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LEFT:   Schematic representation of the different strength interaction 
with light for single layer and multilayers samples. The 
shorter distance between QDs observed in ML samples is  
responsible for light absorption enhancement. More detailscan 
be found within this thesis in chapter 4. 

  

 

RIGHT: Tauc plot (symbols) and corresponding linear fits (lines) for Ge 
QDs arranged in multilayers (ML) and single layer(SL) 
configurations. The higher slope of linear fit observed in ML 
samples is related to an enhanced light absorption. More detailscan 
be found within this thesis in section 4.3. 
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Abstract 

The world demand for energy is continuously increasing with a rate that will 

soon become unsustainable given the current exploitation of energy sources 

(such as fossil fuels). In addition, it should be figured out that most of 

commonly used energy resource are limited and that humankind has 

liberated a quantity of carbon (as CO2) in the past 250 years that it took our 

planet about 250 million of years to sequester. In this context, a wide and 

exciting range of possible solutions to provide enough and cleaner energy is 

represented by nanotechnologies offering innovative materials with 

interesting effects exploitable for energy production, distribution and saving. 

Among other materials, Group-IV semiconductors have been deeply 

investigated since they allow the fabrication of abundant, non-toxic, mono-

elemental nanostructures (as Si quantum dots, C nanotubes, Ge nanowires, et 

al.) thanks to high purity and mature technology. Moreover, fascinating 

effects due to quantum confinement in this nanostructures can be effectively 

exploited for energy production in photovoltaics devices. Among them, Ge 

reveals interesting optical properties due to its quasi-direct bandgap, higher 

absorption coefficient and larger exciton Bohr radius with respect to Si, 

giving the chance to easily tune the optical properties by exploiting quantum 

confinement effect (QCE). However, the properties of Ge quantum dots 

(QDs) depends not only on the size as many other parameters can concur in 

controlling their optical behavior, especially for what concerns the optical 

bandgap. For this reason, the aim of this thesis is devoted to a detailed 

investigation of the optical properties of Ge QD, with particular emphasis on 

the light absorption properties and its modulation by QCE. 
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This thesis, after a general overview of photovoltaics field, an exhaustive 

introduction about the interesting optical properties of semiconductor NS 

and on the methodology to extract them (chapter 1), is divided into the 

following parts: 

 In the second chapter, the main goal will be to establish an effective 

methodology for the extraction of optical band-gap in semiconductor 

NS. To do this, we will use the Ge QWs as they join the simplest 

confining structure (QW) and a semiconductor material (Ge) with 

large QCE. Ge quantum wells (QWs) have been deposited by 

plasma enhanced chemical vapor deposition (PECVD). The light 

absorption of the latter has been characterized by UV-Vis/NIR 

spectrophotometry which allows us to extract the reflectance (R) and 

transmittance (T) spectra. In this chapter, we will try to show pro 

and cons in terms of complexity and accuracy of two approximated 

methods (double pass approximation (DPA) and single pass 

approximation (SPA) models) based on R and T spectra (measured 

by spectrophotometry) to get the absorption coefficient spectra. To 

do this, we will compare the absorption coefficient extracted through 

the DPA and SPA models with that extracted through a more 

accurate method based on generalized transfer matrix method 

(GTM). Moreover, by comparing the optical band-gaps obtained by 

Tauc and Cody models (applied to absorption coefficient extracted 

by DPA and SPA models) with the values extracted through a more 

accurate parametrization method based on GTM approach (JTL 

model), we will show which of these two approximated models 
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(Tauc or Cody models respectively) gives more reliable results on 

the extraction of optical band-gap in confined systems. 

 In the third chapter we present a detailed investigation on the 

interface of Ge QDs randomly distributed in SiO2 and their interplay 

in the confinement effects occurring in the light absorption process. 

Quantum confinement (QC) typically assumes a sharp interface 

between a nanostructure and its environment, leading to an abrupt 

change in the potential for confined electrons and holes. When the 

interface is not ideally sharp, significant variations from the QC rule 

appear and other structural parameters beyond the nanostructure size 

play a considerable role. To experimentally observe such deviations 

we will investigate the structural and chemical properties of Ge QD 

interfaces embedded in a SiO2 and synthesized through thermal 

annealing of Ge-rich films deposited by plasma enhanced chemical 

vapor deposition or co-sputtering deposition. We will demonstrate 

that the different chemical interface observed on sputter and PECVD 

grown Ge QDs largely influences the size-dependent tuning of the 

bandgap and oscillator strength. A spatially dependent effective 

mass (SPDEM) model will be employed to account for the interface 

difference between Ge QDs, pointing out a larger reduction of 

exciton effective mass in the sharper interface case. The results of 

this study provide a new understanding of the role of interfaces on 

the quantum confinement effects in nanostructures. Moreover, our 

results indicate a further direction for an optimized exploitation of 

confinement effects in future nanostructure-based devices: not only 
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by exploiting size effects, but also taking advantage of interface 

engineering. 

 The fourth chapter is devoted to an experimental investigation of 

light absorption in small Ge QDs (2-3 nm in diameter) grown by 

PECVD in a multilayer configuration (3-6 nm thick film with Ge 

QDs, separated by 20 nm thick SiO2 barrier). In order to investigate 

the main features of QCE by controlling the QD diameter, 

multilayers of Ge QDs embedded in SiO2, separated by an SiO2 

barrier layers (20 nm thick) were synthesized by plasma enhanced 

chemical vapor deposition and annealing at 800°C. The multilayer 

approach allows a narrower size distribution in comparison to single 

layer of QDs (where no SiO2 barrier layers are involved). During the 

discussion, we will compare the light efficiency of Ge QDs in 

multilayer (ML) and single layer configuration (SL). The optical 

results will show an unprecedented high light absorption efficiency 

in ML systems, 15 times larger than in the bulk. These results add 

new insights into the role of QD packaging on confined systems, and 

open the route for reliable exploitation of QC effect



 

Chapter 1 

Quantum structures and light absorption  

1.1 Sunlight Conversion 

1.1.1 Energy need and solar potential 

Energy is one of the most important needs in our life. In fact, we 

need energy for everything, to power houses and cars, to use technology and 

to feed and clothe us. For this reason, today, is even more evident that 

energy plays a key role in the economy and development of the human 

society. In particular, the Country’s energy consumption is directly related to 

both its economic output and the living conditions and number of its citizens. 

Population growth and the desire to maintain or to raise the current standards 

of living generate an increasing energy consumption. Nowadays, the World 

population is about 7 billion, whereas the annual energy consumption has 

reached a value of 14 TW∙year, with an yearly growth rate of about 3% that 

will led to double this value in the next twenty years, as reported in figure 

1.1 [1], [2], [3]. 
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Several studies also show that the required energy grows much more faster 

than World population. The explanation of this trend is related to changes 

that transform the daily lives of many people, such as the increased 

manufacturing, the labor-saving devices and more recently, computers, cell 

phone and other power requirements. Currently, fossil fuels such as oil, coal 

and natural gas provide almost 80% of World energy supply [2], [3], [4]. We 

know, however, that these traditional sources have been rapidly depleted and 

so they will not last for a long time. Moreover, the emission of carbon 

dioxide into the Earth’s atmosphere, primarily due to the burning of fossil 

fuels for energy, are the cause of rising global temperatures. Thus, the future 

global economy is likely to consume even more energy, especially with the 

rising energy demand from developing Countries such as China and India. 

Figure 1.1 Energy consumption by part of the World, based on BP Statistical Review 

of World Energy 2015. [3]. 
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At the same time, the tremendous risk of climate change associated with the 

use of fossil fuels makes the supply of this energy increasingly difficult. Last 

but not the least, oil and gas reserves are in the hands of a small group of 

Nations, several of which are considered political unstable or have strained 

diplomatic relationships with large Countries with a high demand of energy. 

In fact, about 80% of the World’s gas and oil reserves are located in just five 

regions of the Earth: Africa, Russia, Iran, Qatar, and the Persian Gulf, 

respectively [1], [3]. For all these reasons, the most important scientific and 

technological challenge of the twenty-first century is to supply secure, clean, 

and sustainable energy to all citizens of the World in order to ensure an 

adequate and appropriate quality of the life. In this scenario, the renewable 

energy sources could be a viable and environmentally friendly solution to the 

growing global energy demand. Among of all renewable energy sources, the 

solar is the most clean, efficient and abundant one. 

Solar energy, in active and passive form, is the source of nearly all energy on 

the Earth. Humans, like all other animals and plants, rely on the sun for 

warmth and food. In figure 1.2, we report a comparison between the 

potential of renewable and conventional planetary energy reserves. While for 

the former the yearly potential is shown in terawatts (TW), conventional 

sources, such as oil and coal, display their total recoverable reserves in 

terawatt-years (TW-yr). The volume of the spheres is proportional to the 

amount of energy they represent. Global solar power of 23000 TW refers to 

the Earth's total land mass with atmospheric losses taken into account, and 

corresponds to 200 million TWh per year [5]. As clearly shown in figure 

1.2, the solar resource is several order magnitude larger than the others 

combined.  
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In reality, however, only a tiny amount of solar power, approximately 1368 

Wm-2, reaches the outer boundary of the atmosphere that protects the Earth. 

This value is called solar constant. As observed in figure 1.3, the quantity 

and quality of solar radiation reaching the Earth’s surface are rather different 

from extraterrestrial flux. 

Figure 1.2:  Global energy potential. Comparison between renewable and non-renewable 
energy sources by their potential.[6] 
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This is due to several effects, including the reflectivity of clouds, the 

absorption and scattering by atmospheric gases and particles. These 

combined effects reduce the average density of the solar radiation to about 

one-eighth of the solar constant, that is, 170Wm-2 for ocean and 180Wm-2 for 

continents. Given that the atmosphere plays a relevant role on attenuating the 

Earth’s incoming electromagnetic flux, we need to introduce a convenient 

way to define solar radiation which reaches the Earth’s surface. The air mass 

(AM) generally indicates the optical path-length of light through the 

atmosphere and is defined as the secant between the Sun and the zenith 

(AM=1/sec(θ)). AM0 indicates solar radiation just outside the Earth’s 

atmosphere, while AM 1.5 corresponds to a solar zenith angle 48.5°. 

Commonly the AM 1.5 is used as standard reference to measure the 

Figure 1.3: Solar irradiance spectrum outside atmosphere (transparent 
area) and at sea level (rainbow area) [7] 
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efficiency of any solar cell. Obviously, even a small part of this enormous 

value could easily satisfy the global demand (16 TW). For this reason, 

sunlight-electricity conversion devices exploiting photovoltaic (PV) effect 

have experienced a rapid development in the past decades.  

1.1.2 Light-energy conversion 

The creation of an electric current within a material upon exposure to 

electromagnetic radiation is termed photovoltaic (PV) effect. Although many 

people consider the PV effect related to the photoelectric effect, the two 

processes are slightly different. In fact, while in the photoelectric effect 

electrons are ejected from the material surface upon exposure to radiation 

with sufficient energy, in the PV effect electrons are transferred to the 

conduction band of the material so becoming available to produce an 

electrical current if moved by an internal electrical field. The beginning of 

photovoltaics dates back to 1839 when the French scientist Edmond 

Bequerel observed that a voltage and a current were produced when a silver 

chloride electrode, immersed in an electrolytic solution and connected to a 

metal counter electrode, was illuminated with white light [2]. In 1876 Adams 

and Day published the first scientific paper based on the photovoltaic effect 

and the first true cell was fabricated around 1883 by Charles Fritts. The basic 

principle of a PV device is relatively straightforward and based on two steps: 

photon absorption and photo-carrier collection. Basically, to make a solar 

cell, a slice of n-type semiconductor must be placed in physical contact with 

a slice of p-type semiconductor. The junction formation allows to create an 

electric potential inside two materials, which will force the electrons to move 

in the same direction creating electrical current. When the incoming photon 
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has an energy higher than the optical band-gap of the semiconductor 

material, it is absorbed by creating an electron-hole pair, as reported in 

figure 1.4a.  

 

This electron-hole pair is separated and collected at the contacts of the 

device through the action of the internal electric field generated within the 

depletion region of the p-n junction. In dark condition, the I-V characteristic 

of a conventional p-n junction solar cell is identical to that of an ideal diode 

(black line in figure 1.4b). Under illumination, the I-V characteristic can be 

written as a summation of the dark diode current and the photocurrent IL due 

to generated electron-hole pairs. 

Ls I
kT

qV
II −








−







= 1exp

    (1.2) 

where Is is the diode saturation current [9]. From equation 1.2, we obtain the 

open-circuit voltage by setting I=0, while the short-circuit current Isc 

Figure 1.4: a) a) Schematic representation of a p-n solar cell. Photons with energies 
greater than the band-gap produces carriers, electrons and holes. Most important loss 
processes are: non-absorption of below-band-gap photons, heat losses, and radiative 
recombination. [8] b) The I-V curves in the dark (black) and under illumination (red) in 
logarithmic scale and in linear scale. 
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represents the photocurrent extracted at V = 0. As can be observed in figure 

1.4b, the I-V characteristic under illumination passes through the fourth 

quadrant (red line) and, therefore, power can be extracted from the device to 

a load. We can define the quantities Im and Vm that correspond to the current 

and the voltage that maximize the power output �� = ����. In this regard, 

the ideal conversion efficiency of a solar cell is defined as the ratio of the 

maximum power output over the incident light power Pin:� = �� ���⁄ . 

The sunlight-electricity conversion process in p-n junction solar cells suffers 

of some intrinsic losses, reported in figure 1.4a, that strongly limit the 

efficiency in these systems. The first loss is due to photons with energy 

below the band-gap which cannot be absorbed (sub-band-gap losses). On the 

other hand, for high energy photons the loss is due to the thermalization of 

high energy carriers in the conduction and valence bands. Considering these 

limitations, the maximum theoretical efficiency for a solar cell made from a 

single p-n junction is about 31% for the optimum band-gap of 1.35-1.45 eV 

at one sun concentration according to the detailed balance limit calculated by 

Shockley–Queisser (SQ) [10].  

1.1.3 Research perspectives 

In figure 1.5 the evolution of efficiency for different technologies over the 

last 40 years are reported. All research areas have recently obtained an 

increase of conversion efficiency.  
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Up to now the highest 1-sun efficiency of a single crystal silicon solar cell is 

25.6% while that of polycrystalline silicon is 21.3%. The record efficiencies 

of thin film solar cells decrease further, ranging between 20% and 12%. So 

far, the highest efficiency of 34.1% for a single junction cell was achieved 

with gallium arsenide due to its direct band-gap (allowing higher 

absorption). Besides Si wafer, several thin-film solar cell technologies have 

been commercialized, including Si in either amorphous (a-Si) or 

microcrystalline (μc-Si) form and metal chalcogenides (CdTe and CuInxGa1-

xSe2 (CIGS)). Their record efficiencies range in between 12% and 20%. As 

described in the previous paragraph, one of the main limitation of the current 

PV technology is related to the capability of the material to absorb the 

incident light. To optimize the performances we need to focus on the 

optimization of photon absorption and photo-carrier extraction mechanisms. 

In this regard, the exploitation of “new materials”, as perovskite, could meet 

Figure 1.5: Annual growth of solar cells record efficiency. Different generations 
are marked with different colors [11]. 
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the requirements of optimized light-conversion efficiency and low cost 

production costs. In the figure 1.5 is shown the meteoric rise of power 

conversion efficiencies of the perovskite compared to most other 

technologies over a relatively short period of time. Perovskite refers to any 

material sharing the crystal structure of calcium titanate (CaTiO3), based on 

the general formula ABX3. When used in solar cells, A is typically a small 

carbon-based (organic) molecular cation, B is a metal ion such as lead, and 

X is a halide such as iodide, bromide or chloride. These “organo-metal 

halide” perovskites were studied extensively throughout the 1990s but were 

overlooked for solar cells until 2009, when these materials were used in 

liquid electrolyte dye-sensitized solar cells (DSSC). Unfortunately, the 

electrolyte solution dissolved the perovskite, making the solar cell highly 

unstable. In order to overcome this problem, in 2012 several groups replaced 

the liquid electrolyte with a stable solid-state version. From that moment on, 

the efficiency of perovskite solar cells began to grow exponentially with 

time. The current research cell record efficiency for perovskite was achieved 

by researchers at Korea University of Science and Technology with 20.1% 

[12]. ]. Organo-metal halide perovskites have many distinct advantages over 

traditional solar cell materials. Firstly, these perovskites can be processed 

using very simple, low-cost methods. The wafer processing and cell 

fabrication associated with silicon require expensive equipment and 

facilities. In comparison, perovskite cell fabrication has been accomplished 

with simpler methods like solution spin coating. [13]. Moreover, it is also 

possible to process them on flexible substrates, such as plastic or fabric, 

opening up a number of portable electronics applications. Secondly, the 

constituent elements in the ABX3 crystal structure can be widely tuned to 

give a range of desired optical and electrical properties. Additionally, 
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perovskite cells have a higher band-gap than traditional silicon or thin film 

cells. Therefore, they are transparent to typical solar absorption wavelengths 

and can be placed on top of lower band-gap cells. This combined "tandem" 

photovoltaic system is able to absorb a great part of the solar spectrum and 

achieves a higher efficiency than each type of cell individually.  

Currently, other strategies have been suggested in order to reduce the cell 

fabrication costs and push the efficiencies above Shockley and Queisser 

limit. This would make the electricity production cost by solar cells 

commercially competitive with respect to others conventional energy 

sources. The developments have taken many directions, which can be 

categorized in different forms. In this regard, three different approaches in 

the light absorption management and in the optimization of the photocarriers 

extraction are presented below and in figure 1.6: 

• The first approach is represented by multi-junction solar cells 

(MJSC) in which the use of several different cells material (figure 

1.6a), each one with different band-gap, allows the absorption in a 

broader range of the solar spectrum, increasing the output power of 

system. A generalized theory based on 2-4 and beyond number of 

band-gaps demonstrate that maximum efficiency, at a concentration 

of 1 sun, is 31%. At a concentration of 1000 suns with the cell at 

300°K, the maximum efficiencies are 37, 50, 56, and 72% for cells 

with 1, 2, 3, and 36 energy gaps, respectively [14]. The highest 

efficiency, experimentally reached by MJSC, is 46% under 508 suns 

[15]. This cell stacks four p-n junctions made of GaxIn1-xAs or 

GayIn1-yP with different compositions. Each junction has a different 

band-gap and is responsible for the light absorption in a certain 
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portion of the solar spectrum. However, the disadvantages of this 

approach relies on the complexity and the high cost of the structure 

that limits its applicability on large scale. 
 

• Another leading concept for increasing the efficiency of solar cell is 

the intermediate band (IB) solar cell (figure 1.6b). The idea is to 

increase the light absorption of the solar spectrum by introducing 

states within the band-gap of semiconductor materials. In this way, 

low energy photons can be absorbed in a two photon process. One of 

these structures, such as ZnCdTe system implanted with high energy 

oxygen ions, would have a limiting efficiency of 60%. Moreover. the 

use of quantum dot superlattices to form an effective intermediate 

band structure has been studied by Luque et al [16], [17] who 

showed promising results. However, the main issue of this approach 

is the achievement of strong light absorption from IB without 

increasing non-radiative recombination processes. Furthermore, IB 

must be electronically separated from valence and conduction bands, 

otherwise the photo-voltage would be reduced. 
 

• A third approach for high efficiency solar cells is the concept of 

carrier multiplication (figure 1.6c). This implies that for a single 

absorbed photon, more than one electron-hole pair is generated, 

mainly by an avalanche-type process. Such effect is usually called 

multiple exciton generation (MEG) and has been observed in bulk 

semiconductors (such as Si-Ge alloys) as well as in quantum dots 

(PbSe, CdTe, CdSe, Si) [18], [19]. Recently, photoluminescence 

experiments on PbSe and PbS nanocrystals have shown that is 

possible to get up to7 excitons for a single absorbed photon [20] 
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However, multi-excitons tend to recombine very fast (ps time scale), 

limiting the carrier extraction process in a future device.  

 

The field of nano-photovoltaics is relatively new and there are many exciting 

perspectives to apply nanostructures and nanotechnology to PV. However, 

although the future of nanostructures for photovoltaics is promising, many 

technological challenges remain and fundamental and technological works 

are needed in this field.  

Figure 1.6: Main approaches for new generation PV 
cells: (a) Multi-junction; (b) intermediate-band solar cell; 
(c) Carrier multiplication process (called impact 
ionization in bulk semiconductor). 
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1.2 Quantum confinement effect 

Nanotechnology is defined as the study and use of structures whose size is 

between 1 nm and 100 nm. The birth of Nanotechnology concept is 

attributable to Feynman’s famous lecture in 1959, called “There is plenty of 

room at the bottom”. From then on, nanostructures have received an 

increasingly interest in all disciplines of science. There are various reasons 

why nanoscience and nanotechnologies are so promising in materials, 

engineering and related sciences. First of all, at the nanometer scale, some 

physical properties of the matter drastically change, such as melting point, 

color and so on. These changes are a direct consequence of the small size of 

nanomaterials, physically explained as quantum confinement effects. In 

particular, when the size of any material (metal or semiconductor) is reduced 

to the nanometer scale, the physical properties are very different from those 

observed in a bulk form. For instance, bulk gold is yellow, whereas gold 

nanoparticles have different color depending on the size. Another important 

characteristic of nanomaterials is an increased surface-to-volume ratio 

compared to bulk materials. This aspect is very important for all those 

processes where the surface of a material plays a key role, such as catalysis 

and detection processes. For these reason the nanotechnology opened the 

way to a new era in many fields, most of which have a huge impact on our 

daily life, from nano-optoelectronic [21], nano-biology [22]-[23], chemical 

sensors [24]-[25], nanomedicine [26]-[27],, and to new concepts for high 

efficient light harvesters and solar cells [28].  

One of the most important feature in nanostructures is the quantum 

confinement effect, which is essentially due to changes in the electronic 

energy configuration [29]-[30]. In the quantum confinement regime, carriers 
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“feel” the presence of the particle boundaries and respond to changes in 

particle size by adjusting their energy. This effect happens through the use of 

a confining potential due to band-gap differences with a surrounding matrix 

material. Quantization effects become most important when the particle 

dimension of a semiconductor is near to and below the bulk semiconductor 

Bohr exciton radius (
� = �
��∗  where ε is the dielectric function, a0 is Bohr 

radius and m* is the reduced mass of carriers) which makes material 

properties size-dependent. The Bohr radius in a semiconductor is of the 

order of a few to tens nanometers. A quantum confined structure will be 

classified on the base of its confinement dimensions, as reported in figure 

1.7a. In QDs, the charge carriers are confined in all dimensions, quantum 

wires are formed when two dimensions of the system are confined while in 

quantum well charge carriers (electrons and holes) are confined to move in a 

plane and are free to move in a two dimensional space. 

Many differences between electronic behavior of bulk and quantum confined 

semiconductor systems are related to their density of electronic states. 

Figure 1.7b illustrates how the expected density of states varies with the 

dimensionality, passing from continuous dependence for bulk system to a 

step-like dependence in confined systems. This variation is due to collapse 

of energy states of the system from continuous energy bands, typical of bulk 

semiconductor, to the discrete distribution of confined systems (figure.1.7c).  
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The quantum confinement effect can be estimated via a simple effective-

mass approximation model (EMA). Thanks to this model we are able to 

predict the confined energy levels of nanostructures by solving Schrӧdinger 

equation assuming the barriers have an infinite confining potential. The 

eigenvalues and eigenfunctions of the Schrӧdinger equation for electrons 

confined in a QD, quantum wire and quantum well are reported in table 1.1: 

Confinement Eigenvalues Eigenfunctions 

3D (quantum dot) ��,�,� = ħ���2�∗ ������ ������ � ����� 		 " = #$%&#$'&#$(& 
2D(quantum wire) ��,�$)�& = ħ���2�∗ ������ ������  � ħ�)��2�∗  " = #$%&#$'&*�+,� 

1D(quantum well) ��-)� , )�. = ħ�����2�∗ � ħ�-)�� � )��.2�∗ . " = #$%&*�+,�*�+0� 

 

Figure 1.7: a)Schematic representation of quantum well quantum wire and 
quantum dot; b) density of electron states for bulk (green line), quantum well (blue 
line), wire (red line) and dot (black line); c) schematic of the discrete energy levels 
in conduction and valence band for semiconductor NS. 

Table 1.1: Eigenvalues and eigenfunctions of the Schrodinger equation for electrons 
confined in quantum dot, quantum wire and quantum well 
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where n, l and m are the quantum confinement numbers, m* is the effective 

mass, Lx, Ly and Lz are the confining dimensions, and *�$+,�1+0�& is the 

wave function describing the electronic motion in x and y direction which is 

similar to free electron wave function. Also, the band-gap energy (defined as 

the energy distance between the top of valence band and the bottom of 

conduction band) along the confinement direction of nanostructure can be 

modeled within EMA by the following equation: 

�2$34& = �256�+ � 78ħ8��∗98    (1.4) 

The second term of the previous equation is the additional energy related to 

quantum confinement where EG
bulk represents the band-gap of unconfined 

system and A = 78ħ8��∗  is a confinement parameter. Equation (1.4) shows that 

the band-gap of a NS is increased with respect to the bulk material by a 

quantity which is inversely proportional to the square of its size L and to the 

effective mass of the electron-hole pair m
*. In particular, the A parameter 

appears to be inversely proportional to the effective mass (; ∝ =�∗). Clearly, 

a reduction of effective mass, due for example to better quality of NS 

interface, gives rise an increase of A parameter and consequently of the 

quantum confinement, allowing a stronger and easier modulation of optical 

band-gap. Moreover, given its dependence on effective mass, the A 

parameter changes depending on the material of which the NS is composed. 

As an example in table 1.2, the A parameter values carry out for Si and Ge 

and for confinement 1D, 2D and 3D are reported. The higher values of A 

observed in Ge NS (1D, 2D or 3D) suggest, together with higher exciton 

Bohr radius (rB, ∼5 nm in Si and ∼24 nm in Ge [31]), that the Eg modulation 

in Ge NS is much easier with respect to Si NS.  
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Confinement 
A [eV*nm

2
] 

Si Ge 

3D (Quantum dot) 3.57 7.88 

2D (Quantum wire) 2.09 4.62 

1D (Quantum well) 0.89 1.97 

 

For this reason, the Ge NS have recently received a renewed attention over 

Si NS for several light harvesting application.  

Other two terms should be taken into account in equation 1.4 which is a 

simplified formula. These two terms are: a) the coulomb interaction between 

electron and hole and b) the energy splitting caused by the spin-orbit 

interaction. However, these two terms, which have an overall L-1 

dependence, produce little variations (~50 meV) with respect to values 

obtained from equation 1.4 and so they are negligible. In particular, the 

energy coulomb interaction for the excitons is often neglected due to the 

high dielectric constant of the semiconductor material. The equation 1.4 is 

valid in the case of an infinite confining potential. As drawn in figure 1.8, a 

significant deviation from equation 1.4 occurs when NS are embedded in a 

real matrix, where confining potential (V0) is finite. The Eg values of NS in 

this condition is reduced by factor >1 � ħ@A��∗B
C� from values obtained by 

equation 1.4 [33]-[34]-[35]. Hence, the reduction of the barrier height 

reduces the effectiveness of quantum confinement. The variation of optical 

band-gap with NS size represents one of the most important and useful 

properties of nanostructures. This effect can be used for the light 

Table 1.2: A parameter for 3D,2D, 1D confinement 
for Si and Ge [32]. 
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management and to improve the light harvesting in solar cells and 

photodetectors. The most important example of light absorption based on the 

gap tailoring in QCE is represented by the all Silicon quantum dot tandem 

solar cell. This idea, proposed by Green et al [36], consists in a MJSC 

composed by a multiple stack of Si QD where the size of QDs in each sub 

cell is varied in order to tune Eg. This kind of band-gap engineering allows 

the absorption of a larger portion of the solar spectrum using only one type 

of material and therefore reducing the production costs of the MJSC. 

Up to now, several experimental and theoretical studies have highlighted 

how the band-gap variation can be performed not only by changing the size, 

but also playing with other parameters, such as: the nanostructure shape [37], 

the QD crystalline structure [38]-[39], or the potential barriers surrounding 

the QD [34]-[40]-[41]. Recent works focused on the role of the interface 

with respect to the quantum confinement effects [42]-[43]-[44]. In this 

regard, it is fair to point out that EMA model is usually used to describe 

carrier confinement in sharp and square-shaped potential barrier systems, 

considering bulk values of EM and neglecting any effect caused by a 

spatially-graded confinement potential, typical in the case of an interface 

shell between QD and matrix. Thus, in order to describe the effects  of the 

interface and the variation of EM in nanostructured systems on QCE, the 

theoretical correction to the EMA model was developed through a spatially 

dependent effective mass (SPDEM) formalism which is directly related to 

the potential Vc(x) for confined carriers [45]. The SPDEM describes the 

effect of the confinement potential Vc on the EM, by considering a particle 

confined in nonadditive space. The confinement potential is chosen basing 

on the properties of nonadditive space (breaking of translational symmetry) 
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and lead to analytic solutions for the confinement Hamiltonian. This implies 

the following dispersion relationship [46]: 
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where ( )Dµ  is the renormalized SPDEM of excitons, while Vc,e and Vc,h are 

the confinement potential for an electron and hole, respectively[44]-[47]-

[48]. Thus, the variation of EM with NS size strongly affects the band-gap 

tailoring due to QCE, as reported with blue symbol and line in figure 1.8. 

 

Besides the band-gap tailoring, the increase of the oscillator strength is 

usually reported, both experimentally and theoretically, in highly confined 

systems. This effect is strictly related to the reduction system dimensions. 

The reduction of system leads to the breaking of the k-conservation rule for 

optical transitions, which is in turn related to the Heisenberg uncertainty 

Figure 1.8: Theoretical size dependent of optical band-gap 
for Ge NS calculated by using the EMA finite barrier, EMA 
infinite barrier and EMA+SPDEM relationships 
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principle. Moreover, the confinement of carriers in the real space generates a 

spread out of their electronic wavefunctions in the momentum space. So, the 

increase of dispersion in momentum space, due to the reduction of 

confinement dimensions, results in a larger overlap of electron-hole 

wavefunctions which leads to an increase of the probability of optical 

transitions between valence and conduction band states. In the next 

paragraphs and chapters, we’ll show how the interfaces can strongly 

influence the optical properties of confined systems. 

It is clear that a deeper understanding of the mechanisms that modify the 

QCE is needed in order to have a reliable control of the optical properties of 

nanostructures. In this way, the optimization of the light absorption 

processes in new materials containing NS can be achieved, allowing them to 

be exploited in photovoltaic applications. For this reason, in the next 

paragraph, we will give a brief overview about the theory of the light 

absorption, starting with bulk semiconductors until describing NS materials. 

1.3 Light absorption in quantum structures 

1.3.1 Light Absorption in semiconductors: dielectric function 

Optical emission and absorption are fundamental processes which are 

exploited to describe the interaction of light with matter. In previous 

paragraph, we have shown that the electronic properties of NS are 

particularly sensitive to the NS/matrix interface, presence of defects and 

impurities that can reduce the quantum confinement effect occurring in 

confined systems. For this reason, a modeling of the light-matter interaction 

is needed, especially for the optical absorption mechanism.  
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The optical properties of semiconductor are defined in the 1-10 eV energy 

range due to the inter-band transitions and can be modeled within the semi 

classical theory. We consider a transverse electromagnetic wave propagating 

in a medium and having a corresponding vector potential: 

;$
, D& = ;E	*�$F∙@HIJ&     (1.6) 

where A0 and ω0 are the amplitude and frequency of radiation while q is the 

wave vector of photons. When a semiconductor is irradiated by light, 

electrons can be excited from valence band (VB) into the conduction band 

(CB) by the absorption of photons having energy greater than Eg. 

The total rate of interband transitions per unit volume W(ω), induced by 

perturbation A(r,t), is obtained by summing the transition probability over all 

the allowed k in the Brillouin zone between valence and conduction band: 

K$L& = ∑ N �	O+$�7&P∀+�R �STU→W+XB�,Y�      (1.7) 

where �STU→W+X represents the transition probability of an electron from the 

initial state in the valence band to the final state in the conduction band, 

generated by the absorption of a photon with energy ħω higher than optical 

band-gap of the material. The probability �STU→W+X term is obtained from the 

“Fermi Golden Rule” [49]-[50]: 
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The absorption coefficient of electromagnetic waves is defined as the ratio 

between the energy absorbed per unit of time and the volume and average 

energy flow given by the following expression Z [W�\ = �8]
8I8�^W8 . So, the 
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absorption coefficient is related to the transition probability by the following 

relation: _$L& = `$I&	ħI	6[ab\     (1.9) 

where n is the refractive index of the medium. 

Substituting the equations (1.7) and (1.8) in the relation (1.9), the absorption 

coefficient of a semiconductor material can be expressed as: 

c$L& = d78e8�W�8I∑ N �O+$�7&P |gWS$)&|�h$�i − �� − ħL&∀+�R 	B�,Y�    (1.10) 

where |gWS$)&| = 	 klW,+Xm*�Fno∙@o *Ennno∙ pomlS,+Uq is the momentum matrix 

element which describes the real probability of the electronic transition.  

For the calculation of the optical properties of crystals it is sometimes 

convenient to express the absorption in terms of the imaginary part of the 

dielectric function ε2: 

r� = s�WI      (1.11) 

which from equation (1.10) becomes: 

r�$L& = d78e8�8I8 ∑ N �O+$�7&P |gWS$)&|�h$�i − �� − ħL&∀+�R 	B�,Y�    (1.12) 

Clearly, starting from the ε2 expression, the real part ε1 of dielectric function 

is derived by using the Kramers and Kronig integration. 

Sometimes, it is convenient to use the matrix element of dipole electric as an 

alternative of matrix element of momentum. So, by exploiting the relation 

between two matrix elements given by the Heisenberg relation: 

gWS$)& = klW,+XmpomlS,+Uq = ��ħ $�i−�E& klW,+Xm
omlS,+Uq  (1.13) 

So, the relation 1.13 can be equivalently re-written as: 
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r�$L& = d78e8ħI ∑ N �O+$�7&P $�i−�E&|tWS$)&|�h$�i − �� − ħL&∀+�R 	B�,Y�  (1.14) 

where in the gWS$)& expression, we have considered *�Fno∙@o ≅ 1 given that the 

distance over which the electronic wavefunctions vary is smaller with 

respect to 
=F = v�7 = 10xÅ. 

1.3.2 Light Absorption in semiconductors: absorption coefficient 

In the previous paragraph we have focused on the dielectric function (DF) of 

semiconductor. Once the DF is expressed, the absorption coefficient α of 

system can be obtained using the relation (1.11). The optical absorption 

coefficient is the most important parameter to study the optical behavior of a 

material and it determines the penetration depth 1/α of the light in a material 

according to Lambert-Beer’s Law: 

� = �E*Hs�                                                (1.15) 

Under assumptions of parabolic band edge, starting from the relation 1.10 

and introducing the concept of reduced mass for electron-hole pair (�@H= =�WH= ��SH=), J. Bardeen, F. J. Blatt and L. H. Hall predicted that the 

absorption coefficient for direct band to band transitions in the absence of 

exciton effects for crystalline bulk semiconductor can be expressed as 

follows [51]: 

c$L& = YħI 	$ħL − �2&= �z 	    (1.16) 
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where Eg is the direct optical band-gap value of the semiconductor material 

while C is a constant, related to absorption efficiency of under investigation 

system. 

The equation 1.16 is not valid to obtain the α spectra in amorphous 

semiconductors. In fact, in crystalline semiconductors the distributions of 

states in VB and CB clearly terminate at their respective band edges, as 

reported in figure 1.9a. This leads to a well-defined band-gap for this 

materials. The situation changes when we consider the amorphous 

semiconductors materials. In fact, in these materials the presence of disorder, 

often associated with variations in the bond lengths, bond angles, defect 

intrinsic, dangling bonds and vacancies, leads to changes in the density of 

states (DOS) in VB and CB. In particular, the DOS in amorphous materials 

does not terminate at the band edges (both in VB and CB), spreading into the 

forbidden region (figure 1.9b). This is due to the formation of localized 

states in which the electronic wave-functions are more spatially confined 

with respect to the crystalline case. In this regard, the k conservation 

selection rule is relaxed at least at the band edges and k is not a good 

quantum number anymore. This breakdown of the momentum selection rules 

leads to an increase of the absorption efficiency in amorphous samples with 

respect to the crystalline one, especially below the band-gap region. Under 

this circumstances, the equations 1.16 is not able to describe correctly the 

energy-dependence of the absorption coefficient and the empirical equation 

is needed.  
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So, in this case, it is possible to use models based on experimental 

observations. The two major models used to describe the optical absorption 

features in the high absorption region (_ { 10d|�H=) for amorphous 

semiconductors are Tauc and Cody models. These two model are based on 

two different assumptions: 

a. gWS$)& varies slowly with k for Tauc model, 

b. tWS$)& varies slowly with k for Cody model. 

By imposing the condition (a) in the equation 1.12 (containing the dipole 

matrix element gWS$)&), it is possible to neglect the k dependence of gWS$)& 
and to take it out of the summation. In this way, the absorption coefficient 

can be re-written in a simplified form as: 

c$L& = d78e8�W�8I ∙ }SW ∙ |gWS|�   (1.17) 

Figure 1.9: Schematic density of states as a function of energy 
for a crystalline (a) and amorphous semiconductor (b). 
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where }SW=N �O+$�7&P h$�i − �� − ħL&∀+�R  is the joint density of states (JDOS) 

between valence and conduction bands involved in the absorption process of 

one photon with energy ħω. The term ~� = �	|�a�|8�ħI  in equation 1.13, is 

known as the oscillator strength of the optical transition and gives an 

estimation of the coupling intensity between states in valence and 

conduction bands which participate in the light absorption process. Finally, 

assuming the parabolic band-edges of valence and conduction band and the 

optical transitions between extended states from VB toward CB (for values 

of α>104 cm-1), one gets }4~� ∝ $ℎ� − �2&�. Thus α can be re-written as 

[52]-[53]: 

_ = ����aħI -ħL − �2.�     (1.18) 

where Eg is the optical band-gap of the material. The relation 1.18 is known 

as Tauc’s law and is successfully used to describe the higher part of α in 

amorphous semiconductors [53]-[54]. The Tauc coefficient BTauc is 

proportional, through the momentum matrix element |gWS|�, to the oscillator 

strength which it measures the intensity of coupling between states in 

valence and conduction band [52]. Finally, the equation 1.18 can be 

linearized by plotting √cħL and the values of Eg and B can be extracted as 

the energy axis intercept and slope of linear fit. The Tauc model was 

successfully used for the first time to describe the absorption behavior of an 

amorphous Ge thin film [53]. In figure 1.10, we reported an example of 

Tauc plot performed on 120 nm thick amorphous Ge film53. For larger 

values of α (typically > 104 cm-1) the trend is linear and gives an optical 

band-gap for a-Ge of Eg=0.88 eV. For low values of α the trend of Tauc plot 
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is not linear because of the contribution of transitions related to distorted 

(more or less localized) states near the band edges (Urbach region). 

 

For most amorphous semiconductors, especially as regards a-Si and a-Si:H 

films, the Tauc optical gap shows a good agreement with other methods 

employing electrical conductivity measurements. In this regard, the Tauc 

plot had been considered for a long time the best method to determine the 

energy gap of amorphous semiconductors. Later studies, performed on a-

Si:H films, showed the presence of a significant curvature in the spectral 

dependence of Tauc plot which is more visible as the thickness of film 

increases [54]. This curvature was demonstrated that plays a significant role 

Figure 12.10 Example of Tauc plot and corresponding linear fit performed on 
amorphous Ge film. 
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in influencing the determination of the Tauc optical band-gap. In this regard, 

Cody et al proposed an alternative model, based on constant dipole matrix 

approximation. In fact, by imposing the condition (b) in the equation 1.14 

(containing the dipole matrix element tWS$)&), Cody et al demonstrated, for 

parabolic band edges of valence and conduction band and for sufficiently 

large values of energy photon, that the absorption coefficient can be written 

as [55]: 

_ = �Y�O�ħL-ħL − �2.�    (1.19) 

Also this model allows to obtain the optical band-gap of amorphous 

materials by linear extrapolation of the spectral dependence of �_ ħLz  .The 

so extracted band-gap is sometimes referred to as the Cody optical band-gap 

[55]. 

To date, a heated debate is underway about the range of applicability of 

these two models in order to extract the optical band-gap of amorphous 

semiconductors. Recently, a strong thickness film dependence of the Cody 

plot, was also observed in a-Si:H films, proving the existence of limitations 

also for the application of Cody model. Moreover, different behavior of 

Cody and Tauc plot may be observed depending on the material under 

investigation. 
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1.3.3 Light Absorption in semiconductor NS 

In the previous paragraph, we have observed that when the size of material is 

reduced the main observable effect is the shift of the absorption edge 

towards higher energies related to QCE, according to equation 1.4. In reality, 

other two effects are attributable to a reduction of dimensionality in 

nanostructured systems. The first is the modification of the features in 

absorption spectra related to the discretization of states in VB and CB which 

in turn affects the JDOS. In addition, as a consequence of the reduced 

dimensionality occurring in confined system, electron-hole pair become 

confined in a tight space, giving rise to larger overlap of their wave-

functions. This overlap of wave-functions leads to an increase of the 

oscillator strength, which in turn produces an increase of the optical 

transition rate. This leads to a significant increase of the absorption 

efficiency of the system with respect to bulk condition. Such effect can be 

exploited for boosting the efficiency of novel devices, such as solar cells, 

lasers or photodetectors. The increase of the oscillator strength with the 

reduction of NS size is confirmed by a recent study presented by Kuo et al. 

In this work, they showed the increase of radiative optical transition rate due 

to exciton coupling and larger oscillator strength in crystalline Ge QWs [56]. 

Figure 1.11 shows the exciton radius and optical strength of the direct band 

edge transition for c-Ge QW as function of QW thickness and extracted 

through the variational calculations [56]. It is clear that as thickness is 

reduced, the exciton radius decrease due to the strong confinement while the 

oscillator strength doubles. 
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Still, the size seems to be not the only parameter driving QCE. Recent 

studies have demonstrated how the optical properties of semiconductor NS 

can be strongly influenced by other structural parameters as: QD-QD 

distance, presence of chemical states at interface and physical effects at 

interface [57]-[58]-[59]. For instance, a recent theoretical study 

demonstrated that the relaxation of momentum conservation rule observed in 

Si NCs is not only due to the Heisenberg uncertainty principle. They claim 

that “the relaxation of the momentum conservation rule in Si NCs are joint 

effects of both the Heisenberg uncertainty principle and interface scattering 

induced –X coupling”. The scattering at the interface of NCs gives rise to 

mixing of X- and Γ- character of conduction band states, enabling an 

increase of zero phonon quasi-direct transitions. This helps explain the 

experimentally observed enhanced absorption for Si/Ge superlattices and Si 

Figure 1.11: The oscillator strength and exciton radius versus thickness of 
Ge/SiGe quantum well. The values of oscillator strength and exciton 
radius were extracted by using the variational method. [56] 
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NC samples [58]. Moreover, this mechanism of scattering-induced states 

mixing could provide a new way to treat the NC surface to enhance the 

optical absorption of semiconductor NCs. 

Another evidence of interface effects on optical properties in semiconductor 

NSs is suggested by the recent work by Talochkin et al. In this work ,they 

observed an enhancement of light absorption in Si/Ge(GeSn)/Si structures. 

In this work, the ultra-thin Ge (1.2 nm and 2.3 nm) or GeSn layers (1nm) 

were grown by low temperature molecular beam epitaxy (LT-MBE) on Si 

substrate, determining the formation of Ge islands pseudomorphic to Si, as 

reported in figure 1.12. 

 

In both types of samples, the absorption coefficient, extracted through the 

photoconductivity measures and by using the simple diffusion model, was 

100 times higher (~105 cm-1) than that observed of a single Ge QD layer (103 

Figure 1.12: Schematic representation of Ge and GeSn layers 
with thicknesses of 1.0 and 2.0nm, respectively. (a) and (b) [60]. 
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cm-1). The anomalous high value of absorption coefficient was explained by 

the presence of high concentration of dangling bonds located at interfaces of 

Ge islands which produce the electron-hole states originated from band edge 

states [60]. In particular, the observed electron-hole states are localized at the 

Ge/a-Ge (red and yellow area in figure 1.12) and a-Ge/Si interfaces. The 

high magnitudes of α, determined in this work, agree well with the results of 

previous theoretical calculations performed by Knief and von Niessen [54]. 

However, not only surface effects can strongly influence and enhance the 

absorption of semiconductor NS. A very recent study was focused on the 

variation of joint local density of states as function of distance between 

colloidal semiconductor QDs. To this purpose, PbS QDs capped with 

various organic ligands self-assembled in close-packed arrays with 

hexagonal symmetry were synthesized. Spacing control of QDs control was 

achieved by exchanging the as-synthesized oleic acid ligands (denoted C18) 

with three alkylamine ligands of variable lengths, namely, dodecylamine 

(C12), octylamine (C8), and butylamine (C4). The average dot size was 5.0 

nm, and dots capped with C4, C8, C12, and C18 show spacings of 0.6, 1.0, 

1.5, and 2.0 nm, respectively (STEM images in figure 1.13(a-d)). The 

synthesis of PbS quantum dots was performed using a colloidal procedure 

and STEM-EELS was used on the prepared samples to measure variations in 

the availability of low-energy electron transitions in the space between 

neighboring QDs as a function of interparticle spacing. The figure 1.13 

shows 2D maps of integrated EELS signal intensity of PbSe QDs for 

different kind of ligands [57]. In this work, as can be observed in figure 1.10 

(a-d), they revealed the nonzero EELS signal in the area between the closely 

spaced dots, which gradually increase as the QD spacing decreases. A brief 

reflection on the physical origin of the EELS signal suggests that the 
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increased signal observed between the more proximal QDs is a result of their 

electronic coupling. Moreover, the intensity of EELS signal in the low loss 

energy range can be approximated using the Fermi’s golden rule for 

overlapping electron and hole states near the semiconductor band edges [62]. 

So, we can consider the EELS signal as proportional to the joint local 

density of states (JLDOS), which is point-localized analogue to the joint 

density of states (JDOS) In this way an increase of EELS corresponds to an 

increase of the JDOS. This increase of the JDOS indicates a growing 

electronic coupling between QDs [57]. 

 

The enhancement of the JDOS could lead to an increase of the optical 

absorption of the system, given that the absorption coefficient is proportional 

to JDOS (as reported in equation 1.13). In this way, we would be able, 

playing with the distance between the QDs, to maximize the light absorption 

in an ensemble of QDs. This distance dependence of optical properties in an 

Figure 1.13: 2D maps of integrated EELS signal intensity in the energy range 
spans 0.9-2 eV for different QD spacing: 0.6 nm (a), 1 nm (b), 1.5 nm (c) and 2 
nm (d) [57] 
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ensemble of nanostructures can be exploited to improve the efficiency of 

new devices for light harvesting applications.  

On the basis of evidences shown so far, the extraction of fundamental 

information about the optical properties of NS is needed in order to get a 

deeper understanding of the interaction between light and confined 

structures. To this aim is essential to know and to extract the energy-

dependence of the absorption coefficient for nanostructured systems. The 

formalism used until now to describe the optical absorption in 

semiconductor is valid for bulk materials. Several papers in the literature 

utilize the Tauc and Cody models to describe the absorption process in 

confined systems [34]-[63]-[64], although the applicability of both methods 

to semiconductor NS is still one open question. In fact, as already discussed 

in the previous paragraph, Tauc and Cody models are based on two 

fundamental initial assumptions: i) parabolic band edges in VB and CB and 

ii) optical inter-band transitions between extended states in which the k 

vector is not conserved [53]-[55]. The fundamental question about the 

validity of both methods are therefore related to the validity of the above 

assumptions. As regard to the relaxation of the k vector, this assumption is 

still valid for confined structures given their reduced dimension. In addition 

a band diagram dispersion similar to the bulk case could be still retained also 

in NS, especially for QDs which size is not too small. In fact, a recent 

theoretical study demonstrated, using the density functional theory 

calculations, that the band structure concept is still valid for Si nanocrystals 

with a diameter larger than 2 nm. In figure 1.14 the projected k-space 

density is shown along the Γ-X direction in Brillouin zone and calculated for 

H-passivated Si NCs [65].  
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It is clear how for NCs larger than 2 nm [figure 1.14b-c] the dispersion of 

electronic states near the band edges of VB and CB well mimics that of the 

bulk (figure 1.14d) while for the smallest NCs (<2 nm) it is difficult to 

clearly recognize a band structure. Given the similarities between Ge and Si 

bulk, it is reasonable to assume that the same mechanism holds also for Ge 

NS having relatively large size. In this case, it would still be possible to 

speak about an electronic band structure resembling that of bulk Ge and 

Tauc's hypothesis would be still respected also for this confined system. 

At this point, it would be legitimate to consider the electronic band structure 

in nanostructures similar to that of bulk, and thus Tauc and Cody 

assumptions can still be considered valid also in confined structures. So, the 

equations (1.18)-(1.19) provide an interesting way to extract the optical 

parameters in confined systems. 

Figure 1.14: Band structure for H-passivated Si NCs of different sizes (a-c). for 
comparison the band structure of bulk Si is reported [65] 
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A lot of efforts in the scientific community have regarded the investigation 

of the structural and optoelectronic properties of group IV materials (such as 

Si, Ge, C). While a lot of research exists on Si NS, the Ge NS have often 

been under-rated because of the lower abundance, higher costs and poor 

quality of the Ge oxide. However, Ge evidences even better potentiality than 

Si at the nanoscale. In particular Ge nanostructures gained a renewed interest 

because of their larger absorption, stronger quantum confinement effect 

(QCE) due to the larger Bohr radius (rB=24 nm) and lower synthesis 

temperature in comparison with Si nanostructures. These features bring 

benefits for what concern the band-gap tuning and the capability to absorb 

light (in the appendix 1, the main properties of Ge are shown). Because of 

this, Ge NSs could become very attractive as active absorbers for the 

fabrication of efficient light harvester devices. Up to now, the study of 

optical absorption properties for Si nanostructures have been extensively 

investigated while an even more puzzling scenario appears for the optical 

properties of Ge nanostructures. Thus, a thorough study of the optical 

properties of Ge NS opens the way for a reliable control of QCE and their 

exploitation for future nanostructure based devices. 

For this reason, a detailed investigation of the light absorption process in Ge 

NS based films is of essential importance for the knowledge and control of 

the fundamental physical processes occurring in these systems at the 

nanoscale.  
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Chapter 2 

Light absorption in Ge QW: methods for experimental 

data analysis 

In this chapter, the main purpose is to establish an effective methodology for 

the extraction of the optical band-gap in semiconductor NS. In this way, it 

will be possible to have a deeper understanding of the main mechanisms of 

light absorption in these confined systems. To this aim we will use Ge QWs, 

as they join the simplest confining structure (QW) and a semiconductor 

material (Ge) with large Borh radius (i.e. QCE). Ge QW, with thickness 

from 4 to 8 nm, were deposited on fused silica substrate by plasma enhanced 

chemical vapor deposition (PECVD). The light absorption of Ge QWs will 

be characterized by UV-Vis/NIR spectrophotometry which allow us to 

extract the R and T spectra. Once the R and T spectra are extracted, two 

approximated methods (based on double pass (DPA) and single pass (SPA) 

approximation) will be employed to extract the absorption coefficient 

spectra. In this chapter, we will try to show pros and cons in terms of 

complexity and accuracy of each approximated method presented in this 

work. To do this, we will compare the absorption coefficients extracted 

through the DPA and SPA models with that extracted through a more 

accurate method based on generalized transfer matrix method (GTM). 

Moreover, by comparing the optical band-gaps obtained by Tauc and Cody 

models (applied to absorption coefficients extracted by DPA and SPA 

models) with the values extracted through a more accurate parametrization 

method based on the GTM approach (JTL model), we will be able to 

understand which of these two approximated models (Tauc or Cody) gives 

more reliable results about the calculation of the optical band-gap.  
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2.1 Ge QW: synthesis and experimental data 

Thin films of amorphous Ge have been deposited by plasma enhanced 

chemical vapor deposition (PECVD) on Si wafers or on fused silica quartz 

kept at 250°C. Top and bottom SiO2 films (approximately 20 nm thick each 

one) were used to preserve the Ge QW from the atmosphere oxidation and to 

isolate it from the substrate, respectively. The schematic in figure 2.1 shows 

the structure of our samples. Different thicknesses (from 4 to 8 nm) of Ge 

films have been obtained by varying the time of the deposition and keeping 

constant the flux of GeH4, used as precursor for the growth of Ge film.  

 

The content of atomic germanium and thickness of the films were evaluated 

by Rutherford backscattering spectrometry (RBS), using a 2.0 MeV He+ 

beam in glancing detection configuration (backscattering angle of 105°). The 

glancing detection mode was used to enhance the depth resolution. The RBS 

analysis was also employed to verify the proper stoichiometry of SiO2 

barrier layers. Figure 2.2 reports the RBS data in the 1.68 to 1.78 MeV 

energy range regarding the He+ backscattered from Ge atoms. The peak area 

Figure 2.1: Schematic representation of Ge QWs deposited by 
PECVD at 250°C and embedded by SiO2  barrier layers 
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is proportional to the Ge dose incorporated in each QW. The Ge content and 

thickness of each Ge QW were extracted through SIMNRA simulation of 

experimental data [66]. The extracted Ge dose of our samples ranged from 

1.7x1016 at/cm2 (green area in figure 2.2) for the thinnest sample to 3.6x1016 

at/cm2 (red area in figure 2.2). Once extracted the Ge dose, by assuming for 

the deposited material the same density as for monocrystalline Ge, the 

thickness of samples can be easily estimated as ratio between the so- 

measured Ge dose and the atomic density of Ge (4.4x1022 at/cm3) [63]. The 

thickness values of Ge QWs obtained in this way were 3.9, 5.5 and 8.2 nm 

(hereafter named 4, 6 and 8 nm, respectively). The overall error on 

thickness, including the error on Ge dose, is estimated at 5%. 

 

Figure 2.2: RBS spectra of a-Ge QWs. The filled areas are 
proportional to the Ge  content of each QW. The inset in the figure 
shows the schematic of experimental setup used for RBS 
measurements. 
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Once evaluated the structural composition of Ge QW, the light absorption 

analysis was performed on samples deposited onto fused silica substrates. 

Transmittance and reflectance spectra were acquired at room temperature 

using a Varian Cary 500 double beam scanning UV-Vis/NIR 

spectrophotometer [35]-[38]. In figure 2.3 the reflectance (R) and 

transmittance (T) spectra of Ge QWs are displayed as function of incident 

wavelength, together with the transmittance of quartz substrate (TQ). The 

presence of Ge film determines a clear decrease of T in the UV-Vis region 

with respect to TQ for all investigated Ge QWs. The decrease of T is not 

accompanied by an increase of R. In fact, while in the IR region R+T=1, in 

UV-Vis region T+R<1 showing that part of incident light is absorbed by the 

Ge QW. 

 

Figure 2.3: Experimental transmittance and reflectance of Ge 
QWs having different thickness (from 4 to 8 nm). For comparison, 
The transmittance of the bare quartz substrate is reported. 
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In the following paragraphs, we will present three different methods to 

extract the optical bandgap (Eg) of our films, starting from the experimental 

R-T spectra of our samples and a comparison will be then discussed.  

2.2 Methods of Eg extraction: overview 

Up to now, a strong debate is underway on how to extract the optical 

bandgap from experimental R and T spectra. Among different technique, 

UV-Vis/NIR is certainly the most widely adopted to measure T and R 

spectra. Basing on these values, two steps are generally followed to extract 

the optical bandgap of thin films: 

i. Determination of the absorption coefficient α 

ii. Evaluation of the optical bandgap Eg by means of linear 

extrapolation in Tauc and Cody plots [53]-[55]. 

For what concerns the first step, some approaches exist, as the single pass 

one (SPA). Within this model, the incident light beam is assumed to be 

exponentially absorbed as it propagates through the film, totally neglecting 

the multiple reflections and interference effects. In particular, in the SPA 

model even the first reflection at interface between absorbing layer and 

substrate is neglected, as schematically depicted in figure 2.4a. Under this 

assumption, the transmittance of the film under investigation, following the 

Beer Lambert law, can be written as: �� = $1 − t�& ∗ *HsO																																								$2.1& 
where d, TS, RS, and α are thickness, transmittance, reflectance and 

absorption coefficient of sample, respectively. Given the equation (2.1), the 
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absorption coefficient, can be easily extracted by using the following 

equation: 

_ = 1� ln $1 − t�&�� 																																										$2.2& 
A more reliable method is certainly the double pass approximation model. In 

this case the first reflection between the absorbing film and the substrate, as 

well as the absorption process in the substrate are taken in account, as shown 

in figure 2.4b. In this case, the transmittance of the sample is expressed by 

the equation (see appendix 2): �� = ��65$1 − t�& ∗ *HsO                           (2.3) 

where Tsub is the transmittance of substrate. So, the absorption coefficient 

spectra of our film can be calculated by the following expression [38]: 

_ = 1� ln��65$1 − t�&�� 																																				$2.4& 

 

In SPA and DPA models, once the absorption coefficient spectra is 

calculated, the extraction of optical bandgap comes out through a linear fit of 

the Tauc and Cody models. As already observed in chapter 1, while the Tauc 

model is based on the constant momentum matrix approximation, in the 

Cody model the dipole matrix element is considered as a constant. Recently, 

Figure 2.4: Drawing of light paths in SPA (a), DPA (b), and JTL (c) models. 
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Liu et al. compared these two models (Cody and Tauc) in sputtered Ge QW 

and showed that the Cody plot can provide a more unambiguous 

determination of optical bandgap compared to the Tauc one [64]. Actually, 

since the models use different approximations and the linear fits to extract Eg 

have been done in different energy ranges (from 0.3 to 2 eV), special care 

must be taken to compare results from the literature. During this work, we 

will compare Tauc and Cody models, trying to understand the applicability 

ranges of both models for amorphous Ge nanostructures. In this way, a 

complete picture on the use of the two models for the extraction of 

fundamental optical parameters can be provided. Once the ranges of 

applicability of Tauc and Cody models are defined, we will be able to 

understand which of these two models gives more reliable results. The 

results will be analyzed into detail to get a deeper understanding on light 

absorption processes in Ge NS.  

A more accurate way to extract the optical parameters and thus to better 

describe the optical properties of various types of materials, e.g. amorphous 

and crystalline semiconductors, is the fitting of reflectance and transmittance 

or using the ellipsometry spectra. In particular, R-T spectra are fitted by 

using the transfer matrix method and a parametrization models. In the past, 

one of the most popular optical parametrization method was developed by 

Forouhi and Bloomer (FB model) for amorphous semiconductor and 

insulators. They obtained an expression for the extinction coefficient k, 

given by [67]: 

_$�& = =� ]-�H��.8�8H��1Y                                             (2.5) 

where A, B, C and Eg are treated as fitting parameters. Clearly the real part of 

refractive index n(E) was obtained from k(E) using the Kramers and Kronig 
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integration. Although the FB model fits satisfactory certain materials, in 

many cases it provides good results only in a very limited spectral range [68] 

or even produces results without a real physical meaning [69]-[70]-[71 In 

particular, although FB formulation appeared to fit several n and k spectra, 

there are several fundamental problems: a) k(E)>0 for E<Eg (absorption 

below bandgap), b) k(E) const for E  ∞ while both experimental and 

theoretical results indicate that k(E) 0 as 1/E3. So, in order to correct the 

two errors listed above, a new parametrization of the optical functions of 

amorphous materials was introduced by Jellison and Modine in 1996  [72]-

[73]. The JTL model is based on the simulation of the R&T spectra by 

means of the Generalized Transfer Matrix method (GTM) [74] which takes 

into account the reflection and transmission at all interfaces (as reported in 

figure 2.4c), and makes use of the spectral complex refractive index the 

involved materials (film and substrate). The spectral complex refractive 

index of the unknown film is modeled by means of the Tauc-Lorentz 

approximation. In this new parametrization model, known as Jellison-Tauc-

Lorentz model (JTL model), the imaginary part of the dielectric function (ε2)  

is determined by combining a single classical Lorentz oscillator with the 

absorption decay deriving from the Tauc joint density of state. On the basis 

of this model the imaginary part of dielectric function ε2 is given by the 

following expression [68]-[71]-[72]-[75]: 

�r� = 1� ;�E�-� − �2.�$��−�E�&� � ���� 			��
	� > �2r� = 0																																							��
	� < �2 																																																				$2.6& 
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where Eg is the band-gap of the material, A is the oscillator amplitude, E0 is 

the energy position of the Lorentz peak, and C is the broadening parameter. 

The real part ε1 of dielectric function is derived from the expression of ε2 

using the Kramers and Kronig integration, as follows [68]-[71]-[72]-[75]: 

r= = r=$∞& � 2� ∙ � ∙ � � ∙ r�$�&�� − �� ���
�� 																												$2.7& 

where the P stands for the Cauchy principal part of the integral and an 

additional fitting parameter ε1(∞) has been included. There are five fitting  

parameters in this model (Eg, E0, A, C and ε1(∞)) leading to the (n,k) spectra 

which are then compared with experimental data through the general transfer 

method where the sample structure is considered [74]. Iterative fitting cycles 

are then used to find good agreement among simulated and experimental R 

and T spectra through minimization. Eg comes out as a fitting parameter of 

the R and T spectra. In our case the fitting was performed using the GTB-fit 

computer programme [75], which is based on the Optical code [74]. Both 

programs are open source and available online [74]. The material under 

investigation can be inserted in any of the layers, and can also be a 

component of an effective medium. The code accepts as input the 

experimental reflectance and transmittance data, sample structure, the five 

JTL parameters can be changed in order to get n and k spectra which allow 

us to obtain a good fitting between experimental and simulated R and T 

spectra. The fitting is based on the χ² minimization which was used to test 

the goodness of fit where a good fit to the data is indicate to χ²~1. 

In the schematic diagram of figure 2.5, we show the three models used to 

extract the optical bandgap in our work. While in the JTL approach we 

extract directly the optical bandgap without passing through the absorption 
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coefficient, in the approximated methods (DPA and SPA approach) we must 

first calculate the absorption coefficient and then we extract the optical 

bandgap through the application of Tauc or Cody model. 

 

In this work, we compare the two approximated method results (based on 

coupling of SPA or DPA and Cody or Tauc model) with that extracted by 

JTL methods. In this way, benefits and limits of each approximated methods 

can be fully understood, providing a more complete scenario for their 

application about the Eg extraction. 

2.3 Determination of optical band gap 

2.3.1 JTL approach 

Once measured the R-T spectra through the spectrophotometry analysis, the 

JTL approach was the first analysis used to extract the optical bandgap of 

our samples. To launch the inversion software GTB-fit [75], the structure  

“SiO2 (20 nm) / unknown film / SiO2 substrate” was used. The interfacial 

SiO2 layer is neglected, as it is optical indistinguishable from the substrate. 

For the unknown films, the thickness was fixed at the value determined as 

described in Section 3.1. The optical constants of the SiO2 layer and 

Figure 2.5: Schematic diagram of methods used to extract the optical bandgap 
Eg of amorphous thin film 
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substrate were taken from ref. [76]. In order to set the initial values of the 

five JTL parameters, we started our analysis with a reference bulk Ge 

sample. In this case, given the absence of a cap layer, the structure “unknow 

film/ SiO2 substrate” was inserted. This sample has a thickness of 120 nm so 

that QCE can be truly considered absent. As reported in figure 2.6d, a very 

good matching between the experimental and computed R-T spectra is 

achieved. It is also worth emphasizing that relative variation of 2-3% in the 

values of A, Eg, E0 and C does not significantly worse the relative fit 

ensuring a well lower than 1. 

 

Figure 2.6: Experimental (symbols) and computed (black lines) T and R spectra 
of a-Ge QW with different thickness (a-c). For comparison, the experimental and 
computed R-T spectra of a reference sample (120 nm Ge film) are reported. 
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The parameters values providing the best fit are reported in table 2.1.  

 

The real and imaginary part of the refractive index for the amorphous bulk 

Ge sample, obtained by using the JTL parameters, are reported in figure 2.7. 

The maximum of n was peaked at 2.6 eV, a value which is near to the lower 

direct transition energy of c-Ge (~2÷2.5 eV) [77 For what concerns the Ge 

QWs simulations, we set the five JTL parameters to initial values found in 

reference Ge sample. Then, through iterative cycles, one parameter at time 

was left free to vary, then two parameters and so on, iteratively up to find the 

best agreement between the experimental and computed R-T spectra, as 

shown in figure 2.6 (a-c). For all samples, the set of the best parameters is 

reported  in the table 2.1 As shown in table 2.1, the optical bandgap Eg 

increases as the thickness of Ge QW is reduced. This effect is related to 

QCE, in agreement with what observed in literature [63]. Another effect 

attributable to QCE can be observed in our simulation parameters as the 

increase broadening parameter (C) and oscillator amplitude (A) of Lorentz 

oscillator with the reduction of the QW thickness. This reflects the fact that 

as the QW thickness is reduced the area under the Lorentz oscillator peak in 

the ε2 function changes (figure 5a), as if the QCE modifies the interaction 

Table 2.1: The five JTL fit parameters and the values of Χ2 test are reported 
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between the incoming electromagnetic field and the confined electrons. This 

evidence is in agreement with what previously observed for Ge QWs [63]. 

The broadening of oscillator peak can also be linked to a larger roughness of 

the QW as it shrinks. The Figure 2.7 reports the n-k spectra obtained within 

the JTL model. As can be seen from these spectra, the QCE induced a clear 

blue-shift of k spectra, linked to the bandgaps widening and a slight 

modification of n which indicates how the propagation of the 

electromagnetic field changes in confined Ge QW. 

 

Figure 2.7:  n and k spectra of Ge QWs (thick 4, 6 and 10 nm) and reference Ge 
sample (120 nm thick Ge film) obtained by iterative fitting within JTL model. 
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2.3.2 DPA approach 

In this sub-paragraph, we show the results achieved by applying the DPA 

model. First of all, the absorption coefficient spectra of our samples  were 

obtained by substituting the R and T spectra, measured by 

spectrophotometry, in the equation 2.4. The so-obtained α spectra of a-Ge 

QWs and of a reference sample are reported in figure 2.8. The saturation of 

α at higher energy than 3.4 eV in the reference sample is an artifact due to 

the sensitivity limit of our experimental setup. The most evident effect in 

figure 2.8 is the blue-shift occurring close to the onset of the absorption 

spectra by decreasing the thickness of the Ge film from 120 nm to 4 nm. 

This evidence can be thought as an effect of quantum confinement which 

induces a decrease of the optical bandgap of our materials. Moreover, in the 

range from 1.8 eV to 2.5 eV, the intensity of absorption coefficient in Ge 

QW exceeds that of 120 nm Ge film indicating an enhanced interaction of 

electromagnetic field with confined carriers. This result is in contrast with 

the decrease of k with thickness observed in the fitting results (figure 2.7) 

and is to put in relation with the increasing error for thinner films deriving 

from the approximation.  In fact, for thinner film, less light is absorbed in 

each pass and thus the multiple reflections, negligible in the DPA approach, 

play an increasingly important role on the absorption process.  
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As already explained in the paragraph 2.2 of this chapter, once the α spectra 

is calculated, the optical bandgap is extracted by linear fitting performed on 

Tauc and Cody plots. In figure 2.9, the Tauc plots of all Ge QWs and 

reference sample and the table with the extracted values of optical bandgaps 

are reported. The linear fit of Tauc plot were performed in an energy range 

determined by the empirical rule which only considers data points with 

energy values such that the condition for α > 10d	cm	H= is satisfied [53]. In 

agreement with the prediction from QCE, in the Tauc plot we observe an 

increase of the optical bandgap as Ge film thickness is reduced. In fact, the 

optical bandgap value increases from 0.88 eV for a reference bulk sample 

Figure 2.8: Absorption spectra of a-Ge QWs and of a reference sample 
extracted by using DPA approach. 
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(120 nm thick) up to a value of 1.12 eV for the thinnest film (4 nm thick of 

Ge QW). 

 

At the same time, a linear fit of the Cody plot was performed, as reported in 

figure 2.10. Given the very thin film used, the rule of 3<αl<10 cannot be 

applied for the Cody plot [78]. Also in this case, the optical bandgap values 

increase with the reduction of film thickness, going from 0.76 eV of thickest 

sample to 1.27 eV of thinnest one. It should be noted that by applying the 

Cody plot, one gets a stronger variation of Eg with QW thickness in 

comparison to the Tauc approach. 

Figure 2.9: Tauc plot and corresponding linear fit derived from data in figure 2.8. In the 
table the extracted bandgaps and energy ranges for the linear fit to Tauc plot are reported 
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For the Tauc plot the linear region extends over a wider spectral range with 

respect to Cody plot, allowing to perform the linear fits to Tauc plot (1.6 eV-

2.5 eV)  in a much wider energy range than to Cody plot (1.6 eV-1.8 eV). 

This behavior of Tauc  has been already observed in other works, leading to 

wider preference of Tauc plot over the scientific community [75]. However, 

choosing the right range of validity of both models is a major challenge. 

2.3.3 SPA approach 

In this paragraph, the results achieved by using the SPA approach are 

discussed. The α spectra of all Ge QWs and of reference a-Ge bulk film, 

obtained by substituting the R and T spectra in equation 2.3, are reported in 

figure 2.11. As already observed for the DPA approach, the absorption onset 

suffers a slight blue-shift with the reduction of Ge film thickness attributable 

to QCE. 

Figure 2.10: Cody plot and corresponding linear fit derived from data in figure 2.8. In the table 
the extracted bandgaps and energy ranges for the linear fit to Cody plot are reported 
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In order to extract the optical bandgap Eg, Tauc and Cody plot are used, as 

shown in figures (2.12)-(2.13).The same criteria reported in DPA section for 

linear fitting procedures were used here. The extracted values of Eg, reported 

in tables in figure (2.12)-(2-13), show the expected increase with the 

reduction of Ge film thickness for the Tauc and Cody plots. As for the DPA 

approach, also in the SPA approach the use of Cody plot leads to a larger 

variation of Eg with QW thickness with respect to Tauc plot. Moreover, as 

already noted for the DPA approach, the linear region of Tauc plot is well 

wider than the Cody, demonstrating the superiority of the Tauc approach 

over the Cody one. 

Figure 2.11: Absorption spectra of a-Ge QWs and of a reference sample 
extracted by using SPA approach. 
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2.3.4 Models comparison  

In this section, the results of three methods are compared and discussed in order to 

understand limits and merits of each one. We start our investigation by comparing 

the absorption coefficient spectra extracted with the three different methods: SPA, 

Figure 2.12: Tauc plot and corresponding linear fit derived from data in figure 2.12. In the 
table the extracted bandgaps and energy ranges for the linear fit to Tauc plot are reported. 

Figure 2.13: Cody plot and corresponding linear fit derived from data in figure 2.12. In the table the 
extracted bandgaps and energy ranges for the linear fit to Cody plot are reported. 
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DPA and GTM approach (figure 2.14) for all samples under investigation. As 

already indicated in the paragraph 2.2, the GTM is the approach used to simulate the 

R and T spectra of samples (once fixed the n-k spectra) and to extract the α spectra 

within the JTL method. In figure 2.14, it is clear that in both approximated 

approaches the absorption coefficient is overestimated, especially for energy close to 

the absorption onset. 

 

Figure 2.14:  The absorption coefficient spectra of all Ge QWs (a-c) and reference 
sample (d) extracted with three different methods: JTL (solid line), DPA (dashed line) 
and SPA (dotted line) 
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This overestimation of α is due to the fact that the multiple reflections and 

interference effects are neglected, even of different extent, in approximated 

methods, especially for the SPA approach where the discrepancy is higher 

with respect to DPA approach. This evidence is due to the fact that in SPA 

approach the first reflection at interface between film and substrate is 

neglected. Moreover, as can be observed in figure 2.14(a-d), such 

discrepancy increases when Ge QW thickness is decreased. In fact, for 

thinner film, less light is absorbed in each pass and thus the multiple 

reflections play an increasingly important role on the absorption process. On 

the contrary, when the film is enough thick (as 120 nm Ge film), only a 

small fraction of the electromagnetic radiation reaches the film/substrate 

interface, reducing the interference and multiple reflection contributions on 

light absorption process. For this reason, no significant discrepancy between 

approximated method (DPA and SPA) and the GTM approach can be 

observed for the relative thick film (especially for the thickest Ge film 

reported in figure (2.14d)).  

It is important to note that no significant differences were also found 

between three methods at high photon energy (2.14a-c). In particular, the 

high absorption coefficient of samples at high energy leads to a strong 

absorption in the first few nanometers of the film, not allowing the beam to 

reach the film/substrate interface. Also in this case, therefore, the 

interference and multiple reflection effects do not play a primary role in the 

absorption process, as demonstrated by similar absorption coefficient values 

at high energy extracted through the approximated approaches (DPA and 

SPA) and the non-approximated one (GTM). 

Once noted such discrepancy of α depending on the used approach, thickness 

of samples and photon energy, we try to understand if such discrepancies 
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strongly influences the determination of the optical bandgap, especially in 

the case of very thin samples. For this reason, in figure 2.15 (a-b) the optical 

bandgaps extracted by JTL model (based on GTM and Tauc models) and 

approximated approaches by using the Tauc and Cody plots are reported. 

First of all, as reported in figure 2.16a, the JTL and DPA+Tauc methods 

give the same results, with a slight variation appearing when Ge QW 

thickness goes below 4 nm (<2%). Therefore, despite the significant 

mismatch of α spectra between JTL and DPA approaches (figure 2.15), the 

optical bandgap values extracted by both models are fairly converging. This 

demonstrates that DPA+Tauc approach can be successfully used for the 

extraction of optical bandgaps in a-Ge QW.  

 

A further confirmation of the reliability of DPA+Tauc approach is reported 

in Figure 2.16 where the effect of quantum confinement on the optical 

bandgap of a-Ge QWs, extracted through DPA+Tauc model is reported. To 

ascertain if such a large size dependent blue-shift is well described by 

Figure 2.15: Optical bandgaps extracted within JTL model, and ones extracted combining 
the approximated model (DPA or SPA) and Tauc (a) or Cody (b) plot 
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quantum confinement of carriers, Eg data have been fitted (solid line) within 

the effective mass theory, assuming an infinite barrier, by equation �2 =�256�+ � ; 4�z . In our case, A is the only fitting parameter, while �256�+ was 

fixed as the bandgap of bulk a-Ge (0.88 eV). The good fit agreement with 

experimental data confirms that the shift in the energy gap is ascribed to 

QCE and that SiO2 layers act as infinite potential barrier, ensuring a strong 

confinement of electrical carriers within Ge QWs. Moreover, the 

experimental confinement parameter in a-Ge QWs results to be 4.42 

eV·nm2, which values is very close to 4.35 eV x nm2, obtained for a-Ge 

QWs grown by sputter [63]. Furthermore, the experimental confinement 

parameter in a-Ge QWs resulted to be about double of the theoretical value 

of 1.97 eV·nm2 reported by Barbagiovanni et al. for a strong quantum 

confinement in crystalline Ge QW [32]. As outlined in chapter 1, A is given 

by A = π2
ћ

2/2m*, where m* is the reduced effective mass of excitons, 

expected to be approximately 0.1 × me in Ge (me is the free electron mass). 

The reason of the difference between our experimental value for a-Ge QW 

and the calculated one for c-Ge QW can be attributed, at first approximation, 

to the reduced the effective mass of carriers in amorphous NS. This 

hypothesis agrees also with the experimental observations made by Robner 

et al. [79] on the effective masses of Ge/SiGe multi-QW (MQW). Therefore, 

as the result of the larger value of A, an increased confinement of carriers 

and a stronger shift of the optical bandgap is expected in amorphous NS than 

in crystalline ones.  
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The results are different for the SPA model. In fact, SPA+Tauc approach 

gives much lower Eg values without any clear change with thickness 

reduction, as observed in figure 2.15a. It seems clear that the DPA coupled 

with Tauc model gives much more reliable results with respect to the use of 

SPA+Tauc approach.  

With regards to results obtained through the Cody model, the situation 

appears to be more complicated than that found by Tauc model. In order to 

assess the reliability of approximated methods (SPA and DPA) and the 

application of Cody model to these latter,  we decided to compare the Eg 

values extracted by approximated methods coupled with Cody plot 

(DPA+Cody and SPA+Cody) with the values extracted applying the Cody 

Figure 2.16: Experimental values (circle points) of energy gap 
in a-Ge QW (extracted by DPA+Tauc approach) versus 
thickness, fitted through effective mass theory formula of QC 
(solid line).  
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plot to absorption coefficient spectra extracted through GTM approach 

(using the n-k spectra extracted within the JTL model through fitting of the 

R and T spectra of Ge films). The results of this comparison are shown in 

figure 2.15b. In particular, applying the Cody plot to the approximated 

methods (SPA and DPA) the extracted optical bandgap (Eg ) did not result in 

some convergence with the values extracted within the GTM approach. 

Particularly interesting is the fact that the Cody plot gives lower values 

compared to those extracted by Tauc plot. Moreover, the reference sample 

analyzed with the Cody plot gives Eg lower than 0.8 eV. This result is 

dissimilar to what calculated by theoretical and experimental measures on a-

Ge whose value is around 0.8 eV [53]. 

The different Eg values, obtained applying approximated methods coupled 

with Tauc and Cody plots, suggest that some care should be taken as the 

energy range for fitting is considered. For this purpose, the figure 2.17 

reports, as example, the ε2 spectrum for 8 nm Ge QW as extracted by JTL 

model. In this graph, three different regions of application as function of the 

energy are reported, for the three discussed methods so far. The first range is 

the Cody model application region which spans from 1.3 eV to 1.8 eV (red 

arrow in figure 2.17). In fact, for energy values greater than 1.8 eV the loss 

of linearity in the Cody plot can be observed (figure 2.10). For the Tauc plot 

a wider linear region with respect to Cody plot is visible. In particular the 

energy range in the Tauc plot (blue arrow in figure 2.17) extends from 1.8 

eV to 2.5 eV. This evidence, observed in Tauc plot, ensures a lower 

uncertainty in the determination of Eg through the linear fit. Finally, the last 

and wider application range is that of JTL model (green arrow in figure 

2.17) which spreads from 1 eV to 4 eV. This region represents the full 

energy range in which R and T spectra have been successfully fitted.  
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The JTL approach is clearly the most powerful one, not only because it is 

able to fit the experimental optical data in the full energy range but also 

because it does not use any approximation on the R and T data to extract the 

optical bandgap. Moreover, both Tauc and Cody plots show instead a limited 

energy range where the linear fit can be performed, focusing on the light 

absorption close to the bandgap energy region. Still, Tauc approach is able to 

fit the approximated α over a larger range than the Cody approach, leading to 

smaller uncertainty in the Eg determination. Finally, Tauc model applied to α 

extracted through the DPA exhibited the best performance when compared 

to the JTL non approximated method. This is due to the larger range of linear 

fit of Tauc over Cody plot and the lower degree of approximation of DPA 

method in extraction α from experimental data. 

 

Figure 2.17: ε2 spectra of 8 nm Ge QW. The figure shows three 
regions of applicability of Cody (red arrow), Tauc (blue arrow) , 
and JTL (green arrow) models. 
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2.4 Conclusions 

In this chapter, we provided a general overview of three methods used to 

extract the optical parameters from R and T spectra of Ge QW. This may 

help to better understand the light absorption process in confined 

semiconductor  nanostructures. Moreover, we gave arguments that the Tauc 

model, commonly used to describe the absorption of bulk amorphous 

semiconductor, is valid also for amorphous NS. To this purpose, three 

analytical methods have been compared to evaluate their degree of accuracy 

and complexity. To evaluate this point experimentally, we deposited single 

amorphous Ge ultrathin (2- to 120-nm thick) films embedded in SiO2 barrier 

layers. These confined structures were grown by PECVD at room 

temperature. First of all, two approximated methods (based on double pass, 

DPA, or single pass, SPA, approximation) were employed to extract α from 

R and T spectra, and Tauc or Cody plots were then used to evaluate Eg by 

linear fitting. A third method, based on the Tauc Lorentz oscillator model 

(JTL model) was used as a comparison. In the JTL model, the Eg was 

estimated by direct fitting of R-T spectra by means of complex refractive 

index building. Both the approximated methods overestimate the absorption 

coefficient spectra with respect to ones extracted by the non-approximated 

method. This can strongly influence the extraction of optical bandgap 

through the Tauc or Cody plot. The optical band gap values obtained by 

combining the DPA and Tauc plot are fully converging with the values of Eg 

obtained by non-approximated method (JTL model) for Ge QWs. This 

evidence shows that the DPA coupled with the Tauc model is a reliable and 

easy method to extract Eg from R and T spectra. On the contrary, the 

overestimation of α leads to, as a consequence, a systematic underestimation 
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of Eg. On the other hand, the Tauc plot always shows a much wider range of 

linearity in comparison with Cody plot, leading to a better evaluation of Eg. 

The superiority of the Tauc approach over the Cody leads to conclude that 

the Tauc model can successfully be used to describe the light absorption 

process also in confined nanostructures. Therefore, the Tauc model 

represents a powerful approach to extract the optical bandgap of these 

systems. The reported methods have been largely used in literature to 

evaluate Eg in semiconductor nanostructures and the present comparison on 

Ge QWs shows limits and benefit of each, for their better use.  

 

 

 

 

 

 

 

 

 

 



Chapter 3 

Light absorption in Ge QDs randomly distributed in SiO2 

 

In this chapter, we focus on the interface of Ge QDs randomly distributed in 

SiO2 and their interplay in the confinement effects occurring in the light 

absorption process. Quantum confinement (QC) typically assumes a sharp 

interface between a nanostructure and its environment, leading to an abrupt 

change in the potential for confined electrons and holes. When the interface 

is not ideally sharp and clean, significant deviations from the QC rules 

appear and other parameters beyond the nanostructure size play a 

considerable role. Through a detailed electron energy loss spectroscopy 

(EELS) during Transmission Electron Microscopy (TEM) analysis, we 

investigated the structural and chemical properties of Ge QD interfaces, by 

comparing Ge QDs grown by PECVD and sputter techniques. We 

demonstrate that a different interface can largely modify the size-dependent 

tuning of the bandgap and oscillator strength. We explain our results 

through the SPDEM-modified EMA model. These findings shed new light on 

the role of a QD–matrix interface, which in essence reveals its key role in 

building the confinement potential for excitons. The results of this study 

provide a new understanding of the role of interfaces on the quantum 

confinement effects in nanostructures. Moreover, our results indicate a 

further direction for an optimized exploitation of confinement effects in 

future nanostructure-based devices: not only by exploiting size effects, but 

also taking advantage of interface engineering.  
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3.1 Introduction 

In chapter 1 we have already observed that one of the most interesting 

features in nanostructures is the quantum confinement effect (QCE), arising 

for dimensions smaller than the exciton Bohr radius (5 nm for Si, 24 nm for 

Ge [31 In particular, QCE is expected to increase the optical bandgap and 

the oscillator strength with respect to the bulk values, allowing to tailor the 

light absorption spectrum and intensity [80]. However, the optical behavior 

and the band-gap of NSs does not only depend on their size, as a basic 

confinement effect rule predicts. Other effects have been demonstrated to 

have a strong role in the light absorption/emission process such as: 

nanostructure shape [37], the QD crystalline structure [38]-[39], or the 

potential barriers surrounding the QD [40]-[41]. These factors can hinder the 

QCE, not allowing to take full advantage of absorption modulation and 

enhancement in the nanostructures. In particular, as already indicated in 

chapter 1, a growing interest has been recently focused on the  role of 

QD/matrix interface [57]-[59]-[60]. Thus, in order to have a reliable control 

of QC in semiconductor QDs, it is necessary to have a deeper investigation 

of the interface, in terms of bonds, stoichiometry anddefects, and it is 

essential to disentangle the role of the size from the interface effects, if any, 

and identify the extent of each contribution. 

To this purpose, in the following paragraphs we will investigate the role of 

the interfaces on the light absorption process of Ge QDs embedded in SiO2 

matrix. To do this, we present an exhaustive comparison of Ge/matrix 

interfaces  for QDs synthesized by sputtering or by PECVD techniques. We 

demonstrate that the differences between  sputter and PECVD grown QDs 

can largely influence the size-dependent tuning of the bandgap and oscillator 
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strength and we explain our results through a modified effective mass 

approximation (EMA) model. 

3.2 Synthesis and structural properties of Ge QDs 

In this experiment, as reported in figure 3.1, Ge rich SiO2 thin films 

(hereafter named SiGeO) have been deposited by PECVD on fused silica 

quartz or p-type Si substrates kept at 250°C. Different Ge concentrations 

have been obtained by varying the flux of GeH4 (going from 60 to 120 sccm) 

while the fluxes of SiH4 and N2O gases was kept constant. Each of these 

gases were used as precursors for the growth of SiGeO films. After the 

deposition, samples underwent thermal annealing at 800°C in N2 atmosphere 

for 1h. During thermal annealing, Ge QDs undergo an Ostwald ripening 

mechanism, similar to the Si QD case [81], leading to a size increasing of 

precipitates 

 

The elemental composition of SiGeO films (as deposited or after thermal 

annealing) was determined by Rutherford backscattering spectrometry 

(RBS), using a 2.0 MeV He+ beam in random configuration and with a 

backscattered angle of 165°C. Figure 3.2 shows a typical RBS spectrum of 

our SiGeO films deposited on silicon substrate. Arrows in figure 3.2 indicate 

Figure 3.1: Schematic representation of Ge QD synthesis from annealing of 
Ge-rich films deposited by PECVD method. 
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the signals due to He+ ions backscattered by surface atoms of Si (1150 keV), 

Ge (1600 keV) and O (750 keV) in the SiGeO film. All samples exhibit an 

homogeneous depth distribution of Ge atoms. RBS spectra have been 

simulated using SIMNRA software to determine the Si, Ge, and O content 

and the stoichiometry of each film. Small amounts of nitrogen (~5%) have 

been found in as deposited SiGeO samples (due to the use of N2O gas as 

precursor of O).  

 

 

Table 3.1 summarizes the values of thickness (from TEM) and Ge content 

(from RBS) of as deposited and SiGeO films annealed at 800°C. In the table 

3.1 the value of GeH4 flux (in sccm) was used as a suffix number to name 

the different samples. The Ge content in the as deposited films increases 

Figure 3.2: RBS spectrum and SIMNRA fitting of a representative SiGeO film 
deposited by PECVD on Si substrate. The experimental RBS setup is drawn in 
the figure.  
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with the increasing of GeH4 flux, going from 8% to 16%. while the film 

thickness is around 400 nm for all samples. As a result of the thermal 

annealing, part of the Ge atoms out-diffuse from the sample surface as 

volatile Ge-O compounds, as already reported in literature [82]-[83]. In our 

case, such an out-diffusion leads to a substantial thickness reduction (~100 

nm). Moreover, the Ge content in the annealed samples increases from 10% 

to 17.5% with the GeH4 flux, slightly increasing with respect to the 

corresponding values of as deposited films (which values span from 8% to 

16%). This densification of film is also related to the preferential 

evaporation of N and H related species as result of the thermal annealing. 

  Thickness [nm] %Ge 

Samples GeH4 flux 

[sccm] 

As deposited 800°C As deposited 800°C 

SiGeO60 60 430 330 8 10 

SiGeO90 90 365 280 12 15 

SiGeO120 120 410 310 16 17.5 

 

The presence and size distribution of Ge QDs, as well as the film thickness, 

were evaluated by cross sectional Transmission Electron Microscopy (TEM) 

analysis. For what concerns Ge QDs, we recognized them according to the 

degree of overlap between QDs either by automatic particle identification 

software or manually by locating their boundaries. In the case of automatic 

identification, the particles are automatically recognized by standard 

computer processing, taking into account their optical contrast in the gray 

scale. In the case of overlapping particles, this method does not produce 

Table 3.1: Film thickness (extracted by TEM) and Ge content (extracted by RBS), 
before and after 800°C annealing, for SiGeO filmdeposited by PECVD 
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good results, therefore a manual recognition of the QDs was required. For 

each sample, about one hundred particles were analyzed. For each set of 

data, we finally calculated the average size and the standard deviation. TEM 

analyses have been performed on all samples, allowing to report the QD size 

versus Ge content trend, as shown in figure 3.3. Ge QDs in SiGeO films 

exhibit a mean size growing from about 3.5±1 nm to 8.5±2 nm with 

increasing the Ge concentration from 0.7×1022 at/cm3 (~8% Ge) to 1.3×1022 

at/cm3 (~16% Ge). TEM image in the inset in figure 3.3 (referred to the 

sample with the highest Ge concentration, ~16%) reveals the presence of Ge 

QDs as bright spots (high Z-contrast of QDs with respect to the SiO2 

matrix).  

Once the mean size was evaluated for all samples, the packaging of QDs was 

investigated. In particular, we can give a rough estimation of the average QD 

concentration by considering the atomic Ge content (D) measured by RBS 

and the QD mean size (2r) extracted by TEM analysis, under the 

assumptions that after thermal annealing all the Ge in excess in the alloy is 

involved in the nucleation of spherical QDs and the atomic density (£¤e) of 

QDs is equal to the bulk value. In this case, the number of Ge atoms in a 

spherical QD having size 2r is ¥¤e = $4 3&�
x⁄ , while the concentration of 

Ge QDs within a layer of thickness tf is simply: �§¨� = ¨©ª«JX. Assuming a 

random distribution of QDs within the layer, the mean surface-to-surface QD 

distance (S2S) can be estimated as: 

��� = 1 ACQD3̄ − 2
     (3.1) 

In our samples, QDs concentration ranges from 2.5x1018 QD/cm3, for the 

sample with 10% Ge, to a value of 3x1017 QD/cm3, for the sample having 
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17.5% Ge, as reported in figure 3.3. The corresponding values of S2S 

calculated by the equation 3.1 ranges  from 4 nm to 7 nm. The so-estimated 

Ge QD density and S2S should be taken as upper values, since in CVD 

methods incomplete precipitation of excess Ge cannot be ruled out [84]. 

 

It is well known that thermal annealing also induces a concomitant transition 

from the amorphous to the crystalline phase of Ge QDs.[ChoiJAP99] In order 

to evaluate the extent of such transition for our samples, we performed Raman 

analysis on samples annealed and as deposited. The figure 3.4 reports the 

Raman spectra of SiGeO90 sample before and after thermal annealing at 

800°C. The broad band in the 240-290 cm-1 range of the as deposited film 

corresponds to the convolution of the TO and LO phonon modes in 

amorphous (a-) Ge [86]. After thermal annealing at 800°C, the appearance of a 

narrow peak centered at around 300 cm-1 (TO phonon mode in crystalline (c-) 

Figure 3.3: Mean QD size (black symbols) and QD concentration (red 
symbols) as a function of the Ge atomic concentration in SiGeO films 
annealed at 800°C. The inset shows a representative TEM images of Ge 
QDs in the SiGeO120 sample. 
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Ge [86]) reveals partial transition to the crystalline phase of Ge in QDs. 

However, a substantial fraction of Ge QDs is still in the amorphous phase, as 

suggested by the presence of the broad shoulder at 280 cm-1. Therefore, 

Raman analysis confirmed that most QDs remain amorphous. 

 

The Ge QDs were also synthetized by sputter technique. In order to do a 

suitable comparison between the two synthesis techniques, the sputter samples 

were chosen to have a Ge concentration similar to that of the PECVD ones. 

The main structural features (Ge concentration, QD mean size and QD 

concentration) of sputter samples can be found in table 3.2. Despite of similar 

values of Ge concentration, QDs synthesized by PECVD method are larger 

compared to the ones synthesized by sputtering deposition. This is probably 

due to the lower annealing temperature (T=600°C) used in sputter samples. 

Figure 3.4:  Raman spectra of as deposited SiGeO (red symbols+line) and 
evolution after thermal annealing at 800°C (red symbols+line). The spectra of the 
fused silica substrate are reported for comparison (orange line), Raman spectra of 
all samples are vertically offset for clarity. [35] 
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Such a higher annealing temperature has been required in PECVD films to 

have a proper phase separation of the SiGeO alloy, in fact different kinetics 

for QD nucleation among PECVD or sputter matrices was observed [35]. 

Moreover, also the sputter samples allow the formation of a large amount of 

QDs after annealing, with typical concentrations of the order of 1018–1019 QD 

per cm3 (very similar to values obtained for PECVD samples). More details on 

the sputter samples are given in ref [87]. 

Synthesis 

Technique 
Ge concentration, CGe 

[at/cm
3
] 

QD size, 2r 
[nm] 

QD concentration 
[QD/cm

3
] 

Sputter 

600°C 

annealing 

5.5×1021 2±0.5 1.2×1019 

6.0×1021 2.5±0.5 7.2×1018 

1.15×1022 3±0.5 1.3×1019 

1.25×1022 4±0.5 6.8×1018 

 

3.3 QD/matrix investigation: the role of growth method 

In this paragraph we present an exhaustive comparison of the interface state 

of Ge QDs grown by PECVD or sputter techniques. In order to provide a 

comprehensive structural and chemical analysis of the QD interface, we 

performed a detailed investigation by electron energy loss spectroscopy 

technique (EELS), moving from the matrix to the core region of single QD 

for PECVD (figure 3.5a-c) and sputter (figure 3.5d-f) samples. The STEM 

images in the insets of figures 3.5b-3.5e reveal the three areas (core, 

interface and matrix) in which the EELS spectra were measured for PECVD 

and sputter samples, respectively. 

Table 3.2: Ge concentration of SiGeO films, mean size and concentration of Ge QDs 
obtained by sputter technique. The error bar in the QD size is referred to the size 
distribution 
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The electron energy-loss spectroscopy (EELS) is an analytical technique that 

measures the change in kinetic energy of electrons after they have interacted with a 

specimen. As electrons pass through a specimen, they interact with atoms of the 

solid, changing both its energy and momentum. This scattered incident electron can 

be detected by spectrophotometer, giving rise to the electron energy loss signal. An 

EELS spectrum is typically composed of a zero-loss peak, plasmon-loss peaks, and 

element-specific ionization edges, each superimposed on a background arising 

from the lower energy loss processes. The zero-loss peak consists mainly of 

Figure 3.5: EELS spectra and the corresponding fits related to PECVD QD (core (a), interface (b) 
and matrix (c)) and sputter QD (core (d), interface (e) and matrix (f)) [47]. 



Chapter 3- Light absorption in Ge QDs randomly distributed in SiO2 

  
  

 

77 

 

elastically scattered electrons and electrons that have excited phonons and thus lost 

very little energy. Plasmon-loss peaks are found in the range 10 eV to 50 eV, and 

are losses caused by excitations of collective oscillations of the conduction 

electrons (plasmon). For energy losses above the low-loss region, the features 

mainly depend on the ionization energies of the present elements. At the ionization 

energy for a specific element there is often a sharp edge, followed by a slow decay. 

The energy at which the edge appears is element-specific and can be used for 

element identification and quantification. This technique is used to determine the 

atomic structure and chemical properties of a specimen, including: the type and 

quantity of atoms present, chemical state of atoms and the collective interactions of 

atoms with their neighbors. The energy resolution is typically 1 eV but can 

approach 0.1 eV if an electron-beam monochromator is used.  

All our STEM-EELS measurements were performed in the low-loss (5 – 70 eV 

region) electron energy loss region by using the Gatan STEM EELS spectrum 

imaging (SI) tool. Spectrum imaging (SI) is a technique that generates a spatially 

resolved distribution of electron energy loss spectroscopy (EELS) data. A typical 

experiment involves the creation of a data cube where two of the cube axes 

correspond to spatial information, while the third dimension represents the energy 

loss spectrum. To create this data cube, you can acquire a complete spectrum at 

each spatial pixel during scanning transmission electron microscope mode (STEM 

SI). During a STEM experiment, the electron beam focuses into a small probe, then 

scans over the sample to acquire spatial information (X,Y) in a serial manner. In 

the STEM SI mode, you can acquire a complete spectrum at each pixel position to 

build the spectrum image up on a spectrum-by-spectrum basis. Moreover, the 

analysis were performed in regions of the sample where the QDs do not overlap 

each other, in particular EELS line scan acquisitions were performed across the 

core, interface and matrix region of two individual QDs having a similar 
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dimension. The SI tool moves the probe systematically along the sample over a 

selected region of interest and the resulting EELS spectra are collected in a data 

box pixel-by-pixel, allowing advanced spectral post-processing to be performed for 

every pixel. Every single EELS spectrum has an energy resolution of 0.7 eV 

FWHM, 1.1 Å probe size, 50 pA of electron beam current, 20 ms of acquisition 

time, and the pixel size was 0.1 × 0.1 nm2. For our analysis, we accurately selected 

regions of the SiGeO films where QD size distribution was comparable and 

moreover, we chose QDs not smaller than 4–5 nm to minimize resolution 

deterioration due to plasmon delocalization, which usually is in the 1–2 nm range 

[88]. For both deposition techniques, moving from SiO2 matrix to the QD core 

region a clear modification occurs in the spectra (figure 3.5a-f). This is a direct 

signature of the different chemical contributions around the QD that are probed by 

the electron beam. In fact, the overall EELS spectrum contains several 

contributions coming from the plasmonic excitation of Ge, the surrounding SiO2 

matrix and any Ge oxides states eventually present at the interface of QD [89 The 

remaining components are related to the inter-band transitions of the Ge-SiO2 

hetero-structure (5-10 eV range) and to the broad M4,5 ionization edge of Ge QD, 

starting at around 29 eV. This latter contribution gives important information on 

the chemical arrangement at the interface of Ge QDs. In order to give a quantitative 

estimation of these features, the different components of the spectra were extracted 

through a Voigt function fitting. Since our EELS spectra contain several 

contributions, we chose fixed values of peak and FWHM of the different 

contributions, accordingly with the values reported in literature. Therefore, the only 

free fitting parameter is the area of the different peak contributions, while the 

overall fitting inaccuracy is <5%. The general trend, by scanning the beam from 

QD core to the matrix region for both sputter and PECVD QDs, is an increase of 

the SiO2 plasmon intensity and a decrease of the contributions coming from Ge 
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plasmon. At the same time, Ge-O intensity slightly increases at the expenses of a 

reduction of Ge M4,5 edge intensity. This kind of behavior was expected. In fact, as 

reported in figure 3.6, by moving the electron beam from QD core (figure 3.6a) to 

the matrix region (figure 3.6b) a larger “effective thickness” of the interface is 

probed by the scanning electron beam and also a larger contribution of the SiO2 

signal coming from the matrix. 

 

From a closer comparison of the EELS spectra in the core region of sputter 

[figure 3.5d] and PECVD [figure 3.5a] samples, different features are 

clearly visible, as a lower contribution of SiO2 volume plasmons appears for 

the latter. Moreover, both sputter and PECVD QD spectra show the presence 

of a broad peak centered at around 36 eV related to Ge-oxides (GeOx, x≤2) 

species [91] Indeed, the sputter film seems affected by a larger fraction of 

GeOx species with respect to the PECVD one. In fact, given the areas of Ge-

O contribution (AGe-O), Ge-Ge M4,5 band (AGe-Ge) and Ge volume plasmon 

Figure 3.6: Schematic representation of QD regions probed by the 
electron beam: core region (a) and interface region (b) 
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peak (AGe-pl), the amount of Ge-oxide species (here quantified as: 

) for the sputter sample ( ~16±2%) 

appears to be twice that for the PECVD one ( ~8±1%). Such a result 

evidences a chemically different interfaces among PECVD and sputter QDs, 

with a relatively larger amount of Ge-oxide and sub-oxide states in the latter. 

In order to give more insights into the structural arrangement around the QD 

interface, we performed line-scan acquisitions of the Z-contrast signal of 

high resolution HAADF STEM micrographs on Ge QDs in SiO2 with similar 

size for both techniques (~3÷4 nm). The intensity of HAADF signal mainly 

depends on the atomic number, Z, of the observed atomic species. Therefore, 

by considering the intensity of the Z-contrast signal across the QD diameter, 

it is possible to get reliable results on the interface thickness of our Ge QDs 

in SiO2. In Figure 3.7 the typical profile of the Z-contrast signal taken over a 

segment from the matrix to the core region of sputter and PECVD Ge QDs 

(both of ~3.5 nm diameter) is reported. The intensity of the Z-contrast signal 

increases while moving from the matrix to the core region of the QD. This 

increase contains a “sphere-shape” contribution and the intrinsic thickness of 

the interface shell. The “sphere-shape” contribution comes from the shape-

dependent SiO2 thickness around the QD that is probed by the scanning 

electron beam, as drawn in figure 3.7. By fitting the Z-contrast signal with 

sigmoid functions �$(& = -1 � *H$�H�
 °⁄ &.H=, where x0 represents the point 

of inflection of the sigmoid function and Γ the characteristic length of the 

function increase, we estimated Γ of 2.6±0.1 nm for sputter and 2.0±0.1 nm 

for PECVD sample. These values denote that a fairly sharp interface can be 

assumed only for the PECVD case, while a thicker one is evidenced for the 

( ) 1−

−−−− +⋅= plGeGeGeOGeOGe AAAF
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OGeF −
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sputter sample. Such behavior was observed for all the investigated QDs in 

our analysis. Given that QD diameter is about 3.5 nm for both samples, Γ is 

expected to be at least as large as half a diameter, for the “shape” 

contribution, with the exceeding portion ascribable to the interface thickness. 

 

Therefore, high resolution STEM-EELS technique demonstrates a chemical 

and a physical differences in the QD-matrix interfaces among sputter and 

PECVD films, with the first one thicker and richer in Ge-oxides than the 

latter one. The presence of such an interface shell and its variation with the 

synthesis technique, in terms of thickness and stoichiometric oxide quality, 

Figure 3.7: Profile length of the Z-contrast signal across the 
diameter of sputter and PECVD Ge QDs (c). A schematic of the 
different regions probed by the scanning electron beam is 
reported.[47] 
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is of paramount importance for the strength of carrier confinement occurring 

in nanostructures. 

3.4 Interface effects on light absorption in Ge QDs 

In this paragraph, we study the light absorption of Ge QDs in SiO2 to 

investigate if, and to which extent, the previous observed interface 

differences between sputter and PECVD samples can influence the strength 

of QCE. To* this purpose, once measured the direct optical transmission and 

reflectance spectra of Ge QDs through the spectrophotometry analysis, we 

evaluated the experimental absorption coefficient of films by using the DPA 

approach (already introduced in the chapter 2). It is worth noting that the 

comparison among samples with different amount of Ge can be misleading 

as far as only the absorption coefficient α is concerned, since a different α 

can be trivially related to a different amount of absorbing centers. This 

problem can be overcome using the absorption cross section σ, defined as the 

absorption coefficient α normalized to the Ge atomic density, D, involved in 

the photon absorption process ( ) [92]-[93]. Thus, the absorption 

cross section σ represents the photon absorption probability per each Ge 

atom. Figure 3.8 shows the spectra of absorption cross sections for sputter 

and PECVD films with different sizes of Ge QDs. Errors on the σ values 

(coming from indetermination on α, L and D) are comparable with the 

symbol size. A clear size-dependent shift of the absorption edge due to QCE 

is observed for both sets of samples. However, a different size-dependent 

shift of the absorption edge also appears, with PECVD QDs exhibiting a 

larger blue-shift than sputter QDs. In particular, QDs grown by sputtering or 

PECVD and having a similar size show a different edge of the absorption 

Dd /⋅=ασ
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cross section, as shown in figure 3.8. Moreover, also a different shift of the 

absorption edge with size appears. In fact, when the size of PECVD QDs 

shrinks from 4 to 3 nm, a consistent blue-shift of the absorption edge of 

about 0.5 eV is present. On the contrary, only a reduced tuning of the 

absorption edge is present for QDs produced by sputtering technique with 

the same size shrinkage. These results indicate that the light absorption of 

these systems are not set by size alone and may be largely influenced by the 

interface. When the interface is sharp enough a stronger role of QCE is 

expected, as we observed. 

 

Figure 3.8: Absorption cross section spectra for sputter and PECVD films with 
different sizes of Ge QDs.  



Chapter 3- Light absorption in Ge QDs randomly distributed in SiO2 

  
  

 

84 

 

Indeed, the absorption cross section is intimately connected to the optical 

bandgap Eg and the oscillator strength Os of k-allowed transitions in the 

Brillouin zone (BZ) through the formula [49]: 

  (3.2) 

where ρ is the concentration of the absorbing centers, n is the refractive 

index of the material, the exciton effective mass (EM) while the integral 

represents the joint density of states (JDOS) in valence and conduction bands 

involved in the absorption of a photon with energy . As 

observed in chapter 1, according to the Tauc formalism, under the hypothesis 

of parabolic band edges and optical inter-band transitions between quasi 

localized states eq. (3.2) can be rewritten as  

.   (3.3) 

The Tauc coefficient B* is directly proportional to the oscillator strength of 

the optical transition, Os, and thus represents an estimation of the efficiency 

of light absorption [63]. Then, it is possible to reliably determine Eg and Os 

of nanostructures directly from their absorption cross section σ, as 

extensively discussed in chapter 1. So, we employed the modified Tauc plot 

(expressed by equation (3.3)) to experimentally measure Eg and Os of our Ge 

QDs. Two examples of modified Tauc plot and corresponding linear fits for 

4 nm sputter and PECVD Ge QDs are reported in figure 3.9. 
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The experimental values of Eg for Ge QDs, extracted by linear fit of Tauc 

plot and reported in figure 3.10a, reveal a different behavior between the 

two sets of samples. In fact, PECVD QDs shows a larger tuning of Eg with 

QD size, while a reduced energy dispersion appears for sputtered QDs. 

Moreover, the experimental tuning of Eg is not in good agreement with 

standard EMA model ( , where A is the confinement 

parameter (; = �ħ� 2±Ez = 7.88*�(���) [48]), which actually does not fit 

any of the two data series [red line in figure 3.10a]. This result is a direct 

consequence of the different interfaces observed by EELS analysis between 

the two types of QDs. In fact, EMA model is usually used to describe carrier 

confinement in sharp and square-like potential barriers systems, considering 

( ) 2/ DAEDE bulk

gg +=

Figure 3.9: Selected Tauc plot (symbols) and corresponding linear fits (lines) for 4 nm 
Ge QDs produced by PECVD and sputter techniques. 
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bulk values of EM and 

neglecting any effect 

caused by a spatially-

graded confinement 

potential Vc(x), typical in 

the case of an interface 

shell between QD and 

matrix. In order to 

describe the effect of the 

interface, a correction to 

the EMA model was 

developed through a 

spatially dependent 

effective mass (SPDEM) 

formalism [45]-[46]. 

As already discussed in 

the chapter 1, the 

SPDEM model is directly 

related to the potential 

Vc(x) for confined 

carriers and describes the 

effect of Vc on the EM, 

through the dispersion 

relationship: 

   (3.4) ( )
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Figure 3.10: Size variation of the optical bandgap (a) and 
oscillator strength (b) of Ge QDs in SiO2 synthesized by 
sputtering and PECVD technique. In (a) the red curve 
represents the standard EMA model of Eg for Ge QDs in SiO2 
[32] while the black and blue solid lines represent the 
theoretical trend of Eg considering the correction of the 
SPDEM into the EMA model [48]. The different (sharp or 
graded) interface confining potentials is drawn in the inset.  
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where ( )Dµ  is the renormalized SPDEM of excitons, Vc,e, Vc,h, �W,³∗  and �W,e∗  

are the confinement potential and effective mass for electron and hole [45]-

[48]. The inclusion of the SPDEM into EMA model gives better agreement 

between theory and experiment, as shown in figure 3.10a (black and blue 

lines). In particular, Vc,e and Vc,h were determined as fitting parameters in ref. 

[48], assuming QD interfaces mostly composed by GeO2 and GeO in the 

case of PECVD and sputter QDs, respectively. We found a larger interface 

potential for PECVD QD (�W,é�YB¨~1.1	*�, �W,³́�YB¨~3.3	*�, figure 3.11b)
 
 

with respect to sputtered ones (�W,e�¶6JJe@~0.9	*�, �W,³�¶6JJe@~2.8	*�, figure 

3.11c). Moreover, it should be noticed that the potential offset extracted 

from the fit of PECVD QDs are close to the energy offset between Ge/GeO2 

(V0,e=1.2 eV and V0,h=3.6 eV, figure 3.11a), as depicted in figure 3.11 [94], 

confirming the higher quality of Ge-oxide, as already indicated by EELS 

analysis. Moreover, a sharp interface potential is correlated with a larger 

reduction in the EM, which gives rise to an increased energy dispersion 

through Eq. (3.4).  

Figure 3.11: Schematic representation of confinement potentials of electrons (Vc,e,)and holes 
(Vc,h) for different Ge QD interfaces: Ge QD/GeO2 (a) [KobayashiJAP2009], Ge 
QD/PECVD interface (b),  Ge QD/sputter interface (c). Vc,e and Vc,h in PECVD and sputter 
samples were determined as fitting parameters of equation (3.4) in ref. [48]. 
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Therefore, by considering our Ge QDs as composed of a core region and an 

interface shell (as depicted in figure 3.12), we can conclude saying that PECVD 

QDs are closer to an ideal-like system, with a very sharp interface mostly 

composed by a GeO2 shell between Ge QD and SiO2 matrix. On the other hand, 

sputter QDs suffer from a thicker interface with a more complex contribution of 

sub-stoichiometric Ge-oxide states that give rise to a graded interface, as 

schematically drawn in the inset of Figure 3.10.  

 

While a sharp interface allows a large tuning of Eg through an effective 

exciton confinement and EM reduction, a spatially-graded interface gives 

rise to a weaker confinement effect. These evidences point out the 

paramount role of the interface in modifying the carriers confinement in 

nanostructures. Finally, the effect of the interface on the quantum 

confinement of Ge QD is visible also in the trend of the Tauc coefficient B*. 

Figure 3.12: A schematic illustration of a Ge QDs embedded in a surrounding 
matrix (blue region) and composed of core region (red region) and interface shell 
(yellow region).  
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This quantity is directly proportional to the oscillator strength Os of light 

absorption through eq. (3.2) [95]. In particular, Os is strictly connected to the 

confinement of excitons through the exciton envelope function, , 

and the optical matrix element, , according to the formula [96]-[97]: 

    (3.5) 

The increase of the oscillator strength is usually observed, both 

experimentally and theoretically, in highly confined systems having a 

dimension smaller than the exciton Bohr radius [80]-[96]-[97]. This effect is 

often explained only as a consequence of the increased electron-hole overlap 

Gnm when the spatial dimension of the system is reduced. Our comparison 

between sputter and PECVD Ge QDs illustrates two systems whose size 

variation is on the same range of 2 – 10 nm. Thus, we should expect quite a 

similar Gnm factor for both types of QDs and, consequently, a similar trend 

for the variation of Os. However, this is clearly not the case. Figure 3.10b 

shows the size-dependent variation of B
* for PECVD and sputtered QDs. 

While PECVD QDs show an increased absorption efficiency for very strong 

spatial confinement, a fairly constant B* appears in sputtered samples over 

the same size range. The different behavior observed for our systems 

suggests that other factors must be considered. Indeed, the variation of the 

reduced EM (µ) on the spatial dependence of Os has also to be considered. 

The better Ge-oxide quality and higher interface confinement potential in 

PECVD QDs yield a larger reduction in the reduced EM, which gives rise to 

an enhanced Os, according to Eq. 3.2, and therefore to the increased B
* 
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observed in Figure 3.10b. On the contrary, the different behavior found for 

sputter QDs is a consequence of their interface quality. As thicker and poorer 

the Ge-oxide quality at the interface, the weaker the exciton confinement is. 

This effect gives rise not only to a reduced confinement for what concern the 

energy dispersion relationship, but also to an anomalous size-independent 

oscillator strength. Therefore, the role of the interface is a key-factor in the 

optical behavior of nanostructures. This is fundamental not only for a full 

understanding of the QCE in nanostructures, but also for exploiting their 

optical properties through both the control of size and interface engineering.  

3.5 Conclusions 

In this chapter, we have reported an exhaustive investigation on the role of 

interface with respect to the quantum confinement effects occurring in Ge 

QDs. To this purpose a closely packed arrays of 3 – 9 nm diameter 

amorphous Ge QDs in SiO2 were produced by PECVD techniques to be 

compared to Ge QD in SiO2 grown by sputtering and previously investigated 

by our group. The structural quality and chemical composition of PECVD 

QD interface was compared, by extensive EELS analysis, with that of some 

sputter samples which show similar structural characteristic in term of QD 

size and density The EELS analysis reveals a different interface in the two 

samples. In particular, we found a sharper and better quality interface for 

PECVD QDs, while sputtered QDs are characterized by a thicker interface 

shell containing twice the contribution of Ge-oxide states with respect to 

PECVD. Such chemical and structural difference in the interface is strongly 

related to the different optical behaviour exhibited by Ge QDs. In fact, while 

a large size-dependent tuning of both bandgap and optical oscillator strength 
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is found for PECVD QDs, on the contrary, sputter QDs exhibit a size-

independent oscillator strength and a moderate tuning of the bandgap. These 

differences, were successfully explained by using a spatially dependent 

effective mass model, which accounts for the effect of the interface potential 

on exciton confinement. In particular, a sharp interface potential, as that 

occurring in PECVD samples, is correlated with a larger reduction in the 

EM, which gives rise to an increased energy dispersion and an increase of 

absorption efficiency. These results provide new understanding of the role of 

interfaces on the quantum confinement effects in nanostructures. Moreover, 

our results indicate a further direction for an optimized exploitation of 

confinement effects in future nanostructures-based devices: not only by 

exploiting size effects, but also taking advantage of proper interface 

engineering.  
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Chapter 4 

Enhancement of light absorption in Ge QDs orderly 

distributed in SiO2 

In this chapter, we present an experimental investigation of light absorption 

in small Ge QDs (2-3 nm in diameter) grown by PECVD in a multilayer 

configuration (3-6 nm thick film with Ge QDs, separated by 20 nm thick 

SiO2 barriers) and annealed at 800 °C. The multilayer approach allows a 

narrower size distribution in comparison to a single layer of QDs (where no 

SiO2 barrier layers are involved). During the discussion, we compare the 

structural properties of multilayer samples with single layer ones. To do this, 

transmission electron microscopy (TEM) analyses were performed in order 

to evaluate the size and size distribution of the Ge QD ensemble for both 

configurations. After that, by a detailed electron energy loss spectroscopy 

(EELS) analysis we characterized the structural and chemical properties of 

Ge QD in ML samples. Finally, by combining UV-Vis-NIR spectrometry and 

Tauc analysis of the absorption spectra, the optical bandgap and the 

absorption efficiency of Ge QDs were extracted. A very high absorption 

efficiency, 15 times larger than in bulk, has been observed for these systems. 

A comparison with Ge QDs in single thick layer is also performed, utilizing 

also the optical fitting. These results add new insights into the role of QD 

packaging on confined systems, and open the route for reliable exploitation 

of QC effects. 
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4.1 Introduction 

Up to now, some theoretical and experimental studies indicate that the QDs 

spacing and arrangement can play an important role in the optical properties 

of these systems. For example, in a recent paper, Guerra et al, calculated the 

electronic structure of Si nanocrystals (NCs) and the role of the strain 

induced by a surrounding SiO2 matrix or induced by lowering the distance in 

between the NC [98]. According to their calculations, the strain produced at 

the QD/matrix interface produces a red shift of the absorption spectra. In 

particular, they found that for nanocrystals smaller than 2 nm the proportion 

of atoms at the Si/SiO2 interface becomes relevant, surface-related states 

occur that affect the quantum confinement and produce states in the band 

gap, thus changing the optical response of the system [99]99. When a NC-

NC separation is lower than 0.5 nm the strain-induced forces mutually acting 

on the NCs emerge, playing a relevant role over any other interaction 

mechanisms between NC.. Such calculations are also in substantial 

agreement with the results reported by Hapala et al., which observed a 

systematic blue-shift (~200 meV) of the bandgap for free-standing oxide-

passivated Si nanocrystals compared to the matrix-embedded ones having 

the same size [100]. Furthermore, Uhrenfeldt et al. recently observed how 

the absorption of large and closely packed Ge NCs in SiO2 ordered in multi-

layers exceeds that for similar concentration of NCs randomly distributed in 

the film [92]. They found indications that the order distribution and 

packaging of Ge NCs play an important role on the optical response of these 

systems and can prevail on the effects due to quantum confinement., 

determining a reduction or an increase of light absorption capacity of 

samples containing semiconductor QDs. 
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Another recent study was focused on the variation of joint local density of 

states (JLDOS) as function of distance between PbSe colloidal QDs [57]. In 

this work, Logar et al observed an increase of JLDOS in the region between 

QDs with the reduction of the distance between them (by changing the kind 

of ligand on surface of QDs). In particular, they found that this reduction of 

QDs spacing  determine a growing electronic coupling between the latter 

which translates into an increase of EELS signal in the region between two 

QDs [57]. This strong electronic coupling between QDs could lead to 

increased optical absorption of the system, since the absorption coefficient is 

proportional to JLDOS (equation 1.16 in the chapter 1). 

In order to clarify if and to what extent QD-QD interactions can modify the 

light absorption process, we will present, in the following paragraphs, an 

experimental effort designed to study the influence of packaging and spacing 

of QDs on the light absorption process. To do this, we will use the multilayer 

approach (ML) and we will compare the structural and optical properties of 

latter with those of a reference single layer sample where Ge QDs are 

randomly distributed in a thick film. A clear evidence of a light absorption 

enhancement by decreasing the QD-QD distance along the film growth 

direction is presented and discussed. In particular, an unprecedent high light 

absorption efficiency (about 15 times higher with respect to single layer (SL) 

sample  and bulk samples) has been observed for the ML structure. This 

enhancement is independent on the number of layers, SiGeO film and SiO2 

barrier thickness, showing the primary role of spacing QDs along the film 

growth direction. 
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4.2 Synthesis and structural properties of multilayer of 

Ge QDs 

In this experiment, Ge QDs embedded in SiO2 were synthesized by 

depositing a SiGeO layer (30% Si, 10% Ge, 60% O) and annealing it at 

800°C to induce the precipitation of the excess Ge nanoclusters, as already 

observed in the chapter 3. In order to have a better control of the 

nanoclusters synthesis, a multilayer (ML) approach (composed by 

barrier/SiGeO film/barrier structure) is used [101]. In order to compare the 

structural and optical characteristic of Ge QDs arranged in ML and single 

layer (SL) approach, a reference SL sample was also deposited. Both SL and 

ML samples were deposited by plasma enhanced chemical vapor deposition 

(PECVD) on quartz substrate kept at 250°C using GeH4, SiH4 and N2O 

precursors. In particular, after a SiO2 buffer layer (20 nm), thin films of 

SiGeO alloys in SL and ML configuration were deposited. The SL sample is 

330 nm thick with a Ge concentration of about 10%, while ML samples have 

a thickness in the range 200-400 nm. Each ML sample was obtained 

alternating N times a basic bi-layer made of a thin (tf) SiGeO film and a thin 

(tb) SiO2 barrier (table 1). In order to maintain the Ge concentration around 

10% in each SiGeO films of the ML samples during the depositions the 

GeH4 flux was kept constant for all ML samples. In this chapter, the name 

of samples refers to the typology (ML or SL), and reports the tf-tb thickness 

for ML samples. One additional ML sample were also fabricated with tf=4 

nm/tb=3 nm (ML4-3) in order to investigate the role of barrier on the light 

absorption. 
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 The multilayer structure and thickness, as well as the presence of Ge QDs 

were evaluated by cross 

sectional Transmission 

Electron Microscopy 

analysis, through a sub-

Ǻngström ARM200F 

microscope operating in 

scanning mode (STEM) at 

60 kV. Low energy of the 

electron beam (60 keV) is 

used to reduce the damage 

in the samples due to the 

passage of the electron 

beam. In fact, for higher 

energy (~200 keV) of the 

electron beam, we observed 

a large amount of damage to 

the sample, leading to the 

complete destruction of the 

sample. In order to perform 

the TEM analysis, the 

SiGeO films were thinned 

by a standard cross-sectional 

technique and mechanical 

polishing followed by Ar+ 

ion milling at 2.5 keV (Gatan PIPS). In figure (4.1a), the lower 

magnification TEM image shows the multilayer structure of the films with 

Figure 4.1: a)-b) Cross sectional transmission TEM 
images of Ge QDs multilayered samples at low and high 
magnifications. c) RBS spectra performed on Ge QDs 
with different thickness of SiGeO film and number of 
layer. 
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SiO2 barriers (darker layers) and very thin films containing Ge QDs 

embedded in SiO2 matrix (brighter layers). To better evidence the presence 

of Ge QDs in each film, in figure 4.1b  the TEM image at higher 

magnification of tightest multilayer sample (ML2-20) is reported. The image 

confirm the presence of very small (2r~2nm) and densely packed Ge QDs 

with a narrow size The TEM analysis confirm also the amorphous phase of 

Ge aggregates. This limited crystallization can be accounted for by the 

smaller size of QDs with respect to required critical radius for crystallization 

of Ge aggregates in SiO2 [35]. As reported in table 1, the QD size does not 

vary significantly in all ML samples, regardless of SiGeO film thickness. As 

far as the SL sample, Ge QDs size is slightly larger (2.9 nm), suggesting that 

in confined SiGeO layer a stronger Ge out diffusion (towards top and bottom 

barrier layer) probably occurs leading to a smaller Ge QDs. 

 

 

 

 

 

 

 
 

 

In figure 4.1(c) we report the RBS spectra of He+ backscattered from Ge 

atoms for two representative multilayer samples (ML2-20 and ML4-20). 

The Rutherford backscattering spectrometry (RBS) analysis were 

Samples tf 

[nm] 
tb 

[nm] 
N Ge dose 

[10
15

at/cm
2
] 

S2S 

[nm] 

ML2-20 2 20 15 22 1.2 

ML4-20 4 20 4 11 1.0 

ML4-3 4 3 8 16 1.3 

SL 330 - 4 220 3.0 

Table 4.1: Structural characteristics of ML samples and a 
reference SL sample. 
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performed by using a 2.0 MeV He+ beam in random configuration and 

with a backscattered angle of 165°. Although the film/barrier multilayer 

structure cannot be resolved with this technique, the Ge distribution in the 

three samples appears more concentrated, as expected, with increasing the 

number of layers (from 4 to 15) or by reducing the thickness of the SiO2 

barrier (from 20 nm to the 3 nm). Each RBS spectrum was simulated by 

using SIMNRA software to determine the Ge content in each film. In 

particular, the so-extracted Ge dose shows a decrease from 22x1015 at/cm2 to 

11x1015 at/cm2 with decreasing the layers number N. This is clearly related 

to an increase of overall SiGeO film thickness (defined as LS=N*tf) in each 

ML sample. Despite the Ge dose differences between various ML samples, 

the Ge concentration in each single SiGeO layer (�¤e�9 = ¨ª«	©�JX) is about of 

7% (from 5 x1021 at/cm3 to 7x1021 at/cm3) for all ML samples, as we wanted 

to achieve. 

Once the QD mean size and the Ge dose in the SiGeO film were estimated, 

by assuming that after thermal annealing all Ge excess in the alloy is fully 

involved in the QD nucleation and growth, it is possible to roughly estimate 

the average QD concentration (�§¨ = ¨ª«
P̧^@P¹	©JX where ρ is atomic density of 

Ge) and also the surface to surface QD separation (��� = $1 ⁄ ∛$�§¨	&& − 2
). 

In the light of small thickness in ML samples, the SiGeO films can be 

considered as  two dimensional layers and thus the extracted S2S value is 

relative to QD-QD distance along a surface-parallel direction of SiGeO film. 

Along this direction, the ML samples allow the formation of a large amount 

of QDs after thermal annealing, with typical concentrations of the order of 

1020 QD per cm3. This value corresponds to a typical mean distance of about 
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1.2 nm between the surfaces of two adjacent QDs. Clearly, the distance 

between QDs along growth direction of SiGeO films is fixed at 20nm or 3 

nm due to the presence of SiO2 barrier. On the contrary, in the single layer 

sample, the SiGeO film is thick enough (~300 nm) give a 3D distribution of 

QDs, so that the calculated S2S results to be ~3nm, whatever the directions 

is. Summarizing in comparison with the SL one the ML approach provides a 

higher density of smaller Ge QDs. This can be related to the different QDs 

nucleation/growth balance due to the barrier presence in ML structure which 

restricts the growth process. 

In order to investigate the local chemical composition of the Ge QDs, we 

performed a detailed investigation by low-loss (5 – 70 eV region) EELS 

technique. moving from the matrix to the core region of single QDs (Figure 

4.2). Given the larger density of Ge QDs in ML, one key question is to 

characterize the chemical composition of the Ge QD core and of its matrix 

(i.e. of material in between QDs). Moreover, in order to compare the SiO2 

status in the matrix and in the barrier region, a EELS measurement was also 

performed in SiO2 barrier region (figure 4.2c). As already observed in the 

chapter 2(where the EELS analysis were performed on randomly distributed 

single layer Ge QDs), the overall EELS spectrum contains several 

contributions such as the plasmonic excitation of Ge (at ~ 16-17 eV), the 

surrounding SiO2 matrix (at ~ 23-25 eV) and the Ge oxides states (at ~ 36 

eV) [89]. 
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The different components of the spectra were de-convoluted through Voigt 

fitting (color lines in figure 4.2). For the deconvolution of EELS spectra, we 

Figure 4.2: Low-loss EELS spectra of multilayered Ge QD in SiO2 measured in 
the core (a), matrix(b) and barrier region (c). The STEM images in the insets 
reveal the probed area in the three cases. The different components of EELS 
spectra are fitted using the Voigt function and are reported in all three panels. 
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have chosen to fix the values of peak and FWHM of the different 

contributions, in accordance with the values reported in literature. In this 

way, the only free fitting parameter was the area of the Voigt function. As 

shown in figures 4.2a and 4.2b, moving from SiO2 matrix to the QD core 

region (inset figure 4.2b) a clear modification of the EELS spectra can be 

observed. As already observed in chapter 3 for single layer Ge QDs, this 

modification is related to the different chemical contributions that are probed 

by the electron beam. In particular, a clear decrease of the contribution 

related to Ge volume plasmon together with an increase of the contribution 

due to volume plasmon of SiO2 are observed moving from inside toward 

outside of QD. This effect can be easily observed by the decrease of G 

parameter, defined as the ratio between contribution area of Ge volume 

plasmon and the area of SiO2 volume plasmon contribution. In fact, the G 

value decreases, going from 1.45 to 0.65, by moving from QD core to SiO2 

matrix. Moreover, the value of such G ratio, calculated in the QD core, is 

very similar to the value found for PECVD Ge QDs embedded in SiO2 and 

distributed in a SL sample (GSL~1.5) [47], further confirming the presence of 

Ge aggregates in the ML samples. Furthermore, by comparing EELS spectra 

of matrix (figure 4.2b) and SiO2 barrier (figure 4.2c), we observe as they 

are very close each other with a lower (but not null) contribution of the Ge 

volume plasmon in the latter. EELS analysis confirmed the formation of Ge 

QDs embedded in SiO2 matrix in ML samples. Both in the matrix region and 

in the barrier region EELS spectra suggest presence of Ge, as the presence of 

Ge QD edge contribution at about 29 eV confirms. Such presence can be 

related to Ge diffusion or to technique artifacts. 



Chapter 4- Enhancement of light absorption in Ge QDs orderly distributed in SiO2 

 

  
  

 

103 

 

4.3 Light absorption in Ge QDs multilayer structure 

Once the formation and growth of Ge QDs in ML configuration has been 

evaluated and compared with results obtained for SL samples, the optical 

absorption properties were investigated to determine if the different 

configuration of QDs have an influence on the photon absorption 

mechanisms. To do this, the light absorption analysis were performed on 

samples deposited onto fused silica substrates. In particular, normal 

transmittance (T) and the 20° reflectance (R) spectra in the 200 to 2000 nm 

wavelength range were acquired using a Varian Cary 500 double-beam 

scanning UV/visible/NIR spectrophotometer. In order to compare the light 

absorption of Ge QDs arranged in the ML and SL configuration, we used the 

atomic absorption cross section (σ) extracted as follows: 

» = s∙9¼¨ª«                                                   (4.1) 

where α is the absorption coefficient spectrum  and LS is the overall SiGeO 

films thickness in each samples. The use of σ is required because of the 

different amount of Ge present in the various samples. In fact, the σ 

represents the photon absorption probability normalized to the Ge atomic 

content present in each sample and therefore it does not depend on number 

of absorbing centers. In figure 4.3, we report the σ spectra of ML2-20, ML4-

20 and ML4-3 samples (red, green and blue symbols, respectively) and of 

SL sample (black symbols) extracted by using the double pass 

approximation (introduced in chapter 2). Errors on the σ values (coming 

from indetermination on α, L and D) are comparable with the symbol size.  
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In all ML samples and in SL samples, the energy onset is clearly much 

higher with respect to Ge bulk. This is clearly related to quantum 

confinement effect. It is worthy of note that, despite all ML samples show a 

similar energy onset compared to reference SL sample (~2 eV), the 

magnitude of σ spectra in ML samples is about ten times higher than that 

found in single layer case and Ge bulk. This suggests that a significant 

enhancement of light absorption process occurs on the ML samples. 

Moreover, as can be noted in figure 4.3 by comparing the σ spectra of ML 

samples with each other, the light absorption enhancement is clearly 

independent of SiGeO layer thickness (tf), number of layers (N) and SiO2 

barrier thickness (tb). ). As σ represents the photon absorption probability per 

each atom, the increase of σ in ML samples in comparison to SL sample can 

be related to the ordered configuration (QDs are located in parallel planes) or 

to the shorter S2S value. It should be noted that the absorption enhancement 

in ML samples is not attributable to interference effects which should be 

modulated by tf and tb variation. The overlapping of σ in ML samples 

demonstrates that the higher density of very small Ge QDs there obtained is 

the key actor in this unexpected increase of light absorption. At the same 

time, the comparison between spectra of ML4-20 and ML4-3 samples 

evidences how the different thickness of SiO2 (20 nm or 3nm) does not 

involve a significant change of σ spectra, suggesting a minor role of SiO2 

barrier on absorption process. 
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Other factors that can strongly influence the light absorption are the 

scattering effects at various SiGeO/SiO2 interfaces in the ML structure which 

could determine a significant increase of light absorption. In fact, such 

effects usually determine an increase of the optical path of light in the 

sample, increasing the light absorption probability in the latter. To assess the 

real contribution of scattering effects on optical properties of ML samples, in 

figure 4.4 we report the absorption cross section of a ML sample extracted 

by using the R and T spectra measured with or without the use of a 

integrating sphere, respectively. As reported in figure 4.4, the two σ spectra 

show no significant differences, demonstrating that the scattering effects do 

Figure 4.3: Absorption cross section of Ge QDs multilayers (ML2-20, ML4-20 and ML4-
3). As reference, the spectrum of a SL sample is reported together with that of bulk Ge. 
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not play a key role on optical absorption enhancement observed in ML 

samples. 

 

With the aim to better investigate the light absorption enhancement observed 

in ML samples, we involved the Tauc model to describe light absorption 

process. In chapter 1, we have already observed how, under the assumption 

of parabolic band edges and optical transitions between extended states from 

valence band toward conduction band, the absorption coefficient of 

amorphous semiconductors is modelled by the Tauc’s law [52]-[53]: 

Figure 4.4: Absorption cross section spectra of a relative ML sample measured with or 
without use of integrating sphere.  
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_ = �³½ $ℎ� − �2&�                                             (4.2) 

where hν is the incoming photons energy, Eg is the optical band gap, and B is 

the Tauc coefficient describing the efficiency in light absorption. Since the 

absorption cross section is related to the absorption coefficient through 

equation 4.1, the Tauc relation (expressed by equation (4.2)) can be rewritten 

as follows: 

» = �∗³½ $ℎ� − �2&�                                            (4.3) 

where B* is a modified Tauc coefficient, having the same meaning of B, 

only scaled to the Ge density. In figure 4.5, the modified Tauc plots 

(symbols) of ML samples and SL-330 sample together with the relative 

linear fit are reported. The linear fits in the modified Tauc plots were 

performed in the energy range for which α > 10d	cm	H= [52] which 

translates in σ > 10H=¿	cm	�. The slope of fit is proportional to B*, while 

the intercept gives the optical bandgap (Eg) of our samples. As expected 

because of σ spectra for ML, the linear fit of ML samples show very close 

intercept and slope values. If we compare ML samples to SL one, the Eg 

values are similar (~1.9 eV for ML, 2.0 eV for SL) while the slope of linear 

fit in ML samples is about 10 times higher than in SL one. The application 

of Tauc model allows to conclude that the light absorption process in ML 

samples can be described in the same way as far SL sample but with a 10 

times higher efficiency. Given that the Eg values does not change 

significantly, the increase in σ spectra can be due to an enhanced oscillator 
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strength in the interaction between electromagnetic field and Ge QD in ML 

samples. 

 

4.4 Optical fitting 

To further define the cause of this unprecedent increase in light absorption, 

an optical fitting model of R and T spectra  is used to extract the imaginary 

part of refractive index ε2 for ML and SL samples. The used approach for the 

optical fitting is based on the JTL model (described in chapter 2) further 

modified to account for the sub-band gap tails absorption. The model is 

known as JTL-GB model (Jellison Tauc Lorentz-Gaussian band model)[75] 

in which the sub-band gap tails absorption is modeled by making use of an 

Figure 4.5: Tauc plot (symbols) and corresponding linear fits (lines) for Ge QDs 
arranged in ML and SL configurations. 
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additional Gaussian band (GB), added to the imaginary part of dielectric 

function predicted within the JTL model (equation 2. in chapter 2). So, the 

imaginary part of the dielectric function (ε2) is modeled by the following 

expression [75]: 

r� = =� ]�
Y-�H��.8-�8H�
8.81Y8�8 	À-� − �2. � ;Á	*HÂÃÄ$Ã�ÅÃ�&Æ Ç	               (4.4) 

where the first term describes the JTL model (as already in chapter 2) and 

the second term describes the GB function. The JTL parameters are the 

band-gap of the material Eg, the oscillator amplitude A, the energy position 

of the Lorentz peak E0, and the broadening parameter C. The parameters of 

GB function are the central energy (ET), the intensity (AT) and the full width 

at half maximum (σ), describing a Gaussian distribution of a band energy 

levels within the energy gap. The real part ε1 of dielectric function can be 

derived from ε2 using the Kramers and Kronig relation, already introduced in 

the chapter 2. 

In order to properly manage the eight fitting parameters, a first fitting cycle 

is performed using a (Eg, E0,A, C, ε∞) set able to fit R and T spectra of a bulk 

Ge used as standard. In this case (AT, ET, σ) is a null vector. When Ge QDs 

sample is considered, the Eg value as extracted by Tauc method is first 

introduced in the (Eg, E0,A, C, ε∞) set. Iterative fitting cycles based on  χ2 

minimization are then used to determine the full set of parameters that 

supply the best fit between simulated and experimental R and T spectra. 

Each SiGeO layer was treated as an effective medium (EM) composed of Ge 

and SiO2 materials. The (ε1, ε2) spectra of SiO2 material inside the EM were 

set to the spectra reported in literature. Instead, for the Ge material, we 
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applied the optical fitting based on JTL-GB model. Therefore, the JTL-GB 

parameters, showed in this work, are referred to Ge material in the SiGeO 

film. The fitting was performed using the GTB-fit computer programme 

[75], which is based on the Optical code [74]. As reported in figure 4.6, the 

computed R and T spectra (black line), obtained using the optimized JTL-

GB parameters, are in good agreement with the experimental R and T 

spectra (data points). This counterproves that no light scattering occurs in the 

ML samples. 

 

Figure 4.6: Experimental (symbols) and computed (black lines) T and R spectra of a 
multilayer (ML4-20) sample and a single layer sample (SL) 
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In figure 4.7 we report ε2 for the Ge QDs in the ML4-20 sample and the 

reference SL sample. In the same graph, we report the contributions (dashed 

lines) to the ε2 spectrum provided by the sub-band gap tail absorption for 

both samples. A proper converge of fit is obtained only by adding these sub-

band gap tails, indicating a significant perturbation of the energy density of 

states in Ge QDs properly related to matrix/QDs interfaces defects, as it 

occur in ultrasmall Si QDs in SiC []. As clearly visible, the amplitude of ε2  

in ML4-20 sample is considerably larger (~25 times) than in SL case.  

The higher contribution of sub-band gap tails observed in ML samples 

(dashed green line in figure 4.7) than SL case (black dashed line in figure 

4.7) is not able to justify the higher ε2 values observed for ML samples in the 

energy range 2-6 eV. This demonstrates how the Ge atoms in the ML 

configuration are able to absorb much more light with respect to Ge atoms in 

the SL configuration. 

 

Figure 4.7: ε2 spectra of ML4-20 and SL samples obtained by JTL-GB 
model. Table reports the eight JTL fitting parameters and the χ2 test. 
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The higher contribution of sub-band gap tails observed in ML samples 

(dashed green line in figure 4.7) than SL case (black dashed line in figure 

4.7) is not able to justify the higher ε2 values observed for ML samples in the 

energy range 2-6 eV. This demonstrates how the Ge atoms in the ML 

configuration are able to absorb much more light with respect to Ge atoms in 

the SL configuration. As shown schematically in figure 4.7, in the light of 

the optical results and shorter distance between QDs observed in ML 

samples, we may suppose the existence of cooperative effects between QDs 

in ML samples which may produce a strong increase of photon absorption 

probability by single Ge atom present in QD.  

 

Figure 4.7: Schematic representation of the different 
strength interaction with light for SL and ML samples. 
The shorter distance between QDs observed in ML 
samples is  responsible for light absorption 
enhancement. 
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4.5 Conclusions 

In this chapter, we presented a large investigation on the structural analysis 

and light absorption of Ge QDs embedded in SiO2 stacked in the multilayer 

configuration. Ge QDs in ML sample show a small average size (~2nm). 

The mean size of QDs is independent of the structural characteristic of 

samples (SiGeO film thickness and number of layers), proving  that the 

nucleation process plays a dominant role in the growth process of Ge QDs. 

The EELS analysis, performed on our samples, confirm the presence of Ge 

QDs in the samples. and show how the SiO2 status in matrix is very similar 

to that found in the barrier region. Moreover, the S2S values, calculated by 

combining RBS and TEM data, evidence how the QDs in ML samples are 

more densely packed in each SiGeO film with respect to SL samples. The 

optical absorption of ML samples, performed by UV-Vis/NIR 

spectrophotometry, show a significant increase of light absorption capability 

in ML samples compared to SL case and Ge bulk. This light absorption 

enhancement in ML is confirmed by the optical fitting performed on ML and 

SL samples. The optical fitting (based on JTL-GB model) performed in the 

UV-Vis region evidence an extremely high ε2 values in ML samples,about 

15 times higher with respect to that of SL sample. Such absorption 

enhancement can be related to the different arrangement and the shorter 

distance between QDs along the SiGeO film direction observed in ML 

samples.  
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Conclusions 

Some interesting advantages offered by the nanotechnology are related to the 

very small dimensions of objects and devices that can be manipulated and 

fabricated. This is certainly of extreme importance in many applications, but 

one of the most appealing consequences of nanoscience is that, below certain 

critical dimensions (the Bohr exciton radius), physical systems enter into the 

quantum physics word, exhibiting new properties called “quantum 

confinement effects”(QCE). In particular, QCE can be really effective in 

modifying the photon absorption process in semiconductor nanostructures 

(NS), opening new chances to increase the light absorption efficiency in 

photodiodes or photovoltaics devices. In this thesis, the main focus are QCE 

in Ge NS and how some conditions can hinder or modify such effects. To do 

this, we need to correctly extract the optical absorption coefficient, optical 

bandgap and refractive index spectrum of these structures. For this reason 

we have conducted a thorough study about the methodologies used to 

investigate and extract these optical parameters, especially the optical band-

gap. In the literature several methods are used to determine the absorption 

coefficient spectra (starting from the experimental R and T spectra) and 

consequently to extract the optical bandgap. Recently, Liu et al [1], 

demonstrating the inefficiency of single pass approximation (SPA) for ultra-

thin Ge QW, proposed a more reliable and complete method to determine the 

absorption coefficient spectra from R and T experimental spectra. This 

model, known as multiple reflection model (MRI), uses analytical equations 

containing Fresnel coefficients and numerical solutions using the transfer 

matrix method. For the extraction of optical band-gap, we have presented a 
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large comparison between Tauc and Cody models. On the choice among 

Tauc or Cody plots many papers are in the literature [1]-[2]-[3] and most of 

them focus on the light absorption in a-Si and a-Si:H, debating on the effect 

and magnitudes of tails states in the band gap and on the validity of Tauc [2] 

or Cody [3] model. Recently, the two models have been compared in 

sputtered Ge QWs showing that Cody plot can provide a more unambiguous 

determination of optical bandgap compared to Tauc plot [1]. Actually, since 

the models use different approximations and the linear fit to extract Eg have 

been done in energy ranges with a large variety of amplitudes (from 0.3 to 2 

eV), special care must be taken to compare literature results. In particular, 

we consolidate the results extracted by Tauc model thanks to a systematic 

comparison with those derived with a more accurate parametrization fitting 

method. This shows that, despite its approximation, Tauc model gives 

reliable and precise results, providing advantages in terms of computational 

efforts and understanding of QCE.  

However, the optical properties of Ge NS depend not only on the size 

through quantum confinement effects, since many other parameters can 

concur in controlling their optical behavior, especially for what concerns the 

optical bandgap. In particular, for a 3-dimensional confinement, as in an 

ensemble of quantum dots (QDs), the effects of quantum confinement can be 

hidden or weakened by other parameters, such as: QD spacing and 

distribution, type and quality of the hosting matrix and abundance of defects 

related to the synthesis technique. In particular, a real understanding of the 

possible role of the matrix/QD interfaces was often under-rated or ignored. 

Very recently, investigations on this topic appeared on several  journals, 

which tried to disentangle the QCE in nanostructures from the effects of the 

surrounding interface and matrix. In particular, Eljarrat et al., investigated Si 
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quantum dots (QDs) embedded in oxide and nitride matrices by electron 

energy loss spectroscopy (EELS) analysis, trying to discern their electronic 

properties at the nanoscale and calculating a reduced exciton effective mass 

in confined systems [4]. Still, Mariotti et al. highlighted the aspects related to 

the interplay between quantum confinement and surface effects in Si 

nanocrystals. They concluded: “major gaps between theoretical results and 

experimental evidence still need to be overcome in order to provide a 

coherent understanding of Si-nc behaviour and properties” [5]. For these 

reasons, we have presented an original investigation on the QCE occurring 

in Ge QDs and the interplay with interface effects. In particular, we 

elucidated the connection between the structural composition at the interface 

of Ge QDs in SiO2 and the confinement effects observed in the light 

absorption process. We demonstrate how a different interface shell can 

dramatically modify the size-dependent tuning of bandgap and oscillator 

strength. In order to describe the effect of the interface, we took advantage of 

a correction to the EMA model through a spatially dependent effective mass 

formalism. We explain our results as a consequence of the different 

confinement practiced by the interface potential, which gives rise to a 

difference in the reduction of the exciton effective mass and to the different 

size-dependent dispersions of the optical properties observed for Ge QDs. 

Our results provide a fundamental understanding about the role of interfaces 

on the optical behaviour of semiconductor nanostructures, which can be 

successfully exploited for future nanostructure-based devices.  

Finally, we reported an experimental investigation of light absorption in 

small Ge QDs grown in a multilayer configuration. In this study we have 

investigated how the QDs arrangement strongly influences the absorption 

efficiency of Ge QDs. The ordered configuration (multilayer, ML) provides 
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a higher density of smaller QDs in comparison with the random 

configuration, caused by a different QDs nucleation/growth balance in the 

two systems. Moreover, the optical results obtained for Ge QDs in ML 

structures show an unprecedented high light absorption efficiency which 

results to be 15 times higher than that extracted for random configuration. In 

a recent work, Logar [6] et al reports a significant increase of joint local 

density of states (JLDOS) in the region between two adjacent QDs with 

decreasing the distance between them. Given that the absorption coefficient 

is proportional to JLDOS, an increase of the latter quantity can result in a 

significant increase of absorption efficiency by the QD ensemble. This 

means that, playing with packaging and distance, is possible to induce an 

enhancement of absorption efficiency by films containing semiconductor 

QDs. opening a new fascinating route toward the development of super-

lattice semiconductor QDs for ultra-efficient light harvesting applications. 

In conclusion, the results reported in this thesis represent a step ahead for the 

full understanding of QCE in semiconductor nanostructures, for light 

harvesting applications. Many further aspects, in addition to those already 

examined in this discussion, still need to be clarified before the technological 

transfer of these materials to commercial light harvesting devices but the 

results obtained so far are extremely encouraging and promise that quantum 

effects will be part of our daily life in a near future. 
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Appendix 1 

Ge advantages 

Although today, the Si is considered the main element for the 

microelectronic applications, the Ge can be certainly considered the “father” 

of microelectronic. In fact, in the night of the Christmas Eve of 1947, W. 

Shockley  J. Bardeen and W. Brattain  invented  the first transistor which 

was made of Ge crystal [102]. This invention created a breakthrough and 

signed the beginning of new era: “The microelectronic era”. Till the late 

‘50s, germanium was considered the main material for the development of 

devices in the microelectronic field. Nevertheless, in the following years the 

subsequent fast and huge development of microelectronics and integrated 

circuits was based on silicon (Si). One of the most important historical 

reason is related to the poor quality and high instability of GeO2 with respect 

to SiO2 that limited the usage of germanium in complementary-metal-oxide 

semiconductor (CMOS) in favor of silicon. In addition, another reason why 

Si dominates the microelectronics industry is due to its abundance in Earth’s 

crust . In fact, the silicon is the second most abundant element in Earth’s 

surface (27%).only after oxygen (O). On the contrary the germanium is quite 

rare and widely dispersed. Obviously, the difficulty in finding the 

germanium leads to its  high cost. For all these reasons, the use of Ge for 

microelectronic applications suffered a sudden stop. Recently, there is a 

renewed interest toward the use of Ge for microelectronic and optoelectronic 

applications. The revival of Ge is certainly due to the interesting electrical 
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and optical properties that it shows. One of the most important 

characteristics that makes Ge an attractive material to improve micro and 

optoelectronic devices is its high compatibility with the current Si-

technology. This characteristic stems from the similarities of these two 

semiconductors that makes it possible to use for Ge the same production 

steps already used for Si technology. It is well known, indeed, that both Si 

and Ge belong to the same group in the periodic table (IV group) and thus 

they have the same crystalline structure: diamond structure. As shown in 

figure A1.1a, this kind of structure consists of two interpenetrated face 

centered (FCC) lattice in which the lattice parameter is indicated with the 

symbol a. The same crystalline structure and small lattice mismatch (4%) 

between Si and Ge allows a full miscibility of these two elements and thus it 

is possible to find Si and Ge within the same device (e.g.:SiGe alloys). These 

alloys show different optical properties as function of concentration of Ge in 

Si. In particular, it is possible to tune the optical band gap of the alloy by 

varying the Ge concentration in Si . This can be exploited for the 

optoelectronic and photovoltaic applications. Figure A1.1b shows the band 

structure obtained with the k·p method for relaxed crystalline Ge bulk. It can 

be noted that there is an indirect band-gap of 0.67 eV at the L valley and a 

direct band-gap at 0.8 eV at the Γvalley. (k=0).  
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Because of the presence of quasi-direct bandgap, Ge is able to absorb much 

more light with respect to Si. This feature is showed in figure A1.2 where 

the absorption coefficient of crystalline and amorphous Ge, together with of 

c-Si are reported. In the c-Ge spectrum ,two broad shoulder are visible at 2.2 

eV and 4 eV which are associated to the direct E1 and E2 transitions 

occurring in bulk Ge. For what concerns the amorphous phase, the 

absorption spectrum show a featureless shape. The most important feature 

that we can observe in figure A1.2 is that, up to 3 eV, the absorption 

coefficient both a-Ge and c-Ge are one order of intensity larger than c-Si. 

This evidence is due to the lower value and the quasi direct nature of Ge 

band gap with respect to Si. Therefore, combining the ability to absorb light 

in the NIR range with its high carrier mobility, Ge becomes a promising 

candidate for the development of IR photodetectors, optical modulators and 

multi-junction solar cells. 

Figura A1.1:  a) Primitive cell relative to the diamond lattice characteristic of Ge crystals. b) 
Representation of the band structure(E-K diagram) Ge  calculated by the k•p method. [8]. 
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Unfortunately, in spite of important electrical and optical features found in 

Ge, the high cost of this latter has severely limited its use. As said before, the 

high cost of Ge is related to poor quantity in the Earth’s surface. In this 

regard, the use of Ge NS could meet the scarcity issue of this element, 

allowing also to exploit the QCE occurring in confined systems. Moreover, 

Ge exhibits an exciton Bohr radius quite larger than that observed in Si (~4.5 

nm in Si and 24 nm in Ge [30]-[103]. Thanks to this feature, it is possible to 

easily tune the absorption edge of Ge NS from NIR to UV range without 

shrinking too much the size of NS. This characteristic become interesting for 

the photovoltaic applications. As reported in figure A1.3, combining the 

tuning of bandgap occurring in nanostructured systems with the larger size 

Figura A1.2:  Absorption coefficient of crystalline Si and crystalline and 
amorphous Ge [95]. 
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range for QCE observed in Ge, it should be possible to match better the solar 

spectrum with respect to the use of Si NS. In this way a larger part of solar 

spectrum can be absorbed, potentially increasing the efficiency of novel 

solar cells. 

 

This opportunity, together with the larger absorption capability and the quasi 

direct bandgap of Ge, makes Ge NS very attractive for several applications, 

especially for energy-tunable light. In order to boost the performance of 

these devices, a detailed investigation on the light absorption process in Ge 

NS is of essential importance. For this reason, the goal of this work is 

Figura A1.3: Solar spectrum in photon flux density per photon energy and 
absorption energy range for Si and Ge QDs generated by varying the size of QD 
Adapted [8]. 
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focused on detailed examination of the optical properties occurring in Ge 

confined systems, spanning from Ge quantum well to Ge quantum dots. In 

this way, a deeper knowledge and control of the fundamental physical 

processes occurring in the confined systems, such as QCE and more, can be 

achieved. 

  



 

Appendix 2 

Double pass approximation: determination of α 

For the determination of the absorption spectra from the transmittance and 

reflectance ones through the double pass method, we have to take into 

account that our samples are made of an SiGeO film deposited on a quartz 

substrate (figure A2.1).First of all, we can consider the situation in 

fig.A2.1(a), where a radiation beam (I0) hits a quartz substrate (thickness = 

dQ).  

 

Let define R0Q the reflectance at the interface air-quartz. The reflected beam 

intensity is I0R0Q, while the remaining part which gets into the sample is 

I0(1−R0Q). Consequently, after the crossover of the sample, at the interface 

quartz-air we have an intensity	�E$1 − tE§&*HsÈOÈ, where αQ is the quartz 

absorption coefficient. At this second interface the beam is further 

transmitted and reflected. Therefore, the transmitted beam intensity is: 

�Á§ = �E$1 − tE§&*HsÈOÈ$1 − tE§&    (A2.1) 

Figura A2.1: Schematic representation of transmitted  (IT
Q)and reflected(IR

Q) beams from quartz 

substrate (a) and SiGeO film (b). I0 represents the incoming beam, incident on sample 
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where the last term represents the fraction of light which is not reflected back 

by the interface quartz-air. Similarly we obtain the reflected beam intensity: 

�É§ = �EtE§ � �E-1 − tE§.*HsÈOÈ	t§E	*HsÈOÈ$1 − t§E&  (A2.2) 

where the first term represents the reflected beam intensity at the interface 

air-quartz, while the second term describes the reflected beam intensity at the 

interface quartz-air after being overcrossed two times the quartz. We neglect 

the multiple reflections.  

Now we can consider the fig. A2.1(b). Define dF the film thickness. As we 

have done before, we can write transmitted and reflected beam intensity as: 

�ÁÊ = �E$1 − tEÊ&*HsËOË$1 − tÊ§&*HsÈOÈ$1 − t§E&   (A2.3) 
and 

�ÉÊ = �EtEÊ � �E$1 − tEÊ&*HsËOË 	tÊ§	*HsËOË$1 − tÊE& �		�E$1 − tEÊ&*HsËOË 	$1 − tÊ§&	*H�sÈOÈ 	t§E-1 − tÊ§.*HsËOË 	$1 −tÊE& ≅ �EtEÊ        (A2.4) 

where RFQ is the reflectance at the interface film-quartz, αF is the absorption 

coefficient of the SiGeO film. The approximation in eq is justified by the fact 

that the film is absorbing, therefore the term *H�sËOË , which is present in 

the second and in the third term of eq., is very little.  

Now, considering (A2.1) and (A2..3), the transmitted radiation intensity of 

the sample is: 

�ÁÊ = $1 − tEÊ&*HsËOË�Á§ $=HÉËÈ&$=HÉ
È& ≅ �Á§*HsËOË$1 − tEÊ&  (A2.5) 

Where we have used the approximation -1 − tÊ§. = $1 − tE§& committing 

a maximum error of 3%. In  fact, considering the expression tÊ§ =
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-�¼Uª«ÌH�È.8
-�¼Uª«Ì1�È.

8 and tE§ = -�ÈH�
.8-�È1�
.8, where n is the refractive index, and taking 

into account that 1.45 ≤ nQ ≤ 1.65 while nSiGeO ~ 2.30, we obtained that $=HÉËÈ&$=HÉ
È& ≈ 1 ± 0.03.  

From (A2.5) and (A2.4) we obtain: 

_Ê = =OË �� ÂÏ�È$=HÉ
Ë&Ï�Ë Ç    (A2.5) 

Therefore, from measurements of quartz and sample transmittances 

(�§ = �Á§ �Ez  and �Ê = �ÁÊ �E⁄ ) and of sample reflectance (tEÊ = �ÉÊ �E⁄ ), it is 

possible to determine the absorption coefficient as a function of energy 

through the relationship (A2.5).  
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