, the 

recent champion record of triple junction tandem solar cell is 44.4 percent 

(InGaP/GaAs/InGaAs, 302 suns) with using inverted metamorphic structures [6]. 

Furthermore, the conversion efficiency of a four junction tandem solar cell has approached 

to 44.7% [11]. Thus, the experimental world record of tandem solar cell will approach to 

near 50%.   

However, due to material imperfections in the materials used in tandem solar cell, 

it is still necessary to minimize defects by using novel growth technologies [ 107 ].  

Appropriate material selections are also important to enhance the properties of tandem 

solar cell with acceptable lattice mismatches. Therefore, a key challenge is to find the 

appropriate trade-offs between number of junctions, materials which allow low defect 

concentration in order to improve the overall efficiency of tandem solar cells. 

Intermediate band solar cells (IBSC) have three optical transitions due to the 

presence of an intermediate band (IB) by adding another energy level inside the bandgap. 

The theoretical conversion efficiency is 63.2% with full concentration which it is similar 

to the value of a triple junction tandem solar cell [15], Currently, InAs/GaAs or InAs/GaSb 

systems are researched in order to fabricate IBSCs [108] but experimental results show low 
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efficiencies, around 20%, showing there are still challenges and a need for further 

improvements in quantum dot systems to make IBSC [109]. 

Integrating the IBSC concept with a tandem solar cell (IBTSC) shows a large 

impact because of the three carriers transitions in an IBSC [ 110]-[113]. Theoretical 

conversion efficiencies of double junction (2J) IBTSC can be similar to the calculated 

efficiency of 5 or 6 junction tandem solar cells under concentrated sunlight. Thus, 2J 

IBTSC provides the large improvement in the theoretical efficiency for the same reduced 

number of junctions. The same efficiency as using large number of junctions in 

conventional tandem solar cells and be reached in an IBTSC with a smaller number of 

junctions.  

The spectral splitting between the junctions is the key to determining optimized 

physical parameters for each junction to avoid spectrum overlap between layers. One 

approach to spectral splitting is to assume that the 6 effective band gaps in the two IBSC 

structures can take any value, and that light will automatically find its optimum band gap. 

This is used in [110] and [111]. In this work, the requirements on spectral selectivity are 

reduced, and it is assumed that the top IBSC contains the top three effective band gaps. 

While it is still assumed that within each IBSC spectral selectivity occurs, spectral 

selectivity is not assumed between the two IBSC structures. This is implemented by 

dividing the incident solar radiation into two regions to clearly define the two bandgaps for 

barrier materials, and then each bandgap has properly ordered of three sub-bandgaps: ECI, 

EIV, and Eg.  

The advantage of 2J IBTSC is that there is increased flexibility in the choice of 

optimized materials for the efficient absorption of photon energies and the relaxation of 
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strain due to lattice mismatch. Therefore, the author has searched appropriate materials 

from group IV, III-V materials. In addition to the constraints placed on the optimum band 

gap, and additional constraint on material selection is introduced by the band offsets, which 

give rise to either a Type I or Type II quantum well or QD system. In type I in quantum 

dot (QD) structures the electrons and holes are confined in the same quantum well systems.  

But, type II structures show an indirect transition of an electron and hole due to spatially 

separated with neighbor quantum well or different band alignment. In other words, holes 

are localized due to the valence band offset, similarly, electrons will have a potential barrier 

at the same location of valence band offset region. Because of different spatial separation 

in quantum wells between type I and type II, the wave-function at the conduction band in 

type II is not directly correlated with valence band offset.   

In this chapter, the authors present detailed balance limit calculations for 2J IBTSCs 

under full concentration (= 46200) under blackbody radiation and examined candidate 

material combinations. This chapter is based on [113] in which the author has further 

discussed about the material selection of IBTSC. (see Appendix. E)  

7.2 Theory  

 

7.2.1 Detailed Balance Model of IBTSC  

 

First, the author use the most of assumptions in both tandem and IB solar cells in 

[20],[75],[76]. Each junction uses the ideal perfect mirror to avoid spectral overlapping 

between neighbor junctions [13]. 

Due to (1) selectively absorbing photon energy in both IBSC and tandem solar cells 

and (2) the similar efficiencies between IBSC and 3J tandem solar cells, it is attractive to 
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integrate both concepts to enhance the characteristics of IBSC by tandem configuration. 

General configurations of 2J IBTSC is shown in Fig.7.1 that 6 transitions of carriers should 

be spectrally separated.   

The detailed balance equations of IBTSC are shown below from equation (7.1) to 

(7.6). Equation (7.1) and (7.2) are the generation rate and recombination rate of IBSC 

respectively.

 

 

 

 

Fig. 7.1. The schematic of a tandem double junction IBTSC. 

 

                     













2E

1E

dE
1]CkT/Eexp[

2E

2c3h

2
)CSf1(

2E

1E

dE
1]SUNkT/Eexp[

2E

2c3h

2
CSf1E,2EG

                                     

(7.1)

 

                    







2E

1E C

2

231E,2E dE
1]kT/)Eexp[(

E

ch

2
R

                                            

(7.2) 



  96 

where G is generation rate and R is a recombination rate, fS is a geometric factor 

(=1/46200) in this case, C is a sun’s concentration (=1~46200), h is a plank constant, c is 

speed of light, E1 and E2 are energy states, k is a Boltzmann constant, TSUN is a sun’s 

temperature (=6000K) and TC is an ambient temperature (=300K), µ is a chemical potential 

(=q·V) where V is an operating voltage. 

The current density (J) of the ith junction in the IBTSC is given by  

                                )R-GR-q(G   J CI(i)CI(i)CV(i)CV(i)(i)                                        (7.3) 

where subscript “i” is the number of junction (i=1,2,3…), subscript CV indicate the 

carrier transitions between the valence band (VB) and the conduction band (CB), and 

subscript CI indicates the carrier transitions between the IB and the CB.   

Assuming no carrier extractions from IB can write in equation (7.4):   

 IV(i)R-IV(i)G  CI(i)R-CI(i)G                       (7.4) 

where subscript IV indicates the carrier transitions between the valence band (VB) 

and IB.    

   The chemical potential of IBTSC is the summation of voltages between (1) the 

IB to CB and (2) the VB to IB:  

 IV(i)CI(i)CV(i) qV  qV  qV                                           (7.5) 

Compared to the conventional tandem solar cell, each stack of the IBTSC has three 

different bandgaps which are Eg(i), EIV(i) and ECI(i) as shown in Fig.7.1.  
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Fig. 7.2.  The schematic of electrical circuit model of IBSC. It is composed of three diodes 

having bandgaps of ECI, EIV and ECV.. 

 

Thus, it can show an equivalent electrical circuit model in Fig. 7.2. Two diodes, ECI 

and EIV are series-connected and these two diodes are parallel-connected with ECV.    

The IBTSC model requires careful accounting of the available photon flux vs. 

energy, as this will be quite different from that of the typical tandem cell. To calculate this, 

the solar spectrum is divided into two regions. In Fig.7.3 of section 7.2.2, Ehi(1) is defined 

as the boundary point dividing the two regions which  IBSC1 and IBSC2 are the spectrum 

ranges for bottom and top junction of the IBTSC respectively. After selecting Ehi(1), it can 

set the proper order of sub-bandgaps can be set for each junction where 

ECI1<EIV1<Eg1<ECI2<EIV2<Eg2. 

7.2.2 Solar Spectrum Splitting of Double Junction IBTSC  

 

In tandem solar cells, a principle of solar spectrum splitting is that each layer uses 

an ideal perfect mirror to absorb appropriate incoming photon energy and other photons 
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reflect the outside mirror [20]. Like tandem solar cells, IBTSC uses three light absorption 

paths of incoming photons for each junction including both a bandgap and two sub-photon 

energies (ECI and EIV). Further, t also uses an ideal mirror to absorb appropriate energy of 

light.  

Fig.7.3 describes the solar spectrum splitting for both tandem solar cells and IBTSC. 

Conventional tandem, IBSC, and IBTSC cells all achieve improves conversion efficiencies 

by selection of optimum bandgaps.  

Below Ehi(1), we consider the IBSC as the bottom junction of IBTSC. In other words, 

the incident photon flux will reflect above Ehi(1) and the bandgaps of the lower IBSC 

(ECI1,EIV1 and Eg1) will have energies below Ehi(1). 

 

 

Fig.7.3.  The spectral splitting of two regions for 2J IBTSC 

 

For instance, if Ehi(1) is 1.5 eV, the upper solar spectrum range can be considered as 

top junction IBTSC (=IBSC2) and below 1.5 eV range is for the bottom junction (=IBSC1). 
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The proper values of ECI1, EIV1 and Eg1 will be determined below 1.5 eV based on equation 

(7.4). In case of the next junction defined by Ehi(2) as infinity,  the proper range of  ECI2, EIV2 

and Eg2 will be determined between Ehi(1) and Ehi(2). The minimum value of ECI2 should be 

the same or higher than Ehi(1) to avoid spectrum overlapping and maintain enough margin 

to extract carriers from the bottom junctions. If ECI2 is below Ehi(1), there will be a range of 

spectrum overlapping between ECI2 and Eg1. Also, if Ehi(1) is not properly chosen such that 

the difference between Ehi(1) and Eg1 can be small,  the photo-current component for carrier 

extraction from VB to CB of bottom junction will be small or negligible. In other words, 

the dominant contribution is from the IB to CB so the entire effect of bottom junction in 

the IBTSC will operate as a two-junction series-connected tandem solar cell composed of 

ECI1 and EIV1. Explicit separation of the solar spectrum is significant while designing 

multiple layers of IBTSC.  

7.3 Results  

 

After regarding all suggested parameters for simulations, the author present  results 

of 2J IBTSC’s theoretical conversion efficiencies and its optimum bandgaps under full 

concentration (=46200 suns). The results are compared with six junction tandem solar cells 

under full concentration. All collected data are displayed in (1) Fig.7.4 and Table 7.1 for 

double junction IBTSC and (2) Table 7.2 for six junction tandem solar cells. 

7.3.1 The thermodynamic Limits of double junction IBTSCs  

 

The maximum theoretical conversion efficiencies under full concentration in the 

series-connected IBTSC is 0.7% less than 6 junction tandem solar cells. Ehi(1) is 1.19 eV 

and Eg1 is 0.32 eV below Ehi(1). The difference between Ehi(1) and Eg1 is important in 
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determining the properties of the lower ICSC. If the difference between the two is small, 

then the number of photons in this energy range is also small, and hence the current is also 

small.  

 

Fig.7.4. Efficiency vs. Ehi(1) for double junction with an independent connection (red line) 

and a series-connection (blue line) under full concentration (J.Lee, [113],2012). 

 

Table 7.1. The optimum bandgaps and maximum efficiency (η) of independent (I) and 

series (S) connected double junction IBTSCs under blackbody radiation with full 

concentration [J.Lee, [113],2012]. 

 

Conc  ECI1 

(eV) 

EIV1 

(eV) 

Eg1 

(eV) 

ECI2 

(eV) 

EIV2 

(eV) 

Eg2 

(eV) 

η 

(%) 

46200 I 0.36 0.75 1.11 1.50 2.06 3.56 73.2 

S 0.21 0.66 0.87 1.19 1.75 2.94 72.7 
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Table 7.2. The optimum bandgaps and maximum efficiency (η) of six junction tandem solar 

cell under blackbody radiation where concentration (=Conc) is 46200 sun. [J.Lee, 

[113],2012]. 

 

Conc  Eg1 

(eV) 

Eg2 

(eV) 

Eg3 

(eV) 

Eg4 

(eV) 

Eg5 

(eV) 

Eg6 

(eV) 

η 

(%) 

46200 I 0.40 0.78 1.16 1.59 2.11 2.86 74.4 

S 0.37 0.70 1.00 1.32 1.71 2.30 73.4 

 

These results presume that the dominant carrier transition in the bottom junction 

IBTSC is from IB to CB and it is negligible from VB to CB.  

The maximum theoretical efficiency (=73.2%) of independent-connected 2J IBTSC 

under full concentration is similar to a series-connected six junction tandem solar cells 

(=73.4%) as shown in from Table 7.1 and Table 7.2.   

The material choices for independent connection can be also wide due to large 

bandgaps to compose QDs. Note that the bottom junction of the series-connected IBTSC 

requires a lower bandgap, an issue due to limited choices of low bandgap materials suitable 

for QD formation.  

Next, the author discusses the material combinations for 2J IBTSC with the 

combination between independent and series-connections.  

For concentrated sunlight, the results of 2J series-connected IBTSC are shown in 

Table 7.1. It shows that barrier materials near 0.9 eV are an appropriate choice for 

monolithic growth with GaN combination for 2J IBTSC. But, in the low bandgap materials 

with super lattice structure, hot carriers can easily escape at CB of bottom junction that can 

reduce the electrical properties of 2J IBTSC due to low carrier extraction margin from Eg1 
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to Ehi(1), small confined states in QDs and dependence of temperature. Therefore, the light-

generated currents are small not preserving the operating voltage of bottom junction IBTSC. 

 

Eg 
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IB
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Fig.7.5.  Two types of band structures for a double junction IBTSC where (a) is type I 

and (b) is the type II.  

 

Type I or type II structures for IBTSC is displayed in Fig 7.5. The general IBSC 

band structure is type I structure. However, type I has drawbacks such as reducing photo-

current due to different transition rates between (1) VB to IB and (2) IB to CB and 

decreasing open-circuit voltage because of VB offset due to localized bound states at VB 

[114].  
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Therefore, the type II is an alternative due to increasing both carrier life time and 

photo-current compared to type I structure. But, due to overlapping of wave-functions, the 

different absorption coefficient should regard between type I and type II.  

7.3.2 Material Selection for IBTSC  

 

Fig 7.4 and Table 7.1 show several ways to from 2J IBTSC such as (1) Si/Ge, III-

V for bottom most junction and GaN related materials or wide-bandgap of II-VI for top 

junction of independent connection (IC) and (2) low bandgap III-V (for bottom junction) 

and high bandgap of III-V or II-VI (for top junction) for a series connection (SC).  

III-V combinations are well-established approaches to compose IBSC. As well, II-

VI material combinations are also good choices for top junction materials for broad choices.  

In case of IC, an optimum bandgap of bottom junction is 1.11 eV which it is similar 

to Si, InGaAs, AlGaSb and GaAsSb. The author does not discuss the composition of mole 

fraction for optimum band gaps, since such calculations require assumptions about specific 

device parameters such as strain. Possible combinations are Si/Ge [115], InGaAs/InAs 

[116], AlGaSb/InSb [117] and GaAsSb/InAs [118] under the concentrated sunlight. In the 

top junction of IC, GaN/InGaN [119],[120] and AlGaN/InGaN [121] are good choices. 

And, II-VI compound semiconductor can give broad materials choices. For instance, ZnS 

(=3.7 V) [122] is wide bandgap materials and incorporating with Cr to make deep impurity 

levels photovoltaic devices.  

For a 2J IBTSC, the optimum materials have several choices. First, the barrier 

material for bottom junction is near 0.9eV materials under concentration range. Possible 

combinations are InGaAs/InAs quantum dot or quantum well systems. 
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 For the top junction materials, it should be matched with near 3 eV so that (1) III-

Nitride and (2) II-VI ZnMgSe, ZnSSe [123] and ZnCdS with transition metal or hetero-

structures are appropriate choices with considering of lattice mismatches.  

7.4 Conclusion 

 

A detailed balance of double junction IBTSCs has been developed to show the 

advantages of minimizing the number of junctions and to search for appropriate material 

combinations. The characteristics of two-junction hybrid IBTSC are similar to a theoretical 

conversion efficiency of six-junction conventional tandem solar cells. Because of the 

transition of three carriers, a single IBSC can show the properties of triple junction tandem 

solar cells. The author has discussed the material selections of 2J IBTSC with results of 

independent-connected and series-connected solar cells. In an independent connection of 

2J IBTSC, the material combinations are Si/Ge for bottom junction and GaN/InGaN for 

top junction. But, in case of series-connection, materials for the bottom junction show 0.9 

eV which it should be composed of low bandgap materials. And, due to 3 eV wide-bandgap 

barrier materials of top junction, there are various options to choose materials such as III-

V Nitride and II-VI combinations.  



  105 

CHAPTER 8 

THE THERMODYNAMIC LIMIT OF INTERMEDIATE BAND SOLAR CELLS 

ASSISTED WITH MULTIPLE EXCITON GENERATION 

8.1 Introduction 

 

Intermediate band solar cells (IBSC) with quantum dots (QD) are a promising 

concept among third generation photovoltaic devices aimed for overcoming the single 

junction efficiency limit [12],[15]. By inserting another energy level inside the bandgap 

and assuming strong absorption of light through sub-paths, three carrier transitions are 

possible: (1) valence band (VB) to conduction band (VB), (2) VB to intermediate band (IB) 

and (3) IB to CB [15].  In equilibrium, the IB level occupancy is balanced by two transitions 

which are from VB to IB and from IB to CB [15]. The additional generated carriers in the 

CB contribute to the electrical current and the IBSC achieves a maximum theoretical 

efficiency of 63.2% due to absorption of photons with energy less than the bandgap [15].  

After the IBSC concept was initially reported [15], subsequent research focused on 

(1) further developments of detailed balance theory of the IBSC [124],[125] and (2) 

possible candidate materials to build IBSC based on ab-initio calculations and bandgap 

engineering. Experiments have been conducted to make IBSC using III-V compound 

semiconductor materials such as GaAs/InAs or ternary material systems such as GaNAs 

and other combinations [126]-[131]. These experimental results demonstrate near or less 

than 20% efficiency cells [16],[132]-[135]. Recent experimental IBSC research proves the 

existence of two photon carrier generation by photoluminescence or electroluminescence 

[136],[137].  
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Theoretically, more advanced IBSC concepts have been proposed including both 

Auger generation at the IB and multiband cells with IBSC [138]-[144].  

Currently, multiple exciton generation (MEG) has appeared as another promising 

third generation photovoltaic device approaches to minimize thermalization losses. MEG 

achieves carrier multiplication through impact ionization for while absorbing photons with 

energy greater than the bandgap energy [31],[32]. Typically MEG relies on the use of 

quantum dots, since electrons in the QD can remain excited longer than in bulk materials 

due to relaxed momentum conservation rules and slower carrier cooling processes [31],[32]. 

Many results show that the threshold energy should be closed to two times the bandgap to 

maximize the MEG effect and conversion efficiency [37],[45].  

Integrating MEG and IBSC provides greater efficiency by reducing the 

thermalization loss [145],[146] and increasing the number of electron and hole pairs (EHP) 

generated while widening the range of acceptable semiconductor materials. Also, spectral 

splitting of IBSC offer to wisely managed input spectrum like tandem solar cells 

[15],[113],[147]. Thermalization losses in an IBSC with carrier multiplications are further 

reduced by dividing the solar spectrum and quantum yield with three optimum transitions 

[133],[139].  

Both MEG and IBSC make use of low energy photons such that low bandgap 

materials offer a wide selection of materials.   

In this chapter, the author introduces a thermodynamic limit model of IBSC assisted 

with MEG. The model calculates maximum theoretical efficiency and optimum bandgaps 

using novel detailed balance limit equations applied to the IBSC including the effects of 

QY and considers the possible carrier transitions between bands as determined by quantum 
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yield and spectral splitting. The author will show calculated maximum efficiencies and 

optimum bandgaps of MEG effect with IBSC (MIBSC) under blackbody radiation and 

standard AM1.5 spectrum with both one sun and full concentration.     

8.2 Theory 

 

8.2.1 Detailed Balance of MIBSC

                                                                                                                                           

 

 

From the references [141], the Auger effect combined with an IBSC is implemented 

by the changing carrier multiplication probability and the absorption coefficient. In this 

chapter, the author here suggest a different way that the increased number of EHPs is 

determined by QY from three transitions in the IBSC including the definition of carrier 

multiplication. In MEG solar cells, the remaining photon energy can generate other EHPs 

by impact ionization or Auger generation is given by the QY. 
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where m is the number of multiple electron hole pairs generated, M is the maximum 

number of electron hole pairs which are generated, Eg is the band gap, and E is the photon 

energy. 

The detailed balance equations for the MIBSC are shown in (8.2), (8.3) and (8.4). 
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where  is the particle flux given by Planck’s equation for a temperature T with a 

chemical potential µMEG in the photon energy range between E1 and E2,  h is the Plank's 

constant, c is the speed of light, k is the Boltzmann constant. 

 

  Equation (8.2) is a modified photon flux for the MEG solar cell and it depends on 

the difference between E1 and E2 to determine its QY. For instance, if QY of both the 

barrier and QD region is 1, MIBSCs will behave as conventional IBSC.      

Equations (8.3), (8.4) and (8.5) are modified from the conventional IB detailed 

balance limit. Equation (8.3) is the photo-generated current of an MIBSC. 
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where fS is the geometry factor (=1/46200), C is the concentration. ECI is the 

transition from IB to CB, EIV is the transition from VB to IB and Eg(=ECV=ECI+EIV) is the 

transition from VB to CB, TS is the temperature of the sun, and TC is the temperature of 

the solar  cell. 

As also described in the previous chapter, from the IBSC theory, the intermediate 

band is isolated from the contact and there is no carrier extraction. Thus, the optimum 

intermediate band level is determined by the balance of transitions (1) VB to IB and (2) 

from IB to CB. Therefore, IB level should be set by equation (8.4). 
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           And, the chemical potential of MIBSCs is given from equation (8.5) to equation 

(8.7). 

IV,MEGCI,MEGCV,MEG                                                      (8.5) 

CICI,MEG V)E(QYq 

                                                 

(8.6) 

IVIV,MEG V)E(QYq 

                                                 

(8.7) 

8.2.2 Carrier Transitions of MIBSC  

 

  IBSCs generate two electrons at the CB based on three transitions. The, IB is 

electrically isolated and has no carrier extraction. From reference [113], the conversion 

efficiency of the IBSC is similar to triple junction tandem solar cells.  

If there is a MEG effect in the IBSC without the restrictions multiple EHPs (QY=2) 

and spectral splitting, the generated number of carriers in each transition is 2.  For instance, 

if the QY is 2, (1) two EHPs are excited from VB to CB, (2) and two from VB to IB and 

(3) two EHPs from IB to CB. The total generated EHPs are four at CB due to relations 

between QY and spectral splitting. Thus, the procedure of generation of carriers of MIBSC 

with QY and spectrum splitting is shown in Fig.8.1. To generate carrier multiplication, the 

threshold energy (Eth) for the MEG effect should be two times greater than the bandgap so 

that the minimum threshold energy of Eth,CI is 2ECI, Eth,IV is 2EIV and Eth,g = 2Eg where Eth,CI, 

Eth,IV and Eth,g are the threshold energies of ECI, EIV and Eg respectively. 

The bandgaps should be chosen such that 2ECI < EIV < 2EIV and 2EIV < Eg < 2Eg to 

generate two EHPs of each transition, requiring that Eg be greater than two times EIV. 

However, Eg is the summation of ECI and EIV which forces Eg to be smaller than 2EIV and 

thus the actual QY from VB to IB transitions is 1. 
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Fig.8.1.  The QY of three transitions in the MIBSC, (a) Without restrictions for carrier 

 multiplication, the order of bandgaps is ECI<2ECI < EIV<2EIV <Eg(=ECV) < 2Eg .    

                 (b) The modified carrier generations of MIBSC. ECI<2ECI < EIV<Eg(=ECV) < 

2EIV .    

 

Therefore, the conditions for bandgap alignment change to 2ECI<EIV<2EIV and 

EIV<Eg<2EIV to avoid spectral overlapping and achieve the maximum QY. The overall 

bandgap alignment is shown in equation (8.8) and in Fig.8.1 (b).  

IVCVgIVCICI E2)E(EEE2E                       (8.8) 

Under this condition, it is possible to generate more than two EHPS in MIBSC as 

is shown in Fig.8.2. 
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Fig. 8.2.  The procedure of generation of carriers in the MIBSC, Eph is the photon energy. 

(a) The number of electrons=2. (b) The number of electrons=3 which 2 is from 

VB to CB and 1 is IB to CB, (c) The number of electrons=3 which 1 is from VB 

to CB and 2 is IB to CB and (d) The number of electrons=4. The 4 EHPs are 

generated that 2 is from VB to CB and 2 is from IB to CB. 
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Further, regarding both QY and spectral splitting, the non-overlapping of QY from 

the three transitions is also important to optimize the characteristics of MIBSC. For 

instance, QY from ECI can be 2 if the spectral splitting region from ECI to EIV is relatively 

large. 

Thus, Fig. 8.2 provides conditions for MEG such that it generates two EHPs and 

increases current. However, if the difference between Eth,CI and EIV is small, the net effect 

of increasing current and QY can be negligible.  In case of Eg, there can be two EHPs with 

no restrictions of spectrum splitting. But, the amount of solar photon energy at high energy 

is small so that the increase of light-generated current from Eg to infinity is not large. 

Therefore, choosing the proper range of the three bandgaps is important to maximize the 

carrier multiplication effect in the MIBSC. 

8.2.3 The Possibility of Carrier Multiplication in MIBSC  

 

 In Fig.8.2, the author has presented the possible scenarios for the number of carriers 

generated in a MIBSC.  In this section, the author will discuss which transition is dominant 

to generate more than two EHPs. First of all, in a QD region, two EHPs from IB to CB are 

shown in Fig. 8.1. Due to the charge neutrality condition, the carrier multiplication 

processes in Fig. 8.2 (c) and (d) are impossible without an additional assumption like 

another absorption path or doped IB. Even though the spectral splitting makes it possible 

to excite carriers from IB to CB to generate two EHPs, the number of EHPs from VB to IB 

is 1 which cannot provide another electron to excite from IB to CB by impact ionization.  

 Here, the author considers Fig 8.2 (a) and (b) in which the generated number of 

carriers are two from conventional IBSC theory (see Fig. 8.2 (a)) and three by impact 
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ionization in a barrier region (see Fig. 8.2 (b)) and both spectral splitting and charge 

neutrality conditions can be satisfied. 

8.3 Results 

 

In this section, the author will discuss the simulation results and advantages of 

MIBSC. Fig.8.3 and Fig 8.4, Table 8.1 and 8.2 compares the theoretical maximum 

efficiency and optimum bandgaps for IBSC and MIBSC under blackbody radiation and 

terrestrial spectrum conditions.  

Table 8.1. The comparison of both conversion efficiencies and optimum bandgaps between 

IBSC and MIBSC under blackbody radiation with one sun and full concentration 

where N is the number of electrons and η is the maximum conversion efficiency. 

 

BB N  ECI (eV) EIV (eV) Eg (eV) η (%) 

C=1 2 IBSC 0.92 1.48 2.4 46.8 

3 MIBSC 0.87 1.43 2.3 47.4 

C=46200 2 IBSC 0.72 1.25 1.97 63.2 

3 MIBSC 0.47 0.93  1.40 66.7 

 

 

Fig. 8.3.  The efficiencies vs optimum Eg where (a) is the one sun illumination (C=1) and 

(b) is the maximum concentration (C=46200) under blackbody radiation where 

N is  the number of carriers at CB. 
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Fig. 8.4.  The efficiencies vs optimum Eg where (a) is the one sun illumination (C=1) and 

(b) is the maximum concentration (C=46200) under terrestrial spectrum. 

 

Table 8.2. The comparison of both conversion efficiencies and optimum bandgaps between 

IBSC and MIBSC under terrestrial spectrum with one sun and full concentration. 

  

AM1.5 N  ECI (eV) EIV (eV) Eg (eV) η (%) 

C=1 

(AM1.5G) 

2 IBSC 0.93 1.49 2.42 49.5 

3 MIBSC 0.93 1.49 2.42 49.5 

C=46200 

(AM1.5D) 

2 IBSC 0.69 1.22 1.91 67.7 

3 MIBSC 0.51  1.00  1.50 67.9 

 

 

Under blackbody radiation with full concentration shown in Table 8.1 and Fig 8.3, 

the theoretical maximum efficiency is increased by 3.2% and the optimum bandgaps are 

0.47 eV (=ECI), 0.93 eV (=EIV) and 1.40 eV (=Eg)  for which the corresponding QY is 1, 1, 

and 2 respectively.  Note that the bandgap of the barrier is similar to GaAs (=1.42 eV) and 

the QD material can be InAs (=0.36 eV).  

Generally, the results clearly indicate that with blackbody radiation and under 

concentration conditions, due to carrier multiplications in the three optical transitions, one 

can choose low bandgap QD materials and a barrier material with a bandgap up to 2 eV.  
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For Eg above 2 eV the net effect of MEG in MIBSC disappears and the cell becomes 

similar to a conventional IBSC.   

The bandgap trends for the terrestrial spectrum simulation results for MIBSC in 

Table 8.2 and Fig 8.4are similar to those found for blackbody radiation. However, a 

difference of only 0.2 % in the maximum conversion efficiency is found between MIBSC 

and IBSC under full concentration conditions because of fluctuations of the terrestrial 

spectrum. The general trends for the optimum three bandgaps are similar and the three 

optimum bandgaps are 0.51 eV(=ECI), 1.00 eV(=EIV) and 1.51 eV(=Eg) with corresponding 

QYs of 1, 1, and 2.  The overall number of generated carriers is 3 at the maximum 

conversion efficiency point.  

The optimum bandgaps under one sun with blackbody radiation or the terrestrial 

spectrum is slightly lowered compared to conventional IBSC due to the two carrier 

generations from Eg. The optimum bandgaps under the one sun terrestrial spectrum is the 

same as for a conventional IBSC due to the limited spectrum range.  Thus, it is absolutely 

necessary to use the light concentrator to get the benefits. 

From all above results, the author considers the possible material candidates of 

MIBSC where there are similar optimum bandgaps from both blackbody radiation and the 

terrestrial spectrum under concentration.  Currently, there are reports of MEG or carrier 

multiplication phenomena in III-V materials such as InAs [43], InP [84], InN [85], InSb 

[148], and GaAs [149],[150]measured by terahertz pump-probe measurements.  Among 

these materials, promising combinations such as InAs/InP, InAs/GaAs, InN/InGaN and 

InSb/AlInSb are potential candidates for MIBSC. 
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Fig. 8.5.  The three bandgap alignments at the maximum conversion efficiency. (a) The 

total number of generated electrons is 3 under blackbody radiation. The optimum 

bandgaps under blackbody radiations are ECI=0.47 eV, EIV=0.93 eV and Eg=1.40 

eV. (b) The total number of generated electrons is 3 under terrestrial spectrum. 

The optimum bandgaps under terrestrial spectrum are ECI=0.51 eV, EIV=1.00 eV 

and Eg=1.51 eV.   

 

8.4 Conclusion 

 

The author has developed a hybrid thermodynamic model of carrier multiplication 

integrated with IBSC. A careful consideration of the spectral splitting interactions with the 

QY shows the possible number of electrons at generated at the conduction band edge can 

be 2, 3 and 4 which is larger than in a conventional IBSC. But, the larger threshold energy 
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from the valence band to intermediate band does not contribute to MEG (the effective QY 

of EIV is 1) due to the overlap of QY between ECI and EIV. Other transitions such ECI and 

Eg can make two EHPs. So, the overall efficiencies with and without concentration are only 

slightly enhanced. After accounting for solar spectral splitting and QY, the possible 

additional number of carriers generated is 3 due to transition from VB to CB because of 

charge neutrality condition and metallic properties of IB.  Increasing the concentration of 

light is the only way to boost the MEG effect in the IBSC. Under these conditions, more 

incident photon energy into MIBSC has the possibility of increasing the number of carriers. 
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CHAPTER 9 

CONCLUSION 

The author has proposed several types of hybrid solar cell models by 

thermodynamics to overcome existing theoretical limit of PV cells and suggest suitable 

materials with nanostructures. The potential benefits of novel concept solar cells can have 

multi-physics effects in one solar cell due to integrating two concepts such as (1) multiple 

exciton generation (MEG) and tandem, (2) intermediate band (IB) and tandem and (3) 

MEG and IB while maintaining the properties of conventional solar cells. The development 

of hybrid concepts uniquely the realization of ultra-high solar cell efficiencies, as even 

including a single advanced concept approach, efficiencies substantially over 50% at 

realistic concentration ratios and with non-ideal assumption do not exist. 

First, the author investigated the limiting efficiency of multiple exciton generation 

solar cell with non-ideal effect such as delayed threshold energy under concentration. The 

ideal quantum yield offers a large improvement of theoretical conversion efficiency to 

surpass the Shockley and Queisser limit. But, when examining non-ideal quantum yield 

and its threshold energy above the ideal values, the effect of carrier multiplications of single 

junction solar cell was reduced. In particular, the benefit disappears for one-sun conditions, 

so using concentrators is necessary to provide advantages in the theoretical conversion 

efficiency. Furthermore, the threshold energy should be located at between two and three 

times of bandgap materials to maximize the generating multiple electron and hole pairs. 

Second, the thermodynamic limit of MEG with multijunction (MJMEG) has been 

proposed and calculated to upgrade the model of current tandem solar cells. General 

multjunction solar cells are presently leading the efficiency of PV cells. However, 
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disadvantages like defects of interfacial layer cause the limit to monolithic growth and 

number of junctions. Thus, utilizing MEG with multijunction in nanostructures can 

contribute to enhance the characteristics of theoretical efficiency and use low bandgap 

materials. Its calculated efficiency is improved at the low number of junctions to maximize 

the carrier multilplication. However, the increased number of junction in this hybrid solar 

cell does not provide such large benefits due to decreasing the possible maximum quantum 

yield of each junction.  

Third, after studying this MJMEG solar cell, the author focused on silicon 

nanostructure solar cells for MEG and MJMEG applications. Silicon has substantial 

possibility to use the nano-materials because even if silicon is an indirect bangap material, 

it can be direct bandgap materials in nanostructures due to excellent quantum confinement. 

The author has investigated the limiting efficiency of silicon MEG with concentration 

under terrestrial spectrum. Then, limiting efficiencies of Si MJMEG has also calculated. 

Silicon cover visible range of photon energy so that silicon nanostructures can use for the 

upper junction of MJMEG. Based on this, the author has investigated the appropriate 

materials for bottom junction such as InAs or InN. Furthermore, the compatibility of these 

material combinations also investigated to improve the quantum confinements. 

Forth, the author presented the experiment results of a silicon nanostructured solar 

cell. The periodic silicon nanowire defined by electron beam lithography shows the 

improved short-circuit current. But, due to low open-circuit voltages and fill factors, related 

to the large rear junction area, the overall efficiency was low. Further, the optical resonance 

at the bandgap of amorphous silicon offer to beneficial effect of low reflectance. However, 

the number of nanostructures is also important to regard to reduce the reflectance the entire 
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range of wavelength to increase the short-circuit current. With improvements in the rear 

surface structure, the proposed device offers an approach to realization of a silicon 

nanostructured solar cell.  

Fifth, an alternative to overcoming tandem solar cells’ limit is using an intermediate 

band solar cell. The most important assumption of intermediate band solar cell is three 

strong light-absorptions in one junction with intermediateband. Thus, it has three carrier 

transitions and its theoretical efficiency under full concentration is similar to triple junction 

tandem solar cells. The tandem configuration of double stacked intermediate band solar 

cells shows the similar theoretical efficiency of five or six junction tandem solar cells. Thus, 

this configuration reduces the number of junctions compared to tandem solar cells, 

enabling the efficiency of 5 or 6 junction device with only 4 materials. In material 

investigations, Si/Ge or III-V for the bottom junction with III-V nitride for the upper 

junction shows appropriate combinations for in an independent connection.  For series-

connection, near 0.9 eV material for the bottom junction and a high bandgap of 3eV 

materials (III-V or II-VI) for the top junction can be used. The materials for quantum dot 

are still require further materials to searches to optimize the properties and quantum 

confinement for efficient managing of photons.     

The final discussion for novel concept of PV model is carrier multiplication at the 

intermediate band solar cells. The both concepts of solar cells can use the low bandgap 

materials to control the incoming photon efficiently. To investigate the possible regions of 

carrier multiplications, it is necessary to investigate the spectral splitting. The transition 

between (1) the intermediate band to conduction band and (2) the valence band to 

conduction band have the largest possibility of realizing carrier multiplication. However, 
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the charge neutrality at the intermediate band must satisfy with valence the number of 

electron and hole pairs. A doped intermediate band can be considered to replace metallic 

properties of intermediate band.  

Overall, the hybrid concepts of limiting efficiency model provide substantial 

potential to improve the efficiency of solar cells through developing multi-physical effects 

in one solar cell. Even if the proposed of third generation PV cells have large benefits to 

surpass the single junction limit, the suggested detailed balance limit of hybrid solar cells 

in this dissertation offer multiple advantages to overcoming the existing limits. Moreover, 

these hybrid model can be achieved by the existing solar cell materials such as silicon by 

using nanostructures such as quantum dots.  

The detailed balance limit or thermodynamic limit can describe only the ideal PV 

model that it is not considered the real physical parameters of solar cells. Thus, it is also 

necessary to exploit the realistic hybrid solar cells model including multi-physics 

parameters and find ways to fabricate with appropriate material and structures.      
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In reference to IEEE copyrighted material which is used with permission in this 

thesis, the IEEE does not endorse any of Arizona State University's products or services. 

Internal or personal use of this material is permitted. If interested in reprinting/republishing 

IEEE copyrighted material for advertising or promotional purposes or for creating new 

collective works for resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn 

how to obtain a License from RightsLink. 

The copy right format of IEEE is © [Year IEEE] and Citation 
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APPENDIX C 

THE QUANTUM YIELD OF MJMEG SOLAR CELL 
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In chapter 4, the author briefly introduces the quantum yield variations for 4 

junction MJMEG solar cells. In this section, the author would like to explain it in detail. 

First, in Figs. C.1 (a), (b), and (c), the author considers the QY distributions for the cases 

of two, three, and four junctions. For the two junction case (Fig. C.1 (a)), considering just 

the bottom two junctions (Eg1 is 0.31eV and Eg2=0.93 eV) of the previous 4J case as a 

double junction MJMEG cell, there is no overlap of QY and for a part of the spectrum, the 

QY of each junction is 2 (see Fig. C.1(a)) which there is enough “room” in the spectrum 

for MEG to occur in both junctions. 

Including the third layer (Eg3=1.86 eV) as a  triple junction cell, the possible QY 

for the middle junction(Eg2) of MJMEG is only 1 and QYs for bottom and top most 

junctions (Eg1, Eg3) is again 2 for a portion of the spectrum (see Fig.C.1 (b)). The threshold 

energy of the middle junction bandgap(=0.93 eV) at  two times its bandgap (=1.86 eV) is 

the same as the bandgap of the top junction. Thus the maximum QY of the middle cell 

overlaps the top junction cell and for these band gaps, the middle solar cell does not have 

MEG generation and behaves as a conventional MJ cell, even if the MEG process where 

to theoretically be able to occur in the material. 

Finally, for the full 4 junction MJMEG solar cell including Eg4 (=2.79 eV), the QYs 

of the second (=0.93 eV) and third (=1.86 eV) junction are 1 and the QYs in the bottom 

(=0.31 eV) and top (=2.79 eV) most junctions are 2 for a part of the spectrum (see Figure 

C.1(c)). The 2nd and 3rd junctions behave as conventional MJ junctions. The effect of the 

increased QY in the high photon energy region at the top junction is negligible due to the 

small amount of solar photon current therein.  
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Overall, the MEG effect of the top most junction in the MJMEG is nearly the same 

as in conventional MJ solar cells with increasing number of junctions. For instance, if the 

bandgap of the top junction is 2.79 eV and, the threshold energy for MEG is 5.58 eV where 

the photon flux in this region is nearly zero.  

 

Fig. C.1. The QY distributions of MJMEG solar cells. With increasing number of junction, 

the bottom most and top most junction will have the highest possibility of MEG effect. 

But, the MEG effect of top most junction will be negligible due to low amount of solar 

photon flux at high photon energy region with increasing number of junction. (a) is the 

double junction MJMEG, (b) is the triple junction MJMEG and (c) is the four junction 

MJMEG solar cells 
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Based on this, the number of junctions for MJMEG solar cells is restrained because 

of the limitation of maximum QY and amount of photon energy of each junction through 

dividing photon energy region. To take advantage of MEG within each cell, the threshold 

of photon energy is two times greater than the lower photon energy (Eg2>2Eg1) assuming 

two EHPs per one photon. Otherwise, the MEG effect will not occur and the generated 

carriers in each cell will be one. However, with increasing photon energy and number of 

junctions, there are difficulties achieving the MEG effect within each junction. In other 

words, QY of mid-junctions in MJMEG solar cells will have QY=1e if the spectral region 

is narrow. Thus, it is important to consider the relationship between the number of EHPs 

and junctions. As shown in the example above, the bottom junction and top cell in MJMEG 

have the highest possibilities for benefiting from MEG and middle cells may or may not 

experience the MEG effect. Therefore, the choice of spectral splitting for MJMEG cells is 

important in order to give a reasonable range of solar spectrum of each junction and result 

in the maximum efficiency and optimized bandgaps.  
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The copyright of chapter 4 is endorsed by Mr. Christopher Green (Lock Heaven 

University), Dr. Stephen Goodnick (Arizona State University) and Ms. Melanie-Claire 

Mallison  (N-REU Program Assistant)  

1. Christopher Green 

“You have my permission to use any of the results of my research in your doctoral 

thesis. Hope everything is going well. 

Good luck on your thesis 

Chris” 

2. Dr. Stephen Goodnick in Arizona State University 

“It is okay to reproduce as long as Chris Green’s contribution is appropriately 

acknowledged” 

3. Melanie-Claire Mallison in N-REU Program Assistant 

“As long as you acknowledge Christopher and the 2013 NNIN REU Program in 

your paper, you are free to use whatever research results you wish.  If you use an actual 

graph or image that Christopher took, then of course that image needs to be specifically 

credited to him in the caption.  But essentially, the research Christopher performed belongs 

to Prof. Goodnick. So as I say, as long as Christopher and the program are properly 

acknowledged, the research and results are yours to discuss. 

Melanie-Claire” 
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As author, SPIE shares the copyright with you, so you retain the right to reproduce 

your paper in part or in whole. 

Publisher's permission is hereby granted under the following conditions: 

(1) the material to be used has appeared in our publication without credit or 

acknowledgment to another source; and 

(2) you credit the original SPIE publication. Include the authors' names, title of 

paper, volume title, SPIE volume number, and year of publication in your credit statement. 

“Jongwon Lee and Christiana B. Honsberg, “The thermodynamic limits of tandem 

photovoltaic devices with intermediate band,” Physics, Simulation, and Photonic 

Engineering of Photovoltaic Devices, Physics, Simulation, and Photonic Engineering of 

Photovoltaic Devices, Alexandre Freundlich; Jean-Francois F. Guillemoles, Proc. 

SPIE 8256, 82560Q (February 9, 2012); doi:10.1117/12.910813.”   
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