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Abstract

Silicon technology has been seeking for a monolithic solution for a chip where data
processing and data communication is performed in the CMOS part and the photonic
component, respectively. Traditionally, silicon has been widely considered for electronic
applications but not for photonic applications due to its indirect band gap nature. However,
band structure engineering and manipulation through alloying Si with Ge and Sn has opened
new possibilities. Theoretical calculations show that it is possible to achieve direct transitions
from Ge if it is alloyed with Sn. Therefore, a GeSn system is a choice to get a direct band gap.
Extending to ternary GeSnSi and quaternary GeSnSiC structures grown on Si wafers not only
makes the band gap engineering possible but also allows growing lattice matched systems
with different strain and band gaps located in the infrared region. Different heterostructures can
be designed and fabricated for detecting light as photonic sensing or emitting the light as
lasers. Alloying not only makes engineering possible but it also induces strain which plays an
important role for electronic applications. Theoretical and experimental works show that
tensile strain could increase the mobility, which is promising for electronic devices where high
mobility channels for high performance MOSFETs is needed to speed up the switching rate.
On the other hand, high n-doping in tensile strains in p-i-n structures makes I" band transitions
most probable which is promising for detection and emission of the light. As another benefit of
tensile strain, the direct band gap part shrinks faster than the indirect one if the strain amount is
increased.

To get both electronic and photonic applications of GeSn-based structures, two
heterostructures (Ge/GeSn(S1)/GeSi1/Ge/Si and Ge/GeSn/Si systems), including relaxed and
compressive strained layers used to produce tensile strained layers, were designed in this
thesis. The low temperature growth is of key importance in this work because the synthesis of
GeSn-based hetrostructures on Si wafers requires low thermal conditions due to the large
lattice mismatch which makes them metastable. RPCVD was used to synthesize these
heterostructures because not only it offers a low temperature growth but also because it is
compatible with CMOS technology. For utilization of these structures in devices, n-type and p-
type doping of relaxed and compressive strained layers were developed. HRRLMs, HRTEM,
RBS, SIMS, and FPP techniques were employed to evaluate strain, quality, Sn content and
composition profile of the heterostructures.

The application of GeSn-based heterostructures is not restricted to electronics and photonics.
Another application investigated in this work is photovoltaics. In competition with Si-based
solar cells, which have, or are expected to have, high stability and efficiency, third generation
solar cells offer the use of low cost materials and production and can therefore be an alternative
for future light energy conversion technology. Particularly, quantum dot sensitized solar cells



are associated with favorable properties such as high extrinsic coefficients, size dependent
band gaps and multiple exciton generation and with a theoretical efficiency of 44%. In this
work, two categories of QDs, Cd-free and Cd-based QDs were employed as sensitizers in
quantum dot sensitized solar cells (QDSSCs). Cd-based QDs have attracted large interest due
to high quantum yield, however, toxicity remains still to their disadvantage. Mn doping as a
band gap engineering tool for Cd-based type II ZnSe/CdS QDs was employed to boost the
solar cell efficiency. Theoretical and experimental investigations show that compared to single
core QDSSCs, type Il core-shells offer higher electron-hole separation due to efficient band
alignment where the photogenerated electrons and holes are located in the conduction band of
the shell and valence band of the core, respectively. This electron-hole separation suppresses
recombination and by carefully designing the band alignment in the device it can increase the
electron injection and consequently the power conversion efficiency of the device.

Considering eco-friendly and commercialization aspects, three different “green” colloidal
nanostructures having special band alignments, which are compatible for sensitized solar cells,
were designed and fabricated by the hot injection method. CuyGeS;-InP QDs not only can
harvest light energy up to the infrared region but can also be used as type II QDs. ZnS-coating
was employed as a strategy to passivate the surface of InP QDs from interaction with air and
electrolyte. In addition, ZnS-coating and hybrid passivation was applied for CulnS, QDs to
eliminate surface traps.

Keywords:

Epitaxial Growth, Reduced Pressure Chemical Vapor Deposition, GeSnSiC,
MOSFET, Photonic Detector, Resistivity, Phosphor and Boron doping, Colloidal QDs
Sensitized Solar Cell, Cd-free and Cd-based QDs, High Resolution Reciprocal Lattice
Map, High Resolution X-Ray Diffraction, High Resolution Transmission Electron
Microscopy, High resolution Scanning Electron Microscopy.
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CHAPTER 1

Introduction

1.1.  Nanotechnology

The term ‘Nano’ derives from the Greek word ‘Nanos’ meaning ‘dwarf’, and has become
synonymous with one of the most swiftly developing and promising branches within natural
science and technology. The term is nowadays used to label a wide range of contemporary
technologies, like nanoelectronics, nanophotonics, nanolithography, nanobiotechnology and
nanomedicine, which are based on materials and particles structured at the “nano” scale. Since
the most conspicuous properties of “nanomaterials” appear for structures smaller than 100 nm,
“nanotechnology” often refers to technology dealing with the scale from this limit all the way
down to the atomic dimension of 0.2 nm. Nanocrystals and nanoparticles can thus be defined
for crystals and particles having at least one dimension in that nanoscale[1]. The success of
nanotechnology can essentially be traced to two outstanding properties of nanostructured
materials; quantum confinement, leading to discrete energy states that are size-dependent[2],
and the ability to support collective electron oscillations - plasmons. A third dimension of
nanotechnology, or nanoparticle technology, has recently emerged, namely the ability of
specifically designed nanoparticles to selectively convert incident light into other spectral
regions. Nanomaterials show different properties than the properties in the bulk scale owing to
the surface effect. In the nano scale, the atoms have fewer neighbors and unsatisfied bonds as
the fraction of the atoms at the surface is increased and show binding properties that are much
altered from that of bulk. New interesting properties - optical, mechanical, magnetic and
electrical properties - thus appear for materials at the nano scale, laying the ground for new
technologies within chemistry, chemical engineering, physics, material science, mechanics,
electronics, photonics and medicine, to mention some of the main application areas[3].

1.2. Semiconductor materials and semiconductor technology

As a scientific term the word ‘Semiconducting’ or “Semiconductor” dates back to 1782
when Alexander Volta and his colleagues discovered electrical conductivity[4]. Based on the
definition of electrical conductivity, semiconductors are categorized in two basic classes,
namely intrinsic and extrinsic semiconductors. Intrinsic semiconductors refer to pure
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semiconductors having a few but equal number of electrons and holes. Extrinsic
semiconductors refer to semiconductors having excess or shortage of electrons and are made
by adding impurities into intrinsic semiconductors. Depending on which type of impurity is
doped into the intrinsic semiconductor, the extrinsic one is divided into n-type and p-type
semiconductors having excess and shortage of electrons, respectively. By introducing dopants
these semiconductors vary their properties like electrical conductivity and thermal stability.
This has been the basis a for a technology called semiconductor technology for manufacturing
devices with wide applications in the areas of  photovoltaics[5], transistors[6, 7],
photodetectors[8] and thermoelectrics[9].

1.3.  Group IV semiconductors and their importance

Among different types of semiconductors, Group IV materials (Si, Ge, Sn and C) have
attracted large interest in electronics and photonics technology. In particular Si, one of the most
abundant elements found in nature, and Ge, which is less abundant, have found numerous
applications. For example, Si and Ge have been used for fabrication of high speed transistors
[10] and photonic detectors [11]. Figure 1.1 shows the electronic band structures of Si and Ge.
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Figure 1.1: Electronic band structures of Si, Ge and Sn[12]

Since Si and Ge possess indirect band gaps[12], alloying the two compounds or allying
with Sn and C makes it possible to engineer the their band gaps to smaller values and thereby
open the possibility for a wider range of photonic and electronic applications. Introducing
strain is a band gap engineering tool that may lead to a more effective shrinking of the direct
band gaps (I'-band) rather than in the indirect band gaps (L-band). This can result in I'- band
transitions suitable for detecting or emitting light [13-15]. The possibility of alloying and
introducing strain in Group IV semiconductors to get direct band gaps, are two important
aspects that have made these materials compatible with Si technology, and that provide an
alternative for group III-V materials in semiconductor technology[12]. As an example,
introducing compressive strain and tensile strain in Ge can increase the hole mobility and
electron mobility, respectively [16, 17]. Introducing Sn into Ge is another possible way of
engineering the electronic structure of Ge to boost the mobility in GeSn alloys for utilization in
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high speed complementary metal oxide semiconductor (CMOS) devices [18]. Since the crystal
size of GeSn is larger than for Si, Ge and SiGe, it is expected to have high flexibility of strain
and a larger band gap that is demanded by the technology for electronic and photonic devices
in integrated circuits. This thesis concerns both electronic and photonic properties of GeSn-
based devices and pays attention to their application as metal oxide semiconductor field effect
transistors (MOSFETs) and photonic detectors for utilization in CMOS devices.

1.4. Strain and strain engineering in Group IV materials
1.4.1. Lattice-matched and mismatched systems

A lattice matched system is a system in which the lattice constant of the over-epitaxy layer
is similar to the lattice constant of the substrate. AlGaAs/GaAs is an example of a lattice
matched system. In such systems high quality epitaxial layers with negligible defects can be
obtained. In lattice mismatched systems, for example SiGe/Si and Ge/GeSn, the lattice
constant of the epitaxial layer (SiGe, Ge) is larger or smaller than the lattice constant of the
substrate (S1,GeSn). This results in strain in the epitaxial layer if the thickness of the overlayer
is very thin.

1.4.2. Strain

The built-in strain in lattice mismatched structures affects the electronic and optoelectronic
properties of the strained layers so that it can be utilized for boosting the device
performance([19, 20]. Lattice mismatched systems based on group 4 alloy materials, where Si is
the only high quality and cheap substrate, can be grown to introduce strain with wide
possibilities of engineering the band gap. The lattice constant of alloyed layers can be
calculated from Vega’s law[12]:

a0 = -0+ xa8 (1.1)

where aé and af are lattice constants of elements contributing in the layer.

1.4.3. Lattice mismatch and mismatch parameters

The difference of lattice constant between layer and substrate is defined by mismatch and
strain components. The mismatch ( f ) and strain (&) in parallel and perpendicular to a plane-

lattice are derived from:

_ai‘—as

ar —dag
fi1= = L (1.2)
ag ags
ar,—alL a&—a[,
i g =—= (1.3)
ar, I ar



Chapter 1: Introduction

where g, and g are the actual lattice constants of bulk substrate and layer, respectively. ¢ I

and aJL‘ are the lattice constants of a layer in parallel and perpendicular to the layer surface. In

heterostructures grown on Si substrates, the mismatch parameters parallel and perpendicular to
the growth direction can be obtained by the high resolution reciprocal lattice mapping
(HRRLM) technique. Using this technique, a series of rocking curves obtained from a ®»-20
scan mode (w changes with amount of Aw in each rocking curve) are considered (o and 260
refer to incident and reflected beams, respectively). The final rocking curves are plotted as
contours in K-space. The mismatch parameters ( f” and f J_) and lattice mismatch ( f) are

derived from:

3 Sing ¢sin(ws — Q) B

= 1.4
I Sing; sin(@; —01) (19
_ Sing ycos(ws —6y) 1 15
L Slnglcos(a)l —91) ( . )
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where s, 1 are indicators of the substrate and epitaxial layer and y is the Poisson ratio [21, 22].
1.4.4. Uniaxial and biaxial strain

When the epitaxial layer is grown on a substrate with different lattice constants, the lattice
constant of the epitaxial layer is strained in both the plane of the substrate and in the growth
direction (perpendicular to the surface). These strains are called biaxial if the strain is in two
directions and uniaxial if the strain is in one direction.

1.4.5. Tensile and compressive strain

In case of tensile strain, f J_(O, f”:0, & J_(0 and 5”>0, but in compressive

straian_>0,f”:0, 8J_>0 and 8”

tensile and compressive strain layers deposited on a substrate.

(0[19, 20, 23, 24]. Figure 1.2 shows the schematics of

The strain plays important and major roles in electronics and photonics. For example, by
introducing tensile and compressive strains, the electron mobility can be increased and
decreased, respectively[25]. The mobility increased by strain has been used to improve the
performance of Si-based [26, 27] and GeSn-based MOSFETs T[28]. Alloying Ge with Sn
not only introduces strain, used as a strategy in indirect-direct band gap engineering[29] for
detecting and emitting[30] light, but also offers the possibility of fabricating high performance
electronic devices[28]. Engineering the electronic band structure of Ge by introducing tensile
strain has been theoretically examined [31-34] and experimentally confirmed [35-37].
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Figure 1.2: Schematic illustration of (A) no strain, (B) compressive strain and (C) tensile strain.
1.5. Methods to grow and generate strain of group I'V-based epitaxial layers

Epitaxy means growth of high quality single crystalline layers on a single crystal substrate
(usually an Si wafer). If the substrate is not a single crystal or the deposition process is not
correct, then amorphous or polycrystalline samples will be grown. There are two main
approaches for fabrication of group IV epitaxy layers - Molecular beam epitaxy (MBE) and
Chemical vapor deposition (CVD), in which high quality and low defect epitaxial layers can be
obtained. GeSn is an example of a novel and interesting alloy in Group IV that has been
grown by MBE [38-40]. However, demands from CMOS technology for integrating the
devices by commercially available and cheap gas sources on cheap Si substrates often calls for
CVD. CVD has also been used for growth of GeSn-based epitaxial layers using SnDy gas as
Sn source [41]. However, misfit dislocations are then often still seen in the epitaxial layers.
Grzybowski et al[42] used SnDs as Sn source to grow high quality GeSn directly on Si
substrates by ultra-high vacuum. Although the quality of GeSn deposited by ultra-high vacuum
CVD (UHCVD) often is acceptable, the necessity of ultra-high vacuum for the deposition can
be a negative aspect in the experimental work. The high toxicity of SnD4 has for a long time
been another negative point for using these materials in integrated circuit devices. To avoid
SnD4 as a recipe of an Sn gas source, Vincent et al [43] proposed the utilization of a
commercially available Sn source (SnCly) and managed thereby to grow high quality GeSn
epitaxial layers on Ge by atmospheric pressure chemical vapor deposition (APCVD). Based on
that experience, this thesis (paper I- III) proposes a higher quality of GeSn grown by reduced
pressure CVD (RPCVD) in which oxygen and other contamination compounds would be
decreased significantly. This method offers a high growth rate with low cost of epitaxial layers,
that is, it could be commercially interesting for fabrication.

1.6.  Solar cell technology

As fossil fuels produce pollution and heat, global renewable energy, such as wind, water
and solar energy, is called for as it is environment friendly and serves for clean sources of
energy. Solar energy is the most abundant and powerful energy source - the energy of the sun
fallen to earth in one hour is sufficient for human consumption in one year. Recent progress in
nanotechnology has made solar technology a most important technology for converting solar
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energy in many countries[44, 45]. Between different types of renewable energy, solar energy
has been recognized as the most abundant source of renewable energy and can be utilized in
different applications such as solar power plants, solar collectors, solar cells[46]. The first Si-
based solar cell was fabricated by Pearson and his co-workers already in 1954[47].

1.6.1. Categories of solar cell technology

Nowadays, and after 60 years, the historical time line of solar cell technology includes three
generations. The technology dealing with either single or mono crystalline Si wafers with a
typical thickness of 200-300 um is called the first generation technology. The typical thickness
in the second generation technology comprises 1-20 um semiconductor thin films and is
usually called thin film solar cell technology. Amorphous silicon and other non-Si-based
semiconductors like CdTe and Cu(In,Ga)(S,Se) are categorized in this generation. The
production is cheaper for the second generation amorphous Si (14%) cells compared to the first
generation crystalline Si cells. According to theoretical calculations, the maximum efficiency
that could be obtained in a single junction crystalline Si is about 33% due to the Queasier
thermodynamic limit. Therefore the third generation technology which aims to decrease
production cost and increase the efficiency is needed. Perovskite solar cells and sensitized solar
cells (with dye and quantum dots as sensitizers) are then categorized as the third generation
solar cells [48-51].

1.7. Focus of this work

Based on previous studies showing large advantages of tensile Ge in electronics and
photonics, this work presents design and engineering of two tensile Ge on GeSn(Si)-based
systems for future utilization in photonic detectors and as MOSFETs in electronics. The focus
is on growth of high quality GeSn epitaxial layers in low temperature by RPCVD which is
compatible with CMOS technologies for its utilization for electronic and photonic applications.
Experimental studies deal with the induction of high Sn contents in GeSn layers and the
creation of different strains in the heterostructures as well as p(n)-doping in GeSn-based layers.
It also includes silicide (formation of SiNi phase) in SiGe layers.

The third generation solar cells with cheap production as an alternative for Si-based solar
cells for solar energy conversion are also investigated in this thesis. The focus is on the
synthesis of quantum dots with different components (CdS, ZnSe, In, ZnS, Cu,GeS3) and their
employment as sensitizers in sensitized solar cells. Different designs, such as single core, type
I, type I and Mn-doped QDs were considered for device assembly. Improvement of device
performance in terms of component and type of quantum dots where thereby analyzed.



CHAPTER 2

Photonic Detectors, MOSFETSs and Hybrid Solar Cells

2.1. Detectors, applications and categories

Optical radiation of light resides in wavelengths between the infrared (IR) to the UV-Visible
parts of the electromagnetic spectrum. Group IV based materials deal with the infrared region
of radiation due to the nature of their band gaps. The detection of infrared radiation of light
has in the past been of much interest due to broad applications in medicine[52], night vision
[53] and astronomy[54, 55]. Infrared detectors convert the IR radiation of light with
wavelengths of 700 to 3000 nm into another type of measurable energy. Depending on which
mechanism is used for detection of the infrared spectrum, IR detectors are categorized into two
types, namely thermal and photonic detectors.

2.2. Basic principles of thermal detectors

In thermal detectors, the mechanism of detection is based on that the IR photons are
absorbed by a material resulting in an increase of the temperature of that material. The increase
in temperature is monitored by changes in temperature dependent phenomena such as
resistivity or dielectric constant - in this way IR photons are sensed and converted to
measurable parameters. The Golay cell, pyroelectric devices, thermopiles, thermocouples and
bolometers are examples of common thermal detectors [56].

2.2.1. Basic principles of photonic detectors

Photonics is often referred to as a science being parallel to electronics. Electronics and
photonics are distinguished from each other by the mechanism of transmission, simply by that
electrons, respectively, photons, are transmitted [57]. In photonic detectors, photons are
absorbed by materials and generate currents that are sensed by electronic circuits. Photonic
detectors are based on the excitation by light resulting in carrier generation whereas thermal
detectors are based on thermally sensible phenomena. This makes photonic detectors
wavelength dependent, while thermal detectors in general are not. Photonic detectors are
subdivided into photovoltaic (Figure 2.1 a) and photoconductive (Fig 2.1 b).
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(a) Photovoltaic device. (b) Photoconductive device.

Figure 2.1 : Schematic illustration of basic principles of photoconductive and photovoltaic detectors [58].

The basic principles of photoconductive detectors rely on the fact that the carriers generated
by excitation increases the conductivity of the material whereas in photovoltaic detectors an
internal potential barrier separates photo-generated electron-hole pairs [56, 58].

2.2.2. Technological progress and challenges for development of photonic detectors

The PbS-based detector developed by Case in 1917 constituted the first photonic detector. It
could sense infrared radiation up to 3000 nm. The fast development of IR detectors now
includes the use of II-VI, III-V alloy materials for sensing broad parts of the wavelength
spectrum in the infrared region [59]. One of the most used alloy materials for IR detection over
the last 40 years is HgCdTe due to its broad wavelength coverage - 1000-300000 nm, large
optical coefficient and high operation temperature [60]. Since 2000, the most common bulk
detectors have been of HgCdTe and InSb types in which the mechanism of detection is related
to interband transitions. Nowadays, quantum wells, quantum dots, type II superlattices and
quantum dots with type II band-based detectors constitute new technologies for fabrication of
IR detectors where the detection mechanism depends on intersubband transitions. Group III-V
materials have often been used in these IR detector technologies (quantum wells [61-64],
quantum dots [65-72], type-II supperlattices [73-83]. Si technology based on cheap Si
substrates has opened a new window for development of group IV-based IR detectors with
different wavelength sensitivity.

Fabrication of group 4-based IR detectors on Si substrates, such as Si [84, 85] , Ge [86, 87]
and SiGe [88-92]-based IR detectors, are important because they are compatible with CMOS
technology used to fabricate Si-based chips. As mentioned, Si and Ge have indirect band gaps,
and one way to obtain direct band gaps for utilization in photonic detectors is to alloy them
together. In the case of Ge, alloying with Sn can result in a direct band gap. Another way is to
induce enough strain so that the direct band gap transition is most probable. Recently, Jay et
al[93] fabricated GeSn-based photonic detectors (Figure 2.2) by the plasma enhanced CVD
(PECVD) method with high response up to 1750 nm wavelength of InGaAs detectors. Werner
et al[94] (Figure 2.3 a) and Su et al [95] (Figure 2.3 b) also fabricated GeSn-based
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photodetectors by Molecular Beam Epitaxy. The photoresponse of these detectors covered the
wavelength of telecommunication and more.

Figure 2.2: Schematic illustration of a GeSn-based p-i-n photodetector: phosphor-doped silicon/ intrinsic
GeSn/boron doped GeSn[93]

Although previously published papers show good photoresponse from GeSn-based detectors
their use is hampered by that the growth of such structures is expensive. On the other hand,
RPCVD not only involves a fabrication process which is compatible with CMOS technology
but also provides the application of a cheap source of Sn for growth of GeSn-based structures.

signal contact Al electrode

(A)

Figure 2.3: Schematic of GeSn p-i-n photo detector: (A) p-type Si substrate/P-doped virtual Ge/intrinsic GeSn/B-
doped Ge[94] (B) n-type Si substrate/virtual Ge/intrinsic GeSn/P-doped GeSn[95].

2.3. Categories of Transistors

Transistors containing at least three terminals are electronic devices which can be used for
amplifying or switching in integrated circuits. In a typical categorization of different types of
transistors, the transistors are divided into bipolar transistors and field effect transistors.

2.3.1. Basic principles of field effect transistors

Field effect transistors (FETs) are transistors in which the channel conductivity can be
modulated by applying an electric field on the gate. Figure 2.4 shows the basic working
principles of FETs. As illustrated in this figure, carriers (electrons or holes) flow from source
to drain through the channel. The source and drain contacts are ohmic and it is very important
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for the channel to be isolated from gate so that there is no carrier flow from gate to channel. In
MOSFETs the channel is isolated from the gate by an oxide layer [19].

Gate

Source T Drain

f
s
[

Figure 2.4: Schematic illustration of typical FETs containing source, drain and gate. The gray part between source
and drain is called channel[19].

2.3.2. Basic principles of MOSFETSs

Depending on which way the gate is formed in FETs, they are divided into MESFETs
(metal-semiconductor FETs), IGFETs (insulated-gate FETs) and JFETs (junction FETSs).
IGFETs are further divided into MESFETs and MOSFETSs in which metal semiconductor and
metal oxide semiconductor systems are used as gate, respectively. MOSFETs are most
important transistors in the IGFET family and serve as forefront devices in integrated circuits
of microprocessors and memories. Figure 2.5 shows the basic characteristics of
MOSFETs[96]. Depending on type of doping in the channel, p-channel MOSFETs and n-
channel MOSFETs are categorized for MOSFETs[97].

Vp

Metal contact

‘L Vs Substrate Bias

Figure 2.5: Basic schematic characteristics of a MOSFET. L and d are the length and the thickness of channel,
respectively [96]

2.3.3. Technological progress and challenges for development of MOSFETs

A lot of experience has been gained for the fabrication of MOSFETs by different materials.
SiC-based[98-104] Si-bas[105-110], Ge-based[111-119], SiGe[120-123], SiGe/Si[124,
125] GaAs-based[126-135], InGaAs-based[129, 136-142], InGaAs/GaAs-based[143]
MOSFETS are examples of MOSFETsS that have been studied so far. It is predicted that new
materials with higher mobility will be deposited on Si substrates with fast development of
CMOS technology. Ge and group III-V materials are now widely used as alternatives for Si
channel materials[144].
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Theoretical calculations of Jay et al [18] suggest the possibility of high mobility in GeSn
alloyed materials through combination of strain and alloying. They considered two ways to
increase electron mobility. One way was to grow the tensile strain of GeSn with 12.4% Sn
content to get 2.5% tensile strain with a substantial mobility increase. Another way was to
alloy Ge with 15% Sn content to get a larger lattice constant. For hole mobility, they found
that about 1% biaxial strain can increase the phonon limited mobility up to 4 times and
consequently a growth of strained Ge on GeSn with 12.4% could increase both hole and
electron mobility. Supporting the performance benefit of GeSn-based channel MOSFETs,
simulations by Suyog et al[145] predicted that the employment of GeSn in nMOSFETSs could
increase the performance significantly and showed also also that the growth of GeSn on
relaxed SiGeSn could lead to strain free or tensile strain GeSn channels. Based on these
theoretical studies, some experimental work has been carried out for the fabrication of high
mobility GeSn-based materials for MOSFETs as switches in CMOS devices. Han et al [146]
fabricated GeSn-based MOSFET channels by the MBE method in ultra-high vacuum. RPCVD
is here an alternative for fabrication where not only ultra-high vacuum is not needed but also
cheap sources and compatibility with CMOS technology are important advantages.

2.4. Third generation Solar cells
2.4.1. Dye sensitized solar cells

A typical scheme of dye sensitized solar cell (DSSC) device is demonstrated in Figure 2.6.
The photoanode includes several micrometers film of a few nanometers thick TiO,, ZnO,
Nb,Os or other wide band gap semiconductor nanoparticles stoked onto a conductive glass. A
monolayer of dye is attached into the surface of the TiO,. Electrolytes with organic solvents
containing redox couples being injected into the space prepared between photoanode and
counter electrode. Photoexcitation of the dye causes electron injection into the metal-oxide
conduction band and the original state of dye is reset by the electrolyte [147].

Electrolyte

Maximum

Voltage

Figure 2.6: Schematic of dye sensitized solar cell containing dye deposited on TiO2, electrolyte and counter
electrode[147].

The dye sensitized solar cell was invented by Michael Gritzel in 1991 by fabrication of
devices based on dyes deposited on optically transparent films containing about few
11
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nanometers TiO, particles. These devices gave an overall energy conversion of 7.1-7.9% [148].
Since the first demonstration of the dye sensitized solar cell in 1991, much effort has been
spent by researchers and industrials to increase the efficiency and stability of dye sensitized
solar cells as motivated by their low material cost, cheap fabrication and reasonably high
efficiency [149-151]. Recent progress in development of dye sensitized solar cell has used
other materials, such as polymer electrolytes [152-154], one dimensional photoanodes [155],
carbon nanotubes [156], vegetable sensitizers [157], double oxide electrodes [158], plastic
flexible substrates [159], PDOT in counter electrodes [160], graphene materials [161],
nanostructured semiconductor photoelectrodes [162, 163], 3D electrodes [164-167] as
strategies to boost the power conversion efficiency of dye sensitized solar cells. The currently
highest efficiency of DSSCs was recorded by using porphyrin and perovskite dye as sensitizers
with efficiency of 13% and 15%, respectively [168, 169].

2.4.2. Perovskite solar cells

The perovskite solar cell receives its name from that it is fabricated from materials with
perovskite structure. The first working perovskite solar cell was fabricated in 2009 with an
efficiency of 3.8%, similar to dye sensitized solar cells. The photoelectrode of these cells
contain perovskite materials such as methyl ammonium lead bromide and methyl ammonium
lead iodide. The counter electrode is generally fabricated from Pt-coated fluorine tin oxide
(FTO) glass and the reduced/oxidized (red/ox) couple is made up from an organic solution of
halogen and lithium halide [170]. One pressing challenge with such perovskite-based solar
cells is the instability due to the corrosive materials used in the electrolyte. The stability of
perovskite was improved when contacted to spiro-OMeTAD as a solid state hole transport
layer [171, 172] and the efficiency was further increased by replacing TiO, with other scaffold
materials[173]. In 2013 it was conceived that perovskite is able to transport both electrons and
holes [174], and a new design without using porous scaffolds, entitled planar perovskite solar
cells, was constructed [175, 176]. Figure 2.7 illustrates two structures (sensitized and planar)
designed for fabrication of perovskite solar cells.

(a)

FTO ]

HTM

Au

® electron O hole

Figure 2.7: Schematic of structures considered for perovskite solar cells a) sensitized and b) planar [177]

Nowadays, researchers are trying to improve the performance of perovskite-based solar
cells by using different strategies including quantum dots (QDs) as dopant [178, 179], n-type
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electron transport layers [180], double electron transport layers [180], different hole transport
materials like methoxydiphenylamine [181], WO5[182] and graphene [183], one dimensional
electron transport layers [184, 185] and one-dimensional TiO; layers such as nanowires [186]
and nanotubes [187]. The highest power conversion efficiency reported for perovskite solar
cells so far is about 20% that is fabricated from new perovskite materials (formamidinium lead
1odide) through intermolecular exchange [188].

2.4.3. Quantum dot sensitized solar cells

In the last decade, nanotechnology that deals with the structures with size lower than 100
nm, locating between the bulk and molecule-atom levels, has been engaged in solar cell
research in terms of nanoconfinement structures of different dimension:

1. Two dimensional nanostructures are the structures confined in one dimension. It means that
carriers can no move in the confined direction. Thin films and quantum wells are examples of
such structures.

2. In one dimensional structures, carriers can move in only one direction such as in quantum
wires and quantum rods.

3. In zero dimensional structures, there is no freedom for carries to move at all. It means
carriers are confined in all directions, like in quantum dots.

2.4.3.1. Quantum dots

A quantum dot (QD) is a zero dimensional nanostructure with an electron-hole exciton that
is confined in three dimension with properties that can be both bulk-like and molecule-like
[189]. The discovery of QDs is attributed to Ekimov and Onushchenki who in 1980 measured
the absorption spectrum of microscopic CuCl nanocrystals grown on dielectric glass[190, 191].
The results related to this experiment were published in 1981[192]. The first attempt referring
to colloidal QDs was made back in 1982 when Brus observed luminescence from a colloidal
CdS solution while irradiating with energy above the CdS bandgap[193].

2.4.3.2. Categories of quantum dots

QDs with solar cell relevance can be categorized into single core, type I core-shell, type II
core-shell, core/multi shell and alloyed QDs in terms of type and composition of structure.

2.4.3.2.1. Type I core-shell quantum dots

Single core or binary QDs are fabricated from elements in groups II-VI, IV or III- V such as
CdS, Zns, GeSn, and GaAs. If the core semiconductor is surrounded by another semiconductor
as a shell, a core-shell nanostructure or quantum dot is formed. Core-shell QDs are divided into
two types depending on their bandgap and relative alignment of the conduction and valence
bands. In type I, a wide band gap semiconductor covers another narrow band gap
semiconductor. It means that the conduction and valence bands of the shell are higher and
lower than that of the core, respectively. In this way excited electrons and holes are confined in
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the core and the band gap of the core is an indicator of the band gap of this nanostructure band.
Figure 2.8 a shows the scheme of band alignment in type I core-shell nanostructures.
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Figure 2.8: Band alignment in A) type I and B) type II core/shell quantum dot[194].

In type I the shell is used for passivation of the core semiconductor for improvement of the
optical properties of the core. In this way the optically active surface of the core is separated
from oxygen and water molecules, resulting in an increase in optical stability and optical
properties[195, 196]. CdSe/ZnSe[197-201], CdS/ZnS[202-204] and InP/ZnS[205-209],
CdSe/ZnS[210-214], ZnSe/ZnS[215-219] are examples of type I core-shell QDs.

2.4.3.2.2. Type II core-shell quantum dots

In type II core-shell, similar to type I, the core is surrounded by another semiconductor but
with a band alignment that is different (shown in Figure 2.8 b). Now the conduction and
valence bands of the shell are lower than that of the core so that the excited electron and hole
are confined in the shell and core, respectively. Consequently, the difference between the
bandgap of the core and shell is indicator of the core-shell nanostructure band gap which is
smaller than the core and shell band gap. This smaller band gap causes broadening in the
absorption compared to that of core and shell. Therefore the absorption and emission can be
tuned by core and shell thickness, resulting in blue or red shift. It is notable that this emission
and absorption can’t be obtained by the core or shell alone[195, 196]. On the other hand, the
special carrier separation in type Il core-shell leads to a suppression of the recombination
process and an increased luminescence lifetime. This long lifetime provides an excellent
opportunity for utilization in solar cells. CdSe/CdS[220, 221], TiO,/CdS[222, 223],
CdSe/ZnSe[199, 224], CdTe/CdSe[225-228], CdTe/CdS[229-232], CdSe/ZnTe[233, 234],
ZnTe/CdSe[235, 236], CdS/CdSe[237, 238], CdS/ZnSe-[224, 239], and ZnSe/CdS[198, 240]
are examples of type II core/shell quantum dots.

2.4.3.2.3. Core/ multi shell quantum dots

These types of quantum dots are composed of one semiconductor core surrounded by two or
more shells of semiconductor materials. Depending on the band alignments and band offsets
(position of the valence and conduction bands), it can be type I or type II. The main idea for
this type of QD is that each layer will have special optical and electrical properties in terms of
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thickness and can be used as absorber or emitter. The former is promising for QD solar cells
[241] and the latter is suitable for lightning and lasers[242]. CdSe/CdZnS/ZnS[243],
7ZnO/CdS/CdSe[241], CdSe/CdS/ZnS[242], CdTe/CdS/-ZnS[244], 7ZnSe/ZnS/CdS[245],
CdTe/ZnCdTe/ZnTe[246], CdTeSeZnSe-/ZnS[247] and ZnS/InP/ZnSe[248] are examples of
core/multi shell QDs.

2.4.3.24. Alloyed quantum dots

If three or more elements are employed to fabricate the quantum dots, we call them
“alloyed” quantum dots. The possibility to tune the performance by composition is of key
importance for this type of quantum dots, and is something that has attracted attention in
recent years[249]. It means that the band gap and consequently the electronic and optical
properties can be affected by type and composition content. In addition, alloyed QDs offer the
possibility of changing the band gap without changing the size of the QDs. In several cases
they show better optical and photovoltaic properties compared to binary QDs[250].
CdZnTe[251], CdSeTe[252, 253], CdSSe[250, 254], InPZnS[255], CdSeTeS[249, 256],
CdHgTe[257], ZnCdSeS-[258, 259] are examples of ternary and quaternary alloyed quantum
dots.

2.4.3.3. Advantages of quantum dots as sensitizers in solar cells

QDs have some benefits which have rendered interest in their use in solar cells in recent
years. The high extinction coefficient which is promising for reducing dark current and
enhancing power conversion efficiency is one such advantage[260]. Low cost materials, easy
production, photostability, are other advantages of using QDs[261]. Theoretical analysis
indicates that the efficiency of QDs can reach 44% due to the multiple exciton generation
(MEG) process [262, 263]. These advantages make QD sensitized solar cells capable in
principle to obtain higher efficiency than molecular DSSCs. Size-dependent optical properties
and multiple exciton generation as two most important advantages of QDs are explained in the
next sections.

2.4.3.3.1. Multiple exciton generation effect

The solar spectrum covers energies from UV to infrared corresponding to 0.5 to 3.5 eV
energy. The basic limitation of solar cell efficiency is that the energy of photons having higher
energy than the band gap energy of the semiconductor is lost through scattering processes. A
few approaches have been applied to reduce this loss of energy: multiple p-n junctions and
utilization of hot carriers before relaxation. The latter can be achieved in two ways; one way is
to produce enhanced photovoltage and another way is to produce enhanced photocurrent. The
former needs carriers to be extracted before relaxation, while the latter needs high energetic
carriers to produce two or more electron-hole pairs through impact ionization. This
phenomenon, called multiple exciton generation (schematically shown in Figure 2.9) is the
inverse of an Auger process in which two electron-hole pairs are recombined to produce one
energetic photon.
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Fig 2.9: Multiple exciton generation process in a quantum dot: one photon generates two electron-hole pairs
through impact ionization[264].

In fact, multiple exciton generation is a phenomenon in which more than one electron in the
valence band is excited and transited to the conduction band while absorbing one photon [265].
It has been widely investigated and employed for improvement of third generation solar cell
efficiency [266-272]. One of the main configurations considered for utilization of the MEG
effect in QD-based solar cells is to attach the QDs into a wide band gap porous semiconductor
like TiO; (shown in Figure 2.10)[265]. In this way, engineering of the carriers generated from
MEG can make the efficiency exceed 44% as based on theoretical calculations [262, 263].
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Figure 2.10: Configuration considered for utilization of MEG in quantum dot-based solar cells [265].
2.4.3.3.2. Size-dependent properties

Another important effect which makes QDs interesting in new technologies, particularly in
solar cell technology, is the size-dependent effect. This effect means that the properties of the
QDs is different from bulk, and depends strongly on the size. For example, optical properties
of QDs, with key importance for solar cell applications, can be tuned because of the size
dependence of the band gap. The size-dependent properties of QDs are due to quantum
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confinement occurring when the size of the QDs is comparable to the extension, or Bohr
radius, of excitons [273, 274]. The relationship between QD size and band gap is well
established theoretically [275-278] and experimentally [279-287]. In terms of optical
properties, the absorption edge position and emission peak are moved to longer or shorter
wavelength, when the size of QDs is changed. It means that the smaller the QD the more blue
shift and the bigger the QD the more red shift in both emission and absorption[288]. This
means that QDs are band gap tunable which makes them very useful as sensitizers in
sensitized solar cells [287]. Figure 2.11 illustrates the effect of size of CdSe QDs on
absorption edge and fluorescence peak wavelengths.
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Figure 2.11: Absorption and photoluminescence of CdSe quantum dots with different size [289].

2.4.3.4. Basic principles of QD sensitized solar cells

Among different types of third generation solar cell technologies, QD sensitized solar cells
have attracted a large interest due to their versatile optical and electrical characteristics [290-
292]. QDs used as sensitizer solar cells not only have similar function as dyes in such solar
cells but have also benefits such as size-dependent optical properties, large quantum efficiency
due to multiple exciton generation and better junction formation, as already commented [293].
QDs can harvest the excess of energy as additional carriers by the multiple exciton
generation[267] which can be useful in solar cells where more electron-hole pairs with proper
band alignment is needed to increase the power conversion efficiency. The physical structure
and operation principles of quantum dot sensitized solar cells (QDSSCs) are very similar to
DSSCs [261]. In the configuration illustrated in Figure 2.12 the oxide porous nanocrystals
with wide band gap semiconductors such as TiO,, ZnO are sensitized by the QDs. Two
methods are used and analyzed in this thesis for the attachment of QDs onto the porous
nanocrystals, namely the methods of successive ionic layer adsorption and reaction (SILAR)
and the method of using pre-synthesized QDs attached onto porous nanocrystals by bi-linkers
[294]. Yet another approach is to combine the pre-synthesized bi-linker QDs and the direct
formation of QDs by the SILAR method[295].
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Under illumination by light, the QDs linked to TiO, are excited and generate electron-hole
pairs localized in the conduction and valence bands. Electrons located in the conduction band
of the QDs are injected into the conduction band of the porous nanocrystal, which causes the
QDs to oxidize. The QDs are then refreshed by receiving electrons from the electrolyte and the
electrolyte gets reduced by electrons from the counter electrode. This process repeats to make
the current flow in the circuit[296].

L. - Electrolyte / Counter
redox couple electrode

Load
Figure 2.12: Basic configuration of quantum dot sensitized solar cells [261].

The efficiency of a solar cell can be estimated from the following equations [297, 298]:

meVm

n=—t 2.1
J xV xFF

n= s¢ ;C x100 2.2)

where P, Jm and Vm are power density, current and voltage at the operating point,
respectively. Jsc, Voc and FF represent short circuit current, open circuit voltage and fill

factor, respectively. The photocurrent response to incident light can be measured from the
incident photon to current efficiency (IPCE) which is estimated from[299]:

IPCE(A) = LHE(/l)ncoll¢inj (2.3)
1240x J
IPCE(A) = —3€x100 2.4)
AxI,
inc
where, Iinc’ ¢inj s 10,00 A€ the power of incident light, the quantum yield and the electron

collection efficiency, respectively. LHE(A)is the light harvesting efficiency in terms of the

wavelength of incident light obtained from:
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—Abs(A)

LHE(A)=1-10 (2.5)

Jsc can be obtained by integrating IPCE, electron charge (g ) and the density of incident
photon flux( f (A1) ) in terms of wavelength of incident light as follows[298]:

Jsc =[qf (V)IPCE(A)dA (2.6)

The absorbed photon to current efficiency can be obtained from[300]:

IPCE(A)

APCE(A) =
) 1_10—Abs(l)

(2.7)

Since the light harvesting efficiency is related to the amount of QDs loaded into the TiO,
matrix, the APCE obtained from real absorption of the QDs loaded in the TiO, matrix is a
more precise way to explain the electron transfer efficacy which can not be exactly explained
by the IPCE.

2.4.3.5. Overview of QDs sensitized solar cells

The utilization of pre-synthesized quantum dots as sensitizers in solar cells dates back to
1998[301] when InP QDs were pre-synthesized by a colloidal chemistry method and then
attached into a TiO; matrix. In 2004, Ag-doped ZnO was used to improve the efficiency of
DSSSCs[302] and CdS QDs self-assembled on TiO, were successfully employed as sensitizers
in solar cells[303]. After 2004, much research has focused on QD sensitized solar cells.
Fig 2.13 illustrates the number of articles published in each year starting from 2004. The fast
growth of papers published per year is a good evidence of the importance of QDSSCs as
promising alternatives in photovoltaic technology.
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Figure 2.13: The number of publications per year for research related to quantum dots sensitized solar cells[304].
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Most of the materials used as sensitizers for QDSSCs reported in papers published since
2004 are based on heavy metals such as Cd, Pb and Hg. The maximum efficiency which has
been achieved until now refers to colloidal PbS-based [305] and CdSeTe-based QDs[306].
While, the high quantum yield is a positive aspect for these materials they are also highly toxic
which is of environmental concern and restricts commercialization.

CulnS; are low toxic QDs and provide an alternative to Cd and Pb-based QDs. They have
recently been employed to boost the efficiency of not only dye-based [307] and perovskite
solar cells [179] but also QDs-based solar cells[308]. ZnSe and ZnS shell coating has been
used as a strategy to enhance the efficiency of CulnS, QDSSCs [309, 310]. In this work, type
IT Mn-doped ZnSe/CdS QDs are investigated as Cd-based QDSSCs and colloidal InP-ZnS and
Cu,GeSs-InP QDs as low toxic Cd-free and Pb-free QDSSCs. Furthermore, ZnS-coating and
hybrid passivation are tested for low toxic CulnS2 QDSSCs - the results are discussed in
chapter 4.
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CHAPTER 3

Experimental Aspects

In this part, the experimental works implemented to grow epitaxial heterostructures, to
synthesize QDs and to fabricate devices are described and the corresponding instruments and
set ups are detailed.

3.1. Epitaxial layers
3.1.1. Materials and gas sources

Since the RPCVD technique was used to fabricate epitaxial layers, special substrates and
precursors were employed. In papers I-IV a Si wafer (4 inch, p-type and n-type) was used as
substrate and the gas sources listed in Table 3.1 were employed as precursors.

Table 3.1: Gas sources, cleaning solution and carrier gas used for growth of epitaxial layers

Si SiH,, Si,H, Si;Hg
Ge GeH,, Ge,Hq
Gas sources Sn SnD., SnCly
C, P and B doping Ch;SiH; PH;, B,Hg
Cleaning solutions H,SO,, HCI, HF
Carrier gas H,

3.1.2. Deposition technique and specifications

The reduced pressure chemical vapor deposition (RPCVD) technique was used for growth
of single crystals. An Epsilon 2000 ASM working from atmospheric to 20 mtorr was used as
instrument for chemical vapor deposition. This instrument is a completely automatic machine
and composed of two main parts — the monitor controller and the main chamber. Gas source
bottles are connected into the main chamber by a narrow pipe and the flow of each gas can be
controlled from the monitor controller. Si wafers are loaded into the main chamber and
delivered to the delivery box by a mechanical arm. Figure 3.1 shows (A) Monitor controller,
(B) main chamber in which Si wafer is put on reaction plate, (C) connection part between main
chamber and delivery part, and (D) delivery part of Epsilon. The reaction plate temperature is
controlled for heating the Si wafer during reaction.
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Figure 3.1: Main parts of Epsilon 2000 ASM; A) monitor controller, B) main chamber, C) connection part which
connects the main chamber to the delivery box, D) delivery box

3.1.3. Wafer cleaning

Since contamination can affect the device reliability and circuit performance, the fabrication
process needs a place which is as contamination-free as possible, thus where air, people,
machines and chemicals as sources of contamination are avoided. To get this goal, all
processes with Si wafer handling are performed in the cleanroom. To obtain epitaxial growth, a
clean surface of a single crystal is needed. If the contamination or native oxide exists on the
wafer surface, an epitaxial layer will not occur. Therefore, wafers must be cleaned before being
loaded into the deposition instrument. Contamination of the Si wafers may origin from
particles, organic materials, heavy metals/ions or native oxides. Since the epitaxial layers
grown on Si wafers are constructed according to the Si structure, all contamination should be
removed by a chemical method before epitaxy is made to be sure that a single crystal with high
quality can be grown. Typically in this step, in order to clean the Si wafer before using it for
epitaxy, firstly the wafers are put in a plastic wafer holder and then put in the solution batch
composed of a 2:1 volume ratio of H,SO4/HCI under N flow typically for 5 min followed by
rinsing in a deionized water (DI) bath for another 5 min. Mixing H>SO4 and HCl results in self-
heating of the reaction solution in which the organic materials are oxidized and heavy
metal/ions are removed from the Si wafer. To remove oxide, the wafer is typically put in HF
solution for 10 seconds followed by rinsing by DI water for another 5 min and drying in a spin
dryer. At the end of this step wafers are ready to be inserted into the load box of Epsilon where
vacuum and nitrogen flow prevent oxidation and contamination by particles. In order to
measure the thickness of the epitaxial layer the wafers are weighed before and after deposition.

3.1.4. Epitaxy growth of tensile Ge, pure and Phosphor(Boron)-doped GeSn on Si

The wafers cleaned and loaded in the main chamber before deposition must be etched by
HCI to remove the native oxide created on the surface of the wafers. The GeSn layers are then
grown directly on the prepared Si substrate. First, the chamber temperature is increased to 1190
°C for 2 min under N flow by HCI to remove the layers and atoms remaining from the last
deposition done in the chamber. The wafer is then loaded into the main chamber and baked at
1190 °C for 1 min and etched by HCI and cooled down to 290 °C to start growing the layer. In a
typical synthesis procedure, the pressure of 20 torr and temperature of 290-380 °C are applied
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in the chamber. GeSn layers were deposited directly on the Si substrate (Figure 3.2 A) in
different temperatures - 290, 350 and 380 °C - with GeSn/Si structures.

(A) GeSn (B) GeSn:P (@] GeSn:B

Si substrate n-type Si substrate p-type Si substrate

Tensile strained Ge

(D)

GeSn

Si substrate

Figure 3.2: Schematic of GeSn-based structures, A) intrinsic GeSn, B) p-type GeS, C) n-type GeSn, D) tensile
strained Ge deposited on GeSn.

In order to integrate the GeSn layers in the device, both boron (B) and phosphor (P) doped
GeSn are needed as n-type and p-type layers. GeSn layers deposited at 290 and 350 °C are
selected as best samples for n and p doping. Desired layers (Si/GeSn:P and Si/GeSn:B) are
prepared by adding P or B precursors injected into the chamber to grow p-type and n-type
GeSn layers (Figure 3.2 B and C). Data for the partial pressure applied in the system for P and
B doped GeSn layers deposited at 290 and 350 °C are listed in Tables 3.2 and 3.3.

Table 3.2: Partial pressure of Diborane applied for n-doping GeSn layer deposited on Si

Samples (a) (b) (©) (d (e) ®

Log;¢(B,Hg partial pressure(u torr)) 802 93 1.59 0.66 0.06 0.009

Table 3.3: Partial pressure of Phosphine applied for p-doping GeSn layer deposited on Si

Samples () (b) (©) (d) ©)

Logo(PHj; partial pressure(u torr)) 1221 983 747 146 26

To introduce tensile strain in GeSn-based structures, the structure of Si/GeSn/Ge was also
grown. Growth of this structure was like the growth of Si/GeSn layers followed by deposition
of another Ge layer which is expected to be tensile strained and suitable for photonic and
electronic applications (Fig 3.2 D).

3.1.5. Epitaxy growth of Ge, GeSnSi and GeSnSiC

To engineer the strain in GeSn, a series of GeSnSi layers, with different Si partial pressure
(0, 10, and 40), and GeSnSiC layers were grown on a Ge virtual substrate (Ge layer deposited
on Si substrate). In all samples, virtual Ge was deposited at 650 and 400 °C to obtain a smooth
surface (Figure 3.3). In these samples, Si;H¢ and CH3SiH; were used as Si and C precursor,
respectively.
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GeSn GeSnSi
(A) o (B) [
Vitual Ge (T=400) Vitual Ge (T=400)
Vitual Ge (T=650) Vitual Ge (T=650)
Si substrate Si substrate
GeSnSiC

(C)

Vitual Ge (T=400)

Vitual Ge (T=650)

Si substrate

Figure 3.3: Schematic of samples containing A) GeSn, B) GeSnSi and C) GeSnSiC deposited on a virtual Ge
substrate.

3.1.6. Epitaxy growth of SiGe and Ni silicidation

Silicide quality is important for the contact region of p-i-n structures and electronic devices
like MOSFETs. In this thesis, the epitaxy of SiGe layers and their silicidation was also studied.
The CVD technique was used for growth of these epitaxial layers and Ni was deposited on it
by using a sputtering technique.

Ni
Ni Sig.s1G€0.19
Sip.81G€0.19
(A) (8) Sip.81G€0.19
Si substrate Si substrate

Figure 3.4: Schematic of sample containing SiGe layer, A) before and B) after annealing.

The sample is divided into two series of 2x2 cm” and annealed in Rapid Thermal Processing
(RTA) and Microwave Annealing (MWA) systems under nitrogen flow at different
temperatures (284, 315, 400, 450 and 515 °C). Figure 3.4 shows a scheme of this sample
before and after annealing and Figure 3.5 shows the schematics of an MWA system.
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Figure 3.5: Schematic of MWA system used for silicide formation in SiGe layers (Paper IV).
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3.1.7. Epitaxy growth of multi quantum wells of GeSn/Ge and Phosphor(Boron)-doped
GeSn

In order to study the effect of Sn content with respect to quality and morphology of GeSn
layers, multi quantum wells Ge (Vir)/Geg.9sSng 02/Ge/Ge 97510 03/Ge/Gep 94Sng 06/Ge (shown in
Figure 3.6 A) were grown by the same method as for GeSn but with different Sn content. In
addition, these GeSn layers were deposited on a Ge virtual substrate. The latter was made by
growing two layers of Ge deposited at 650 and 400 °C to minimize defect density. The Sn
content in the GeSn layers was changed by controlling the flow of injection from the Sn
source. The deposited structure was in this case found to have three layers of GeSn with Sn
concentration of 2, 4 and 6%.

(B) GeSn:B

Virtual Ge(lightly doped with B)

p-type Si substrate

(Q) GeSn:P

Virtual Ge(lightly doped with P)

n-type Si substrate

Figure 3.6: Schematic of A) GeSn/Ge quantum well with different Sn content and B)GeSn- P and C) B doped.

To examine the possibility of integrating the GeSn layers deposited on the Ge virtual
substrate as p-i-n structures in the device, P and B doped variants of these layers were grown
(Fig 3.6 B and C). The partial pressure of BoHg and PHj3 are summarized in Tables 3.4 and
3.5, respectively.

Table 3.4: Partial pressure of Phosphine applied for p-doping GeSn layer deposited on Ge

Samples (@) (b) (©
PH; partial pressure (u torr) (T=290) 1513 526 154
Samples (a) (b) (©) (d
PH; partial pressure (u torr)(T=310) 1513 592 526 154

Table 3.5: Partial pressure of Diborane applied for n-doping GeSn layer deposited on Ge

Samples (a) (b) (© (d)

B2H6 partial pressure (u torr)(T=290 and 310) 303 69 14.3 1.83
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3.1.8. Epitaxy growth of GeSn-based p-i-n structures proposed for photonic and
electronic applications

Being successful in n and p doping, two p-i-n structures Si/Ge(vir)/Ge:p/GeSi/GeSn/Ge and
Si/Ge(vir)/Ge:p/GeSi/GeSn/Ge were designed to get a tensile Ge layer desired for photonic
and electronic devices. Figure 3.7 shows a schematic illustration of these p-i-n structures.

Figure 3.7: Schematic illustration of GeSn-based p-i-n hetrostructures.
3.2. Colloidal Quantum Dots
3.2.1. Materials

The hot injection technique was used to synthesize colloidal QDs. In this method, the
semiconductor materials attached onto organic ligands are reacted in high temperature to yield
QDs. All reactions are implemented in a three-necked flask under nitrogen or argon flow to
reduce air contamination and consequently produce high quality QDs.

To synthesize ZnSe single core QDs, pure and Mn doped type II ZnSe/CdS core/shell QDs,
sulfide, zinc stearate, cadmium oxide, manganese tetrahydrate and grey selenium were used as
S, Zn, Cd, Mn and Se precursors, respectively. In addition, trioctylphosphine (TOP) and
octadecane (ODE) were used as solvent and oleic acid (OA) and octadecylamine (ODA) were
used as ligands. The synthesis of Cu,GeS; single core and type I Cu,GeSs-InP core/shell QDs
were performed by means of copper acetate, sulfur, germanium chloride, indium myristate, tris
(trimethylsilyl) phosphine as Cu, S, Ge, In and P precursor, respectively. Furthermore,
dodecanethiol (DDT) as activation agent and octadecane (ODE) and oleylamine(OLA) as
solvents were used. In, P, Zn and S precursors, mentioned above, and 1-dodecanethiol (DDT)
and ODE as activation agents and solvents were employed for synthesis of InP single core and
type I InP/ZnS core/shell QDs.

3.2.2. Method and instrument

All nanocrystals (QDs) including single core, type II core/shell and type I core/shell QDs
were synthesized by the hot injection method. In this method, the room temperature solution of
anion precursors is injected into a hot cation solution. As illustrated in Figure 3.8, a cation
solution containing cation precursors dissolved in solvent is put in a three-neck flask and, after
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air removal by a rotary pump, it is elevated to high temperature under nitrogen or argon flow.
When the temperature is high enough for reaction of anions and cations to occur, the anion
solution is injected into the hot cation solution. After injection, the reaction starts and
consequently the temperature is a little bit cooled down. For nanocrystal growth, the
temperature is increased to higher temperature and kept so for the desired nanocrystal size.

Syringe ——»
Temperature
meter

Vacuum line

&
Valve Nitrogen
line

Magneticbar

Figure 3.8: Hot injection method setup [311].

A UV-Visible spectrophotometer was used for absorption and fluorescence measurements.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and transmission
electron microscopy (TEM) was employed to estimate composition content and size of the
QDs, respectively. Simulator and IPCE techniques were used to evaluate the solar cell
performance.

3.2.3. Synthesis of ZnSe single core QDs

In order to synthesize ZnSe single core QDs, a Zn precursor as cation solution and an Se
precursor as anion solution were, respectively, prepared as follows: a specific amount of zinc
stearate and stearic acid were dissolved in octadecane under pumping, stirring and heating
slowly to 120°C. After a 3 times degas process, the solution was heated to 240°C under
nitrogen flow to get a clear solution. Selenium (Se) dissolved in trioctylphosphine (TOP) was
then swiftly injected into the Zn solution and the new solution was heated to 280°C and kept
for 20 min to grow a nanocrystal with desired size. The growth process was terminated by
cooling down to room temperature. The synthesized nanocrystals were precipitated by
methanol and acetone and collected from centrifugation at 12krpm.

3.2.4. Synthesis of pure and Mn-doped type 11 ZnSe/CdS core/shell QDs

The ZnSe core prepared in the last step and dispersed in chloroform was considered as core
for ZnSe/CdS core/shell QDs. The CdS shell solution was prepared from a mixture of
cadmium oxide and Sulphur (S) in ODE. To grow a shell around the ZnSe core, the CdS shell
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solution was slowly injected into the ZnSe core solution and degassed and heated to 240°C
under nitrogen flow. The reaction solution was further heated to 280°C to get the desired
nanocrystal size and terminated after 20 min followed by cooling down to room temperature
for precipitation and collection by acetone and methanol. In case of Mn-doped ZnSe/CdS QDs,
the process is the same except that a specific content of Mn(0.25-3%) precursor was mixed
with the Cd precursors.

3.2.5. Synthesis of Cu,GeS; single core QDs

The copper precursor was prepared from mixing Cu, oleic acid, octadecane and
dodecanethiol in a 25 ml flask followed by degassing below 100°C. The solution was then
heated to 130°C and 180°C with injection of germanium and sulfur precursors, respectively. To
grow the nanocrystals, the reaction flask was heated to 280-290°C and kept for 15 min. The
reaction was terminated by cooling down to room temperature for precipitation by methanol
and acetone followed by centrifugation at 12krpm.

3.2.6. Synthesis of type II Cu,GeS3/InP core/shell QDs

The Cu,GeSs core prepared in the previous step was used as a core for the preparation of
Cu,GeSs/InP core/shell QDs. Briefly, the mixture of In and P precursors prepared from
tris(trimethylsilyl)phosphine, octadecane, indium acetate and myristic acid in glovebox under
nitrogen ambient condition was injected into a Cu,GeSs solution at 280-290°C. The reaction
was terminated after growth of the InP shell for 15 min and cooled down to room temperature
for precipitation of nanocrystals by methanol and acetone and collection by centrifugation.

3.2.7. Synthesis of InP single core and ZnS-coated InP QDs

One pot synthesis was used to fabricate ZnS-coated InP nanocrystals. Briefly, indium
acetate, myristic acid, zinc stearate, 1-dodecanethiol, tris(trimethylsilyl)phosphine and
octadecene were mixed in a three necked flask. After degas process, the solution was heated to
280 in 10 min and maintained in this temperature for different time to get nanocrystals with
desired size. The reaction was terminated by cooling down to 60 followed by precipitation and
nanocrystal collection by 1:10 equivalent of methanol/acetone. The synthesis of InP single core
was performed by the procedure mentioned for InP-ZnS but without Zn and S precursors.

3.2.8. Photoelectrode

Two main important properties that should be considered for photoelectrodes are
transparency and conductivity. To satisfy these requirements, FTO (fluorine tin oxide) glass
was chosen as substrate. Before TiO, deposition, the FTO glass was firstly treated by soap
while sonicating for 30 min. After washing by DI water, it was immersed in 2-propanol, KOH,
ethanol and acetone under sonication for 30 min in each step. It was finally treated by TiCly
solution (40 min) to form a thin TiO, block layer. Three transparent layers and one scattering
layer of TiO, layer were deposited by the screen printing method. The photoanode was then
annealed at high temperature (500°C) in the furnace, cut to desired size and kept in a desiccator
for future use.
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3.2.9. Counter electrode

In a typical device, a brass sheet is chosen as counter electrode because its Fermi level
matches the band alignment in the devices fabricated in this work. The brass sheet was cut to
the desired size with the small hole constructed for electrolyte injection. The cleaning process
includes sanding by sand paper and washing by soap followed by DI water rinsing. To remove
possible oxide layers formed on the surface, it was immersed in HCI solution for 10 min
followed by washing by ethanol. Fabrication of the counter electrode was ended by formation
of Cu,S on the surface via reaction of pure Cu and electrolyte solution containing sulfur.

3.2.10. Electrolyte

The selection of redox couples in electrolyte solution is generally based on band alignment
in the device. Two common electrolytes used in QD sensitized solar cells are iodine and sulfide
electrolytes containing $° /S2” and 7* /1) redox couples. In this work an S* /S’ -based
electrolyte was prepared from sulfur, potassium chloride and sodium sulfide dissolved in
methanol and water.

3.2.11. QD solar cell assembly

QD sensitized solar cell devices are composed of an electrolyte solution embedded between
a photoanode and a counter electrode. In this thesis work, the photoanode contains QDs
attached to TiO, deposited onto an FTO glass substrate. There are two ways for attaching the
QDs to TiO,, one way is to immerse the photoanode in the solution containing QDs, the other
way is drop casting of QDs dissolved in an organic solvent such as toluene. After the
deposition of the QDs, the photoanode can be covered by another thin ZnS layer to passivate
the QDs from reacting with the electrolyte. The counter electrode and photoanode were stacked
together by a spacer and the electrolyte was injected into the space between counter electrode
and photoanode.
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CHAPTER 4

Results and Discussion

4.1. GeSn and its potential for utilization in photonic detectors and MOSFETs

While Group IV materials have been widely used for electronic applications they have not
been used for photonic applications to the same appreciable extent due to their indirect band
gap. During the last few years, however, attempts have been made to utilize Group IV
materials for photonic applications [312-314] and they have been theoretically investigated and
experimentally examined in order to integrate them for both photonic and electronic
applications using CMOS technology. In this way, they may be used for data processing and
communication in electronic and photonic devices. Among Group IV materials, Ge is
promising for achieving such a goal due to its band gap that can be tailored to communication
wavelengths by introducing strain. For example, tensile strain can decrease the band gap
through shifting down the I band for detecting or emitting the light[315]. Another approach for
photonic utilization in Group IV is to alloy Ge with Sn to get a direct bandgap. Tensile strained
Ge deposited on GeSn thus offers a direct bandgap for detecting and emitting the light as well
as high mobility and compressive strained GeSn deposited on Ge can be used as stressors in
Ge-based MOSFETs. To achieve such goals, MBE was first applied many years ago [316,
317], later on CVD was employed with cheap, commercially available and stable Sn gas
sources. In this work, Ge-based structures in different conditions deposited on Si and virtual
Ge substrates were prepared and developed for utilization in channel MOSFETSs and photonic
detectors in CMOS devices. This goal can be obtained through manipulating the electrical and
optical properties of the epitaxial layer by strain engineering. Since the lattice constant of
Group IV materials is increased from C to Sn, the type and amount of the strain in the epitaxial
layers is defined by the substrate or virtual substrate type and layer compositions.

4.2.  Strain relaxed layers and their utilization to produce tensile strain for photonic
detectors and MOSFETSs

In paper I, intrinsic and doped GeSn layers were deposited directly on Si substrates at
different temperatures (290-380 °C). In this case, a strain-relaxed epitaxial layer is expected
due to the very large mismatch between the lattice constant of substrate and layer. GeSn/Ge
multi-structures grown on Si substrates were considered in order to obtain tensile strain in the
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Ge top layer to improve performance in high performance channel MOSFETs or p-i-n for
photonic detectors. The mobility in the MOSFET and the responsivity of the detector can be
tailored by the amount of strain and composition which defines the band gap of the layer.

4.2.1. HRRLMs of GeSn grown on Si substrates

In paper I, all samples were measured structurally by the High Resolution Reciprocal
Lattice Maps (HRRLMs) technique (the experimental details were discussed above in chapter
3). The surface morphology and the dopant concentration of the intrinsic layer and sheet
resistance of the doped layers were evaluated by High Resolution Scanning Electron
Microscopy (HRSEM) equipped with Energy Dispersive Spectroscopy (EDS) and Four-Point-
Probe (FPP), respectively. The Sn content in the epilayers was evaluated by both Rutherford
Backscattering Spectroscopy (RBS) and the HRRLM technique. As illustrated in Figure 4.1,
®-20 scan HRRLMs of GeSn layers deposited on a Si substrate with different temperature
around the (113) reflection, demonstrates intensity of two peaks which belong to Si and GeSn
(o and 20 refer to the incident and reflected beam, respectively).
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Figure 4.1: HRRLMs of GeSn deposited on si substrate at different temperature [318].

The broadened peak in the o direction is an indicator of a successfully grown GeSn layer
and confirms the presence of defects in the GeSn layer. It is attributed to a large mismatch
between the lattice constants of layer and substrate. As understood from the figure, the defect
density is almost the same for all samples.

4.2.2. Estimation of Sn content from HRRLMs and RBS in GeSn layers

In order to estimate the Sn content in the layer, lattice mismatch parameters are needed.
The position of the GeSn layer and the Si substrate in the reciprocal (K) space can give an
estimate of the lattice mismatch parameter in the perpendicular and parallel directions to the
substrate surface as can be calculated from the equation:

1-v
I Tl @
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where v is the Poisson ratio of GeSn, which can be obtained from the equation[319]:
v=C2/(C11+C12) (4.2)

The elastic parameters of Ge and Sn summarized in Table 4.1[320, 321] are used to calculate
Cij(GeSn) as:

Cj(GeSn) = (1= x)C;j(Ge) + xC;j(Sn) 4.3)
Table 4.1: Elastic constant of Group IV materials [320, 321]

Elastic constant Ge Sn Si
Cl11 (GPa) 132 69 167
C12 (GPa) 494 29 65

The Poisson ratio and lattice constant of GeSn obtained from above equation are used to finally
calculate the composition of Sn from:

aGeSn(x) = aSnerHSnGex(l—x)+aGe(1—x) “4.4)
where eSn Ge is 0.166 for Ge[322]. Table 4.2 shows a comparison of Sn content obtained from

HRRLMs and RBS. As understood, the HRRLM technique is a precise method to calculate the
composition content of an epitaxial layer.

Table 4.2: Sn content obtained from HRRLMs and RBS for a GeSn layer grown at different temperature [318]

Growth temperature(°C) HRRLMs (%) RBS (%)
290 2.61 2.7
320 0.97 1
350 1.55 1.5
380 1 0.92

4.2.3. Morphology characteristics of GeSn/Si systems measured by SEM

Since growth GeSn layers are developed in the present work forutilization as hetrostructures
in devices, a surface morphology measurement of the layers is necessary because of device
performance. To accomplish this, the surface morphology of these layers was measured by
HRSEM (Figure 4.2). As seen in this figure, the surface quality of the GeSn layer is affected
by changing the growth temperature. The lower growth temperature (290°C) results in a
smooth surface, while the higher temperatures (350 and 380°C) lead to rougher surfaces. The
roughness of the surface of the samples grown at the higher temperatures (350 and 380°C) is
due to Sn segregation which generates some Sn dots on the surface. The original reason for Sn
segregation is attributed to excess of Sn content on the substrate in the chamber. On the other
hand, the large size of the Sn spots (larger than the Ge spots) and the low solid solubility of Sn
in the Ge matrix make the excess of Sn move upward towards the surface during growth.
Based on these results, lower temperature, smaller dopant size and lower Sn gas flow can
decrease Sn segregation and improve surface roughness. For example, in ternary GeSnSi or
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quaternary GeSnSiC epitaxial layers, the size dependent effect for Sn segregation can be
decreased due to incorporation of Si and C with small size in group IV materials. In this case,
strain is compensated by controlling the Si and C content.

(a) (b) (c)

Figure 4.2: HRSEM image of GeSn samples grown at a) 290, b) 350 and c) 380°C [318].

4.2.4. Resistivity measurements of phosphor(boron)-doped GeSn/Si grown at different
temperature

To utilize GeSn layers in a CMOS device, both boron and phosphor doped strain relaxed
GeSn layers were synthesized at 290°C in paper I with different partial pressure mentioned in
the experimental part. The resistivity vs phosphor (boron) partial pressure is shown in Figure
4.3. Boron doped layers at higher temperature (not shown here) did not appreciably affect the
resistivity whereas a lower temperature measurement (Fig 4.3 a) shows a minimum resistivity
of 0.95 mQ-cm. In the case of phosphor doped layers (Fig 4.3 b), higher temperature means
lower resistivity, which is interesting for device applications, while a high Sn segregation on
the surface of these samples is a negative point that may prohibit the use of the device. In case
of strained layers, both phosphor and boron doped layers show low resistivity; 0.5 and 2 mQ-
cm, respectively[323]. The low resistivity of the doped layers corresponds to a partial pressure
of 0.05 and 18 ptorr for B and P, respectively, indicating that the low resistivity for B-doped
layers can be obtained with 40 times smaller partial pressure than for P-doped layers. This
indicates that boron can better be incorporated in the layer matrix than phosphor, which could
be due to its smaller atomic size than P.
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Figure 4.3: Resistivity versus a) boron and b) phosphor doped GeSn layers grown at 290and 350 °C [318].
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Based on the results in this work, a compressive strain GeSn layer deposited on a Ge virtual
substrate, which has better quality than relaxed GeSn, is proposed as stressor in source and
drain of MOSFETsS to induce tensile strain in the channels.

4.3. Compressive strain layers and their utilization to produce tensile strain for
photonic detectors and MOSFETSs

Although introducing Sn into a Ge matrix as a compressive layer is a difficult task due to
the large mismatch, the growth of such a layer has been examined in many cases with high
quality and high Sn content [323-325] which could be a way to utilize indirect-direct band gaps
for photonic applications. GeSn-based layers have served for detection of light in the
communication wavelength region by strain engineering in p-i-n heterostructures [326, 327]. A
compressive GeSn layer can be used as a template to produce tensile strain which is promising
for MOSFETSs. Furthermore, it can be used as stressor in source and drain of MOSFETsSs to
induce tensile strain in the channel.

4.3.1. TEM images of multi quantum wells of GeSn with different Sn content

In paper II1, a series of GeSn/Ge multi quantum wells (MQW) were grown on virtual Ge
substrates to find optimum temperature and gas flow. Virtual Ge substrates were obtained
through two step growths of Ge at 600 and 400 °C, in which the defect density was decreased.

It was found that the quality of the layer was dependent on growth temperature and the
defect density in the virtual layer. GeSn/Ge multi quantum wells were grown with different Sn
content by SnCly as Sn gas source. The Sn content in each well was evaluated by RBS and was
obtained as 2, 3 and 6%. As illustrated in Figure 4.4, no visible defect was observed in any
MQW (one thin layer sandwiched between another thin layer). Two thin GeSn top layers (10-
30 nm) were obtained with sharp surface but where the first GeSn thick layer suffered from Sn
dots segregated at the surface. It is notable that the segregation of Sn started from the first layer
of epitaxy and became larger with increasing thickness.

Ge
Ge0.945n0.06
Ge

Ge0.97Sn0.03

Ge
(Ge0.985n0.02

Ge (Virtual)

Figure 4.4: HRTEM image of multi quantum well of GeSn grown with different Sn content (2, 3 and 6%) [328].
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4.3.2. Resistivity measurements of phosphor(boron)-doped GeSn/Ge grown at different
temperature

In order to integrate GeSn layers in electronic or photonic devices as p-i-n structures, n-type
and p-type doping at the level of 1x10"7 - 1x10" cm™ is needed. A desired doped GeSn layer
was developed using SnDy4 as Sn gas source[329]. Here, P and B-doped GeSn layers were
grown by SnCly at 290 and 310°C. Figure 4.5 illustrates the effect of partial pressure of
phosphor and boron on the resistivity of GeSn layer in terms of Sn content.
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Figure 4.5: The resistivity versus partial pressure of a) phosphor and b) boron in GeSn doped layer [328].

Phosphor-doped GeSn layers prepared at higher temperature show lower resistivity
resulting from higher dopant concentration (Fig 4.5 a). This may be due to the decrease of
dopant in the presence of Sn atoms. In paper III the Sn content was increased by increasing the
P partial pressure. This is evidence for strain compensation between Sn and P to minimize
crystal energy.

As seen in (Fig 4.5 b), the resistivity curves of B-doped GeSn layers grown at higher
temperature is higher than that at lower temperature, showing opposite behavior to P-doped
layers (Fig 4.5 a). Moreover, the incorporation of B into the layer helped increasing the Sn
content. The effect of temperature on the resistivity for the B-doped layer is weaker than that of
the P-doped layer. The SIMS technique was used to estimate the atomic doping concentration
of P and B in the layers and high concentrations of 1x10?° and 5x10'®%cm™ for P and B were
observed, respectively, which are sufficient for the n and p-type region of the p-i-n structure
designed for device fabrication.

4.3.3. HRRLMs of GeSn/Ge system grown at different temperatures

In paper 1I, HRRLM images of GeSn layers deposited on virtual Ge at 290, 300 and 320°C
were produced, these are shown in Figure 4.6. The GeSn peak in k space is seen to be aligned
with the Ge peak and located below, indicating a compressive strain in the GeSn layer which
can be used as stressor in source and drain of MOSFETs.
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Ak/A=0.3nmt

Figure 4.6: HRRLMs of GeSn/Ge/Si structures grown at different temperatures a) 290, b) 300 and c) 320 °C[330].

A minor relaxation can be seen in all samples but is more visible in sample C, showing that
higher temperature causesmore relaxation which may be due to a high surface energy in the
crystal. The Sn content in all samples was estimated from HRRLMs and compared with the Sn
content obtained from the RBS (Table 4.3).

Table 4.3: The Sn content of GeSn layer obtained from HRRLMs and RBS[330]

GeSn Growth temperature(°C) HRRLMSs (%) RBS (%)
290 35 33
300 2.5 2.5
320 1.5 1.1

4.3.4. Thermal stability of the GeSn/Ge system

Since the layers discussed above are to be used in a device, their thermal stability of the
layers should be studied as this is of key importance in a high performance device. The thermal
stability of the layers was investigated in paper II in terms of strain relaxation and mismatch.
Figure 4.7 illustrates the annealing temperature vs mismatch for intrinsic GeSn as well as
phosphor and boron doped GeSn.
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Figure 4.7: Mismatch versus annealing temperature for pure, boron and phosphor doped GeSn layer[330].
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Mismatch obtained from strain in parallel and perpendicular to the growth direction and Sn
content were estimated for all samples from HRRLM images. The best thermal stability refers
to intrinsic and boron doped GeSn. These layers were stable up to 550 °C and afterward the
large strain relaxation started. In P-doped GeSn the strain started relax in the critical
temperature of 450 °C, much lower than the critical temperature for the intrinsic and boron
doped layers. A similar effect was seen for the thermal stability of doped SiGe layers[331].

4.3.5. Effect of P and B on incorporation of Sn

In case of B and P doped GeSn layers, it is found that incorporation of Sn is increased with
increasing dopant concentration (shown in Figure 4.8), strengthening the notion that
incorporation of Sn atoms into the crystal is inversely proportional to the crystal energy.

| al ’ + b
o / " #
z i v
3 . i
= o~ 5
- E u
. -~
PHey Pamal poessire ok B, Farisl pressars ibor

Figure 4.8: The Sn content versus a) phosphor and b) boron partial pressure[330].

It means that more Sn content could be incorporated in the crystal matrix if the crystal energy
is decreased by more incorporation of small dopants.

4.3.6. Strain engineering by incorporation of C and Si in GeSn matrices

In group VI materials, GeSnSi is an interesting system due to the possibility of engineering
the strain and bandgap by controlling the composition content. A tunable indirect-direct
bandgap of 0.8-1.4 eV in ternary GeSnSi has opened a new window for development of
electronic and photonic devices [332, 333]. The strain in this system can be tailored for the
bandgap of 0.8-1.4 eV depending on the Si/Sn ratio[331]. Ternary GeSnSi having
compositions with different lattice constant (5.43, 5.65 and 6.49 for Si, Ge and «-Sn,
respectively) is here important. Theoretical calculations indicate that the tensile strain for Ge
grown on GeSnSi layer can be tailored by controlling the Ge, Sn and Si content[334]. The
possibility for indirect-direct band gap in the Ge matrix is another feature of GeSnSi which is
in demand for photonic applications [335, 336]. In addition, totally relaxed GeSnSi/Ge can be
used as virtual substrate for Ge for producing tensile Ge which is promising for detecting light
in photonic detectors and for laser light emission. One way for strain engineering, used in the
work of paper 1, is to grow GeSnSi layers with different Si content as well as to grow GeSnSiC
layers. In this case, compressive strain and strain compensation are expected for the layers by
increasing Si and C content. To get this goal, GeSn(Si,C)/Ge layers were deposited on an Si
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substrate at different temperature under SnCly flow of 0.6-1.3 g/h and characterized by
HRRLMs. In all samples, the thickness of the virtual Ge was made as small as possible (10nm)
to prevent strain relaxation. In samples a, b and c, the partial pressure of 0, 10 and 40mtorr was
chosen for Si,He, respectively, and in sample d, a partial pressure of 2.5 mtorr for Chs;SiH3; was
employed (paper I).
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Figure 4.9: HRRLMs of GeSnSi with Si partial pressure of a) Si= 0, b) Si=10, ¢) Si=40mtorr and d) GeSnSiC with
C partial pressure of C=2.5 mtorr[318] .

In Figure 4.9 a-c, the GeSn layer peak is aligned with the virtual Ge peak in K space. Since
the layer peak is located at the left of the Ge peak, the layer is expected to be compressively
strained. The layer peak moves toward the Ge peak by introducing more Si content. On the
other hand, Figure 4.9 d shows that the strain was totally compensated by introducing C atoms
into GeSnSi so that the layer peak is located at the Ge peak. The Sn, Si and C content in Fig
4.9 a, ¢ and d were 3, 12 and 6%, respectively. The strain compensation in Figure 4.9 b-d is
due to the smaller size of Si and C than Sn, which leads to a decrease of the lattice constant of
the layer so that it becomes almost equal with the Ge lattice constant.

4.3.7. Effect of Si on incorporation of Sn
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Figure 4.10: RBS spectra of a) GeSn and b) GeSnSi with gradient Si layer. ¢) schematic of sample b [330].
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As understood from RBS spectra of GeSn and GeSnSi grown on the virtual Ge substrate
(Figure 4.10), the Sn content shrinks from 3% in the GeSn layer to 6% in the GeSnSi layer
with increase of the Si content in the layer. The Sn content versus Si partial pressure of all

samples is illustrated in Figure 4.11 which shows a continually increase for Sn content with
increasing the Si partial pressure. This is attributed to strain compensation created by

increasing the Si content.
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Figure 4.11: The Sn content versus Si partial pressure for GeSnSi layers grown with different Si partial pressures

[330].
4.3.8. Effect of Si and C on morphology of GeSn-based layers
Since Sn was segregated on the surface of the GeSn layer, surface morphological

measurement of the GeSnSi layer in presence and absence of C was studied in paper I. In these
samples, Sn gas was injected into the chamber with flow of 0.6 g/h and Ge,Hs, Si;Hs and

ChsSih; were employed as Ge, Si and C gas sources, respectively.
HRSEM images of samples a-c in Figure 4.9 are shown in Figure 4.12, indicating the
effect of introducing Si and C atoms into the GeSn layer on the surface morphology of the final

layer.

(b) (c)

(a)

(d)
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Figure 4.12: HRSEM image of GeSnSi layer grown with Si partial pressure of a) 0, b) 10, ¢) 40 mtorr and
GeSnSiC layer with C partial pressure of 2.5 mtorr[318].
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Figure 4.12a shows very big dots on top of the surface, which become smaller in Figure
4.12b by introducing Si. The big dots in sample (a) origin from Sn segregation due to the big
size and low solid solubility. These big dots on the surface of GeSnSi (sample a) become
invisible in sample d. This shows that the introduction of C atoms not only prevents Sn
segregation but also helps incorporating Sn into the Ge matrix. Increasing Si content and
introducing C atoms result in a completely smooth surface for sample d containing both Si and
C. The same observation was earlier reported for Ge dots on SiGe layers [337, 338].
Kouvetakis et al predicted the band gap of 0.86-1.4eV for GeSnSi layers with respect to Si and
Sn content incorporated in a Ge matrix where the Si source was SizHg [339]. Here, the
successfully growth of GeSnSi layers by Si,Hg as Si gas source offers a cost-effective way for
future utilization in photonics and electronics. It should also be mentioned here that the
introduction of Si and C was not successful in strain-relaxed GeSn whereas it was successful
for compressive strained GeSn. This confirms that strain plays an important role for
introducing more Sn content, which thus is promising for electronic and photonic applications.

4.4. Tensile strain layers for photonic detectors and channel MOSFETSs
4.4.1. Tensile Ge obtained from the Ge/GeSn/Si system

The results obtained so far indicate that strain relaxed GeSn layers can be used as virtual
substrates to produce tensile Ge. Since the lattice constant of relaxed GeSn layers is bigger
than for Ge, one can expect tensile Ge if the Ge is carefully grown on this virtual substrate. In
fact, in GeSn/Ge structures relaxed GeSn plays the role of a template for growth of tensile Ge.
That is a promising aspect considering the common use of indirect-direct band gap Ge-based
materials in photonic detectors.

4.4.2. Tensile Ge quality measured by HRTEM

As illustrated in Figure 4.13 a, GeSn layers have high density of misfit and threading
dislocations starting from the interface with the Si substrate and decreasing dramatically
towards the Ge top layer. This indicates that the Ge top layer was grown with better quality
compared to the GeSn layer. The quality of the Ge top layer is more precisely shown in Figure
4.13b.

Figure 4.13: HRTEM image of a) Ge/GeSn/Si system and b) Ge top layer[318].
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This result indicates that a GeSn layer deposited directly on the Si substrate is not suitable for
device fabrication. It can though still be used as virtual substrate for Ge. Since GeSn will be
relaxed, its crystal size is expected to be larger than that of the strained GeSn layer. This makes
the Ge top layer tensily strained, which is promising for photonic detector and MOSFET
applications.

4.4.3. Strain amount in tensile Ge measured by HRRLMs

In addition to layer quality, the amount of strain in the Ge top layer plays an important role
for photonic detectors, where the probability of detecting the light depends on the position of
the I'-band with respect to the valence band.

As illustrated in the HRRLM image of the Si/GeSn/Ge structure in Figure 4.14, the Ge
peak in K space is located on top of the GeSn peak, indicating tensile strain of 0.52% in the Ge
layer. This strain amount corresponds to a band gap of 0.65 eV in the Ge layer and is related to
the Sn content in the virtual substrate. Therefore, by strain engineering of the band gap, a
tensile Ge layer can be proposed not only for detection applications where an indirect-direct
band gap is promising, but also for high performance channel MOSFETSs in CMOS technology
where high carrier mobility tensile strain layers are needed.
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Figure 4.14: HRRLMs of GeSn/Ge/Si system[318].
4.4.4. Tensile Ge obtained from a Ge/GeSn(Si)/GeSi/Ge/Si system

Another p-i-n structure proposed (in paper III) to produce tensile Ge are multi quantum
wells of GeS1/GeSn and GeSi1/GeSnSi sandwiched between a virtual p-type Ge layer and an n-
type Ge top layer. Since a direct band gap Ge is needed for designing Ge-based photonic
detectors, the n-type Ge layer on top of these structures was heavily doped by boron to fulfill
the requirement for detecting the light. In this way, the L valley in the conduction band is filled
by electrons and electrons are transited from the I' valley. These structures were analyzed by
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the SIMS and HRRLM techniques to study strain and doping profiles. The boron concentration
of 8x10" cm™ in the Ge top layer was estimated by SIMS that fulfills the requirement in the n-
type region for design of p-i-n structure detectors. Figure 4.15 shows an HRRLM image of the
structures measured in (113) reflection.
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Figure 4.15: HRRLMs of a) Ge/GeSn/GeSi/Ge/Si and b) Ge/GeSnSi/GeSi/Ge/Si[328].

The Ge top layer peak in Figure 4.15a-b is located on top of the GeSn peak, showing
tensile strain. The GeSn peak was not aligned with the Ge peak, indicating that the strain was
partially relaxed so that the Ge top layer is expected to be tensile strained relating to the Si and
Sn content in the GeSn(Si) layer. Indeed this was the case, with an amount of 0.45%
corresponding to a band gap of 0.72 eV. Introducing Si into the GeSn matrix not only
compensates the strain but also causes more incorporation of Sn into the layer. The GeSnSi
peak in Figure 4.15b was almost located on top of the Ge peak, indicating a well-compensated
strain layer in which the Si content was estimated to 12%. The ternary GeSnSi system in
Figure 4.15b is a more interesting system than the binary GeSn system due to an increased
possibility of strain and band gap engineering. In this way, not only different layers with
different band gaps can be obtained in one heterostructure but also the amount of strain of the
Ge top layer can be tuned by proper composition. These results propose a way to design and
fabricate many different and interesting p-i-n hetrostructures as photonic detectors operating in
the infrared wavelengths of 1-1.5 um and as MOSFETs for high speed switching.

4.5. Nickel silicidation of the strained SiGe formed by RTP and MWA for source/drain
of MOSFETs

After being successful in the study of strained nanostructures for utilization as MOSFETs,
nickel silicidation of strained SiGe as material of choice for contact metallization in
source/drain of MOSFETs was investigated in paper IV. In this process, Ni, thermally
deposited on the strained layer, is annealed and the formation of strained silicide is studied.
Here, a rapid thermal process (RTP), in which a halogen lamp is used for heating, is employed
as the traditional process for formation of Ni silicide. Microwave annealing (MWA) was also
employed as an alternative method for low temperature annealing. The effects of these two
processes on silicide formation are compared.
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4.5.1. Annealing strategies: challenges and alternatives

In the community of semiconductor technology there has been surge for methods alternative
to the traditional annealing process that can be used in scaling down CMOS devices [340]. A
low thermal budget then plays an important role where retain of the strain after the thermal
process is needed for increasing the mobility[341]. This role becomes more important when
strained thin layers with low resistivity and high quality are demanded for drain/source of
MOSFETs [342, 343]. Laser annealing [344] with millisecond heating and microwave
annealing are methods of choice. The basic challenge for laser annealing is that the absorption
of photons depends strongly on the surface emissivity of the substrate [345, 346]. Microwave
annealing (MWA) is a good alternative because not only is the energy then directly transferred
to the substrate but also the energy transfer is not affected by the surface emissivity of the
substrate[347]. The MWA process is often successful to produce homogenous contact silicide
layers formed at low temperature[348].

Paper IV reports a study of silicide formed by MWA and RTP techniques in strained SiGe
as motivated by their use as contacts in source/drain of MOSFETs.

4.5.2. Resistivity measurements of NiSiGe layers

For a typical sample, a 10 nm thin layer of Ni was sputter deposited on strained SiGe grown
on a Si substrate, see paper IV. The sample was sliced and categorized into two groups, one for
MWA and the other for the RTP process. After being annealed, all samples were measured by
four point probes to evaluate the changes in sheet resistance and resistivity - the results are
shown in Figure 4.16.
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Figure 4.16: The sheet resistance and resistivity versus annealing temperature for samples annealed by MWA
(black dot) and RTP (white dot)[349]

The samples annealed by the MWA technique show low resistivity formed at a lower
temperature than that of RPT. According to XRD data it is found that only the NiSiGe layer is
formed at 285 °C in MWA and at higher than 400 °C in RTP. This has been theoretically[350]
predicted and experimentally[351, 352] confirmed.
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4.5.3. Measurements of NiSiGe layers by cross-sectional TEM

Figure 4.17 illustrates a cross sectional TEM image of the samples annealed by MWA and
RTP at 400 and 515 °C. Both samples annealed by MWA (Figure 4.17 a) and RTP (Fig 4.17
b) at 400 °C show uniform and continuous layers while agglomeration can be seen in the
samples annealed by MWA and RTP at 500 °C (Fig 4.17 c-d). This agglomeration is
responsible for the resistivity enhancement at higher temperature in Fig 4.16 and is due to a
diffusion-out of the Ge from the NiSiGe layer[352] to minimize the surface energy of the
crystal.

Fig 4.17: Cross section TEM image of samples annealed by a) MWA at 400, b) RTP at 400, c) MWA at 515 and
d) RTP at 515°C[349].

Despite the annealing process under nitrogen flow in RTP, the thin oxide layer formed on
top of the NiSiGe is observed. The formation of this oxide layer is due to the existence of air
during the RTP process. Insufficient purge before and during annealing is responsible for
exposing the sample to the air. The thickness of NiSiGe formed by RTP is less than that of
RTP due to the consumption of SiGe to form the oxide layer.

4.5.4. Measurements of NiSiGe layer by the HRRLM technique

- 0= Ty

Fig 4.18: HRRLMs of samples annealed by a) MWA at 400 °C, b) RTP at 400 °C, ¢c) MWA at 515 °C and d) RTP
at 515 °C[349]
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The remaining SiGe layer not reacting with Ni in the two series of samples annealed by
MWA and RTP was investigated by the HRRLM technique around the (113) reflection to
determine the strain relaxation and defect density. Figure 4.18 illustrates HRRLMs of samples
annealed by RTP and MWA at 284 and 515 °C. Misfit parameters both in perpendicular and
parallel to the growth direction were achieved from the position of the SiGe layer peak in K
space and the defect density was estimated from the peak broadness[353]. The misfit
parameters summarized in Table 4.4 was used to estimate the amount of strain relaxation.

Table 4.4: Misfit parameters of samples annealed by MWA and RTP at 284, 400 and 515°C[349]

Sample ID F, Fyy R (%)

284 MWA 0.0119 1.66x107 0.01

400 MWA 0.0116 1.84x10° 0.03

515 MWA No layer peak No layer peak Very high relaxation
284 RTP 0.0123 Negligible Negligible

400 RTP 0.0125 33 Negligible

515 RTP 0.0116 5.84x10” 0.01

The HRLMs of the sample annealed by RTP at 284 °C (Fig 4.18 a) shows a completely
sharp SiGe layer and Si substrate peak with negligible relaxation. The broadness in the
HRRLMs of the sample annealed by MWA at 284 °C (Figure 4.18 b) is due to defect
generation and strain relaxation, which often are significant for samples annealed by RTP.
Figure 4.18 a,c and Fig 4.18 b,d indicate that the defect generation and strain relaxation rate
are enhanced by increasing the temperature so that the layer peak disappears in Figure 4.18 d,
showing very high relaxation due to strong diffuse scattering. Therefore, it is understood that
despite that the same temperature is applied for MWA and RTP the results are different and
that the strain relaxation occurs at lower temperature for MWA compared to RTP. This means
that the temperature close to the surface where silicide is formed is higher in MWA than for
RTP. This behavior is compatible with CMOS technology where source/drain contacts are
formed under low thermal budget and with low resistivity layers with high quality that are
needed to integrate the MOSFETs in the CMOS device.

The results show that the MWA technique offers a silicide formation at lower temperature
compared to traditional annealing techniques such as the illuminated-based annealing process.

4.6. Quantum dot sensitized solar cells

The research implemented for QDSSCs can be divided in two categories - toxic Cd-based
and low toxic Cd-free QDSSCs. Mn-doped type II ZnSe/CdS core/shell as Cd-based and
Cu,GeS5/InP, ZnS-coated InP and CulnS; as Cd-free QDs were employed as sensitizers in
QDSSCs and investigated.

4.6.1. Cd-based quantum dot sensitized solar cells

One of the mostly used materials in QD sensitized solar cells is cadmium. Also other toxic
materials are used due to special absorption and band alignment as well as high quantum yield,
which are compatible for TiO,-based substrates. For example, ZnSe single cores and type 11
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ZnSe/CdS core/shell QDs with different Mn concentrations as Cd-based sensitizers are
employed and investigated in this thesis.

4.6.1.1. Band gap engineering, effect of Mn dopants on optical properties of QDs

In this thesis, ZnSe single cores and type II ZnSe/CdS QDs doped with different Mn

concentration were successfully synthesized. After purifying by methanol and acetone, they
were dispersed in toluene. The TEM image of ZnSe/CdS in Figure 4.19 is a demonstration of

successfully grown QDs.

Figure 4.19: TEM image of type II ZnSe/CdS core/shell QDs [354]

All sensitizer QDs were deposited onto TiO, photoanodes and measured by a UV-Visible
spectrophotometer. Figure 4.20 illustrates absorption of QDs onto TiO, and their fluorescence

when dispersed in chloroform.
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Figure 4.20: Absorption and PL spectra of ZnSe single core and ZnSe/CdS QDs doped with different Mn

concentrations (0-3%) [354].
It is found that a single core ZnSe has a relatively narrow absorption while ZnSe/CdS core-
shells have broader absorption. The absorption edge of ZnSe/CdS core-shells is red-shifted up
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to 488 nm in wavelength compared to the absorption edge of the ZnSe single core (437 nm). A
similar behavior is seen in the fluorescence peak wavelength of the ZnSe/CdS core-shell
compared to the single ZnSe core or CdS shell. This behavior is due to a decrease of the band
gap which is equal to the energy difference between the conduction band of the shell and the
valence band of the core [239, 355]. In this way, type Il core-shells show smaller band gaps
which result in broader absorption. Band gaps were estimated from the absorption edge using a
method explained in the literature [356, 357] with the key equation:

1
ahv = k(hu—Eg)2 (4.5)

where o, k and Eg are absorption coefficient, a constant and band gap energy, respectively.

The band gaps of QDs were estimated from continuing the straight line of tangent toward

zero absorption coefficient for the plotted (Othu)2 in terms of (hv) - the results are
summarized in Table 4.5.

Table 4.5: Absorption band edge and calculated band gap of ZnSe single core and ZnSe/CdS QDs doped with
different Mn concentrations (0-3%) [354]

Samples (a) (b) () (d) ©) ® (€9)
Optical Band gap(eV) 2.81 2.52 248 249 2.44 2.61 2.59
Absorption band edge(nm) 437 488 495 493 504 471 474

Mn doping shows opposite behavior in absorption and emission peak wavelengths for low
and high Mn content. Low Mn content (0.25-1%) causes red shift and higher Mn doping levels
result in blue shift. This behavior is due to changes in the band gap of the QDs (Table 4.5).
The red shift is expected due to the contribution of Mn as metal dopant and blue shift is due to
the formation of another wide band gap phase like MnS. Low solid solubility of Mn(<1%) in
CdS is the main reason for the formation of the MnS phase[358-361].

4.6.1.2. Performance assessment of devices sensitized by Mn-doped ZnSe/CdS QDs

All QDs were introduced into porous TiO; nanoparticles deposited on indium tin oxide
conductive glass. The devices sensitized by these QDs were assembled by the method
mentioned in the experimental part. In order to evaluate the performance of the devices, they
were exposed to simulated solar irradiation working under 100mWem™ intensity. Device
parameters are listed in Table 4.6 and the current density-photovoltage characteristics of the
devices are shown in Figure 4.21. The device sensitized by type II ZnSe/CdS core/shells
shows a dramatic increase in current compared to a single ZnSe core. This increase is due to
special carrier extraction and broad absorption of light in the type II QDs. Another issue that
should be considered here is the strain induced in the CdS shell due to the difference in the
lattice constant between CdS bulk shell (54.82 A) and ZnSe bulk core (5.67 A) [362].

47



Chapter 4: Results and Discussion

Table 4.6: Device parameters of solar cells sensitized with ZnSe single core and ZnSe/CdS QDs doped with
different Mn concentrations (0-3%) [354].

Samples (a) (b) (c) (d) (e) ) (€9)

V.V) 0.365 0.470 0.580 0.575 0.545 0.535 0.508
J, (mA/cm?) 0.484 2.235 4.011 3.753 3.634 3.109 2.594
Nid 0.852 0.537 0.549 0.553 0.595 0.524 0.513
1 (%) 0.15 0.565 1.276 1.194 1.179 0.871 0.674

Since the strain increases the electron mobility[363, 364] and electron transport[365], one
can expect that the electron mobility and transport in strained CdS could be higher than in
unstrained CdS.

Compared to single ZnSe core and ZnSe/CdS core/shell, about 3 times and 10 times
increase in efficiency of the device sensitized with ZnSe/CdS doped with the lowest
concentration (0.25-1%) is seen. A stabilizing effect is expected for all devices because all
samples were covered by a layer of ZnS to prevent recombinaition of electrons with the
electrolyte[366] and trapping excitons in defect states [367].
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Figure 4.21: J-V characteristics and IPCE spectra of devices sensitized with ZnSe single core and ZnSe/CdS QDs
doped with Mn at different concentrations (0-3%) [354]

Devices sensitized with higher Mn content (2-3%) show a decrease in all device parameters
and consequently in device performance. It is attributed to a decrease in absorption range
which results from lowering the band gap due to the formation of the MnS phase. The best
power conversion efficiency is given by the device sensitized with ZnSe/CdS doped with the
lowest Mn concentration (0.25%). This is probably because a proper Mn content generates
intermediate energy states which can help separating the electron-hole pairs and suppress the
recombination process [368-370]. Another issue that should be considered here is that, like for
Mn doped GaAs[371], it is expected that Mn atoms occupy interstitial or substitutional sites
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in Cdj.ox Mn,S lattices or precipitate as MnS. Since the solid solubility of Mn in a CdS matrix
is less than 1%, a substitutional or interstitial site is expected to be occupied by Mn at low
concentration, while the formation of MnS is a probable phenomenon in case of higher Mn
concentration (2-3%). This hypothesis is supported by that the precipitated MnS was seen by
eye for the sample with 6% Mn content.

The external quantum efficiency of all samples was estimated by incident photon to current
efficiency (IPCE) measurements (Figure 4.21). The key equations are expressed as [372]:

P.

IPCE(L) = LHE(/”L)UCOH inj

(4.6)

—Abs(A)

LHE(A)=1-10 4.7)

» and LHE(A) are the quantum yield, the electron collection efficiency,

where ¢inj Mol

incident light wavelength and the light harvesting efficiency, respectively.

Single ZnSe cores demonstrate poor power conversion efficiency compared to type II
ZnSe/CdS core/shells, as resulting from a poor absorption and much recombination. On the
other hand, an increase in IPCE of ZnSe/CdS is attributed to a wider absorption range and
superior exciton separation, which suppresses recombination in type II QDs. The dramatic
increase in IPCE of samples doped with low Mn content could be due to enhancement in the
electron injection process. It is worthwhile to mention that new energy states formed in the
band gap of QDs are responsible for the improvement in electron injection from QDs to the
TiO; substrate. This improvement process is suppressed with increasing the Mn content to 2-
3% due to the formation of impurities like MnS that can increase the recombination, as already
mentioned above.

4.6.1.3. Study of excited state dynamics of ZnSe/CdS doped with different Mn
concentrations

In order to evaluate the electron injection rate, time-resolved fluorescence lifetime
measurements were employed. In these measurements, the excited state dynamics of the QDs
wewe studied for the two conditions of deposition onto TiO, conductive glass and insulator
glass. The fluorescence emission decay of each sample, shown in Figure 4.22, could be fit by a
three exponential model (n=3, n is nth exponential component in equation 4.8) [373, 374]. The
fit parameters listed in Table 4.7 were used to estimate the QD lifetime by the following
equation[375]:

2
S 7o)

<r>= 1 (4.8)
Yaz)

n
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Figure 4.22: Fluorescence emission decay of ZnSe single core and ZnSe/CdS QDs doped with different Mn
concentrations (0-3%) a) deposited of insulator glass, b) deposited on TiO, conductive glass [354].

Table 4.7: Fitting parameters, lifetime and electron injection of ZnSe single core and ZnSe/CdS QDs doped with
different Mn concentrations (0-3%) [354]

Ti0, T1 T2 T3 Al A2 A3 CHISQ <T>(ns) K(n/s)
(a) 1.60 0.19 2.64 22.54 6247 14.99 1.18 1.87
(a)-TiO, 0.23 2.03 1.90 3224 2566 42.12  1.045 1.86 0.004
(b) 13.1 2.64 543 3349 623 60.28 1.21 49.2
(b)-TiO, 6.42 25.5 1.21 27772 612 11.08 1.05 234 0.022
(c) 13.10 2.50 54.1 36.01 6.93 57.06 1.03 48.5
(c)-TiO, 0.32 1.74 12.5 574 2553 11.72 1.03 9.15 0.088
(d) 11.90 2.30 53.8 3072 6.22  63.06 1.03 49.5
(d)-TiO, 0.390 1.73 14.1 65.41 2436 10.23 1.08 10 0.079
(e) 11.1 2.28 50.5 29.03 6.06 6491 1.04 46.8
(e)-TiO, 3.38 13.8 0.31 632 2725 6643 1.15 12.6 0.058
) 10.6 45.8 1.53 2538 64.63 9.99 1.06 42.7
(£)-TiO, 7.78 24.1 1.41 36.89 28 35.11 1.17 18.4 0.030
(g) 6.41 47.4 1.15 1732 67.54 15.14 1.09 45.8
(g)-TiO, 6.13 20.9 1.11 17.23  58.25 2451 1.24 19.4 0.029

The results based on QDs deposited onto TiO, conductive glass show that the fluorescence
lifetime of single core ZnSe (2ns) QDs is much lower than that of type 11 ZnSe/CdS core/shell
QDs (49 ns). This is expected because the special band structure design in type II QDs makes
the electrons and holes effectively separated, delays recombination and consequently increases
the fluorescence lifetime [355]. There is a difference between the fluorescence lifetime of QDs
deposited on conductive glass and those deposited on an insulator which is due to the
difference in the electron injection process. The electrons can be injected from the QDs to TiO;
in the case of QDs deposited on TiO,, resulting in a shortening of the fluorescence lifetime, but
they can hardly be injected to the insulator, resulting in a long fluorescence lifetime. The
electron injection rate constant of all QDs was estimated from the following equation [373,
374]:
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K = ! A 4.9)

“(oD + Ti0,) Y(oD)

r( OD +Ti Oz)and z'( oD) are fluorescence lifetimes obtained from QDs deposited onto the

conductive and insulator glass, respectively.

As seen in Table 4.7, the minimum electron injection rate refers to the single ZnSe core due
to the high recombination rate. This rate is increased when type II ZnSe/CdS core/shells are
applied due to the special electron-hole separation which suppresses recombination. The
highest rate refers to the lowest (0.25%) Mn-doped ZnSe/CdS due to the generation of
optimum energy states which not only make QDs better separated but also speed up electron
injection. For a deeper understanding of the device configuration and the electron transfer
process from QDs to TiO,, a physical model is considered that is schematically illustrated in
Figure 4.23. Under light illumination, the photogenerated electrons and holes are created and
confined in the conduction band of the Cds shell and valence band of the ZnSe core,
respectively. Mid-states generated in the band gap of CdS by Mn atoms help transferring
electrons from the conduction band of the CdS shell into the TiO, substrate, leading to an
enhancement in power conversion efficiency.

Fig 4.23: Schematics of a physical model for electron transport in a device sensitized with Mn-doped type 1I
ZnSe/CdS QDs [354].

4.6.2. Cd-free “green” quantum dot sensitized solar cells

As a final part of my thesis, InP single core, ZnS-coated InP, Cu,GeS; single core, InP-
coated CuyGeS3, CulnS; single core and ZnS-coated CulnS, QDs, synthesized and employed
as “green” sensitizer in QDSSCs, were investigated and discussed.

4.6.2.1. Optical and structural properties of Cd-free QDs
4.6.2.1.1. Cu2GeS single core and type II Cu,GeS3/InP core/shell QDs

The synthesized type II Cu,GeSs/InP core/shell and Cu,GeS3 single core nanocrystals were
dispersed in toluene and attached to TiO, nanoparticles by the drop casting technique. Figure
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4.24 illustrates absorption spectra of the photoelectrodes sensitized with the two types of QDs
as well as the corresponding band gap. The higher absorption of Cu,GeSs/InP is attributed to a
higher QD concentration. The slight shift of the absorption onset towards longer wavelength is
due to the change in color and band gap of the Cu,GeS3/InP QDs compared to the Cu,GeS;
QDs. Due to the efficient band alignment in type II Cu,GeSs/InP QDs, the electrons and holes
are, respectively, localized in the conduction band of the shell and the valence band of the
core[239], which results in a smaller band gap and broader absorption range. The band gaps of
1.75 and 1.61 eV were estimated for the Cu,GeS3; and Cu,GeS3/InP QDs, respectively, from
the method described in Refs [354, 357], which confirm the band gap change.
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Figure 4.24: Absorption spectra and calculated band gaps of Cu,GeS; and Cu,GeS3/InP QDs[376].

4.6.2.1.2. InP single core and ZnS shell-coated InP QDs

After the successful synthesis of pure InP single core and ZnS shell coated InP QDs, they
were analyzed with a UV-Visible spectrophotometer. Fig 4.25 shows the absorption spectra of

the QDs and the corresponding band gaps.
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Fig 4.25: Absorption spectra and calculated band gap of InP and ZnS-coated InP [377].
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The red-shift in absorption onset of ZnS-coated InP QDs is due to the change in band gap of
the nanostructure. InP QDs were attributed a calculated band gap of about 2.65 eV which is
somewhat higher than that of InP-ZnS (2.50 eV). This change in bandgap results in change in
color of the QDs. ZnS shell coating on InP QDs causes the wave function of the exciton to
change and makes the band gap of the nanostructure smaller. This behavior has been observed
and reported in the literature, showing that a thicker ZnS shell leads to a broader

absorption[205].
4.6.2.1.3. CulnS; single core and ZnS-coated CulnS, QDs

Colloidal pure CulnS, QDs coated with ZnS shells were successfully synthesized by the hot
injection method. Figure 4.26A-B presents absorption and photoluminescence of as-
synthesized pure CulnS, QDs and coated with a ZnS shell. Although the photoluminescence of
CulnS, with the maximum peak at 810 nm is too low the broad absorption exceeding the
wavelength of 850 nm is beneficial for utilization in QDSSCs (Fig 4.27A). One of the reasons
for the low intensity of PL in CulnS, QDs is the presence of surface defects which affect the
device performance but which can be alleviated by shell coating. To eliminate surface defects
and get higher quantum yield and higher PL, CulnS, QDs were coated by ZnS shells with
different thickness.

As seen in Figure 4.26B, ZnS shell coating leads to a significant improvement in the
intensity which increases with increasing ZnS shell thickness. It has been demonstrated that
ZnS shell coating on CulnS; QDs could minimize the non-radiative decay, which results in a
longer lifetime and higher PL intensity [280, 378]. A minor blue shift of the PL maximum is
due to partial alloying of the CulnS, QDs with the wide band gap ZnS[379] and can also be
ascribed to the etch of the core materials during shell growth[380].
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Figure 4.26: Absorption and PL spectra of pure and ZnS-coated CulnS, QDs [381].

Since the loading amount of QDs directly affects the photocurrent of the device and
indirectly influences the interfacial recombination, it must be carefully evaluated. CulnS,
QDs, pure or overcoated with ZnS shells, were attached to the TiO, substrate to evaluate the
loading efficiency of the QDs. In addition, to promote the tethering of the QDs onto the TiO;
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substrate, the ligands of the CulnS, QDs were exchanged through a ligand exchange process
before being attached to the TiO».
Figure 4.27 shows absorption spectra of CulnS, in terms of ZnS shell thickness and hybrid

passivation. The photoanode sensitized with surface passivated QDs has higher absorbance and
lower absorbance with a blue shift of the absorption onset with increasing the shell thickness,

like previously notified.
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Figure 4.27: Absorbance of photoelectrode sensitized with pure, ZnS-coated and hybrid passivated CulnS, QDs
[381].
Since size and shape of the QDs and type of ligand and solvent can affect the loading of the

QDs onto TiO,, we expect different images for CulnS, coated with ZnS shell and for those that
are hybrid passivated. Figure 4.28 shows TEM images of CulnS, coated with ZnS shell and

those that are hybrid passivated.

Figure 4.28: TEM image of A) hybrid passivated and ZnS-coated in B) 10min and C) 20 min [381].

TEM images of the hybrid passivated QDs indicate the size of about 7 nm, which is smaller
than for those coated with different ZnS shell thickness (8 and 8.5 nm). Therefore, the lower
loading efficiency of QDs coated with ZnS shell is attributed to the larger size. It means that it
is difficult for the larger QDs to penetrate into the TiO, matrix. The higher loading efficiency
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of the passivated QDs is due to a smaller chain of exchanged ligands. Thus, hybrid passivation
can be an efficient way for increasing the loading efficiency of QDs onto a TiO; substrate.

4.6.2.2. Performance assessment - J-V and IPCE characteristics

The solar cell devices were analyzed in order to achieve information about how efficiently
the incoming photons convert to electrons. To get this goal, the devices were measured under
simulated light and the incident photon conversion efficiency, sometimes referred to as the
external quantum efficiency (EQE), was plotted with respect to the wavelength of the incident
photons. Since the absorbed photon conversion efficiency (APCE) excludes the effect of
different absorbance of the photoanode resulting from different loading efficiency, it can
reflect the electron transfer efficiency. To evaluate the performance of the device sensitized
with different QDs, current density-voltage measurements were employed.

4.6.2.2.1. Cu,GeS;single core and type II Cu,GeS3/InP QDs

The devices sensitized with Cu,GeS; single core and type II Cu,GeSi/InP QDs were
illuminated by AM 1.5 G simulated light - the results as current density-voltage characteristics
and corresponding device parameters are shown in Fig 4.29 and Table 4.8, respectively. The
Cu2GeS3/InP-based device produces the higher efficiency due to its higher value of the open
circuit voltage (V,,=0.427 V), the short circuit current (J_=1.505 mA/cm®) and the

corresponding higher fill factor. This can be attributed to a lower recombination resulting from
an efficient carrier separation in type II QDs.
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Figure 4.29: J-V characteristics and IPCE spectra of Cu,GeS; and Cu,GeS;/InP QD based devices [376].

Table 4.8: Cu,GeS; and Cu,GeS5/InP QD based solar cell device parameters [376]

Samples V.V) J,, (mA/cm?) Nid n (%)
Cu,GeS; 0.265 0.478 0.473 0.060
Cu,GeS5/InP 0.427 1.505 0.511 0.32
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The IPCE of the devices, sometimes referred to as the external quantum efficiency, is
illustrated in Fig 4.29 and matched with corresponding absorption spectra. The IPCE onset is
seen in the wavelengths of 856 to 991 nm which are a bit longer than that of absorption. The
higher IPCE refers to the type II-based device, which is in agreement with a recently published
paper [382]. In fact, type Il-based devices not only make the absorption broader, which
increases the light harvesting efficiency, but also improve the electron injection efficiency
which is responsible for the higher IPCE as calculated by

IPCE(A) = LHE(/l)ncoll¢inj (4.10)
4.6.2.2.2. 7ZnS-coated InP QDs

The J-V characteristics of the devices sensitized with the two types of QDs (InP single core

and ZnS-coated InP) are illustrated in Figure 4.30 and the device parameters are summarized
in Table 4.9.
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Figure 4.30: J-V characteristics of device sensitized with
InP and ZnS-coated InP QDs [377].

It is found that the device sensitized with ZnS-coated InP QDs exhibits higher efficiency
which results from a higher open circuit voltage (0.475 V) and short circuit current (1.574
mA/cm?). The higher Voc in the InP-ZnS based device could be ascribed to the higher J  as

follow[383]:

KT J
o= —ﬁ[ln % + 1] (4-11)
q

where J o is the dark current, 7' is temperature, g is electron charge and £ is the Boltzmann

constant.
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The higher fill factor shows that ZnS shell coating suppresses carrier recombination. It may
be due to surface passivation of the InP QDs, which causes the number of surface traps to
decrease. The same effect was observed for ZnS shell-coated CulnS, QDs, which is explained
in the next section. It is worthwhile to mention that the ZnS shell coating of the InP QDs not
only protects these sensitive QDs against moisture and electrolyte but also makes the device
efficiency to increase by more than 2 times.

The IPCE and APCE spectra of the two devices are shown in Figure 4.31. The difference
between IPCE and APCE is attributed to different loading amount of the QDs into the TiO;
matrix. Comparing the absorption of QDs and IPCE shows that the absorption onset is red-
shifted for both devices. The higher value of the IPCE for the device sensitized with InP-ZnS is
attributed to the broader absorption range, which increases the light harvesting efficiency and
improves the electron injection efficiency. It should be mentioned here that ZnS was recently
used as a wide band gap semiconductor to increase the quantum yield and stability of InP [206,
208, 209]. Since InP QDs are very sensitive to moisture, the lower IPCE of the device
sensitized with InP QDs could be attributed to the low stability of InP QDs. The capability of
InP QDs is thus affected by air and electrolyte prior to and during the measurement. Lower
absorption range and electron injection efficiency can be other reasons for low values of the
IPCE. Lifetime measurements are here needed in order to further evaluate the electron
injection and transfer. It is notable that ZnS shells not only protect InP QDs against moisture
and electrolyte but also significantly increases the power conversion efficiency.
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Figure 4.31: IPCE and APCE spectra of devices sensitized with InP single core and ZnS-coated InP QDs [377].
4.6.2.2.3. ZnS-coated CulnS; QDs

Figure 4.32 illustrates the J-V characteristics of the devices and the corresponding device
parameters are summarized in Table 4.10. The highest efficiency with the value of 4.7%
refers to the device sensitized with hybrid passivated QDs. This high efficiency results from
the higher current density (Ji.) and potential (V,.) with the value of 15.34 mA/Cm? and 0.560
V, respectively. The higher value of J,. can be attributed to the hybrid pasivation strategy.
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Hybrid passivation not only improves the loading of QDs onto the TiO, substrate, which can
enhance the light harvesting efficiency, but can also promote the quantum efficiency of the
QDs, which in turn can increase electron injection. The increase of V,. could be due to a
decrease of carrier recombinaton at the interfaces, which may be caused by the decrease of
surface defects in the hybrid passivated QDs.

=8 Culns2
Table 4.10: Device parameters of solar cells sensitized

“‘E with pure, ZnS-coated and hybrid passivated CulnS,
§ QDs [381]
£ - -
E Samples CulnS2  Hybrid %(I)l er(l)
(7]
§ V.V) 0.535 0.560  0.520 0.525
s J,(mA/em®) 12,67 1534 1135 981
3 bid 0.544 0.545 0561 0.567
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Figure 4.32: J-V characteristics of devices sensitized
with pure, ZnS-coated and hybrid passivated CulnS,
QDs [381]

Compared to pure QDs, the ZnS shell coating causes the corresponding device efficiency to
decrease so that the efficiency is lowered while increasing the shell thickness. The low
efficiency can be ascribed to a low loading of the QDs. The improvement in fill factor of the
ZnS shell coated devices is believed to be mainly due to a suppression of recombination. The
fill factor is increased with increasing shell thickness which indicates that ZnS shells could

eliminate surface traps. The IPCE and calculated APCE of the studied devices are shown in
Figure 4.33.
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Figure 4.33: The IPCE and APCE spectra of devices sensitized with pure, ZnS coated and hybrid passivated
CulnS, QDs [381].
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Significant enhancement in both IPCE and APCE of the devices sensitized with hybrid
passivated QDs is evidenced, indicating that hybrid passivation increases the electron transfer
efficiency through improving the quantum yield (¢;n ) and electron collection efficiency (7. ).
This improvement can be attributed to a decrease of surface traps under the hybrid passivation
process.

A significant reduction in IPCE of the devices sensitized with ZnS shell coating is seen.
From the APCE it is found that one of the reasons for this reduction is lowering of the loading
of QDs onto the photoelectrode. Another reason is that the ZnS shell acts as a barrier for the
photogenerated electrons and prevents electron transfer from CulnS; to the TiO; substrate due
to that the conduction band of ZnS is higher than that of CulnS,[310]. It has recently been
demonstrated that ZnS shells decrease the electron transfer which is responsible for the
electron transfer efficiency[384].

4.6.2.3. Study of excited state dynamics of Cu,GeS; single core and type II Cu,GeS3/InP
QDs

The excited state dynamics of Cu,GeS; and type II Cu,GeS3s/InP QDs were evaluated by
time-resolved transient measurements - the corresponding curves are shown in Fig 4.34 and
Figure 4.35, including fitting model and residuals.
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Figure 4.34: Time-resolved fluorescence intensity decay curves, fitting model (A) and residuals (B) of Cu,GeS;
QDs deposited onto insulator glass[376].

The three-exponential model was matched to the curve and the fitting data was used to
calculate the lifetimes and the electron injection rate constants. The lifetime of Cu,GeSs/InP
and Cu,GeS; QDs deposited on insulator glass were 8.11 and 5.92 ns, which are higher than
that of QDs deposited on TiO,. That is due to the more efficient electron-hole pair separation in
type II QDs that not only decreases wave function overlap but also delays recombination[355].
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Electron injection rate constants of QDs calculated from the lifetime shown in Table 4.11
demonstrate that CuyGeSs/InP-based devices have higher values for the electron injection.

10000 5
] Prompt (B
] Cu,GeS -InP/glass i
1000 4 Cu,GeS -InP/TiO, CuCeS PO,
] 2]
E 2
=
= ] b=t
-~ T a
o 1004 “% O
c E Sk,
= 104
: o 500 10’00 |5I00 ZUIOU
Channels

W ]

0 I 500 1000 1500 2{I|0{I
Channels

Figure 4.35: Time-resolved fluorescence intensity decay curves, fitting model (A) and residuals (B) of Cu,GeS;
QDs deposited onto TiO, conductive glass[376].

It is attributed to efficient carrier extraction which facilitates electron transport from the
QDs to the TiO; substrate. This effect in type II QDs was recently reported and attributed to
special band structure design of the nanostructures where the conduction band energy level of
the core is higher than that of the shell[382]. The increase in electron injection rate constant
can directly affect the device efficiency as electron injection and collection play important
roles.

Table 4.11: Fitting parameters, life time and electron injection of Cu,GeS; and Cu,GeS;/InP QDs [376]

TiO, Tl T2 T3 Al A2 A3 CHISQ <T> K(s?)
Cu,GeS3-InP 2.92 10 0.72 42.87 3932 17.81 1.08 8.11
Cu,GeS5-InP /TiO, 0.30 5.78 069 4132 866  50.02 1.22 325 0.184
Cu,GeS; 0.16 6.26 024 373 3491 27.79 1.19 5.92
Cu,GeSy/TiO, 0.28 0.18 455 4895 2489 26.16 1.86 398 0.082

For a better understanding of electron injection and transfer in type II Cu,GeSs/InP QDs the
physical model shown in Figure 4.36 is considered. Since these QDs are type II, a similar
mechanism as for ZnSe/CdS is expected. Photogenerated electrons and holes are confined in
the conduction band of the shell and the valence band of the core, respectively. The electron is
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then injected into TiO, and the QD is reset by hole transport through the redox couple of the
electrolyte. This process is repeated to give a current which flows in the circuit connected to
the device.

TiO.

e VEE

Figure 4.36: Schematic of physical model showing the electron transport in the device sensitized with
Cu,GeS5/InP QDs [376].

In summary, Mn-doping of Cd-based QDSSCs and ZnS-shell coating, design of type II and
hybrid passivation in Cd-free and “green” QDSSCs were successfully employed as strategies
to boost the solar cell power conversion efficiency. Mn doping as a band gap engineering tool
not only increases the absorption range but also facilitates electron injection which is
responsible for the higher efficiency. Due to the nature of type II core-shells, Cu,GeS;-InP
QDs not only give large absorption exceeding to the infrared region but also increases the
electron injection rate, which results in higher power conversion efficiency. The thin ZnS-shell
thickness in InP-ZnS QDs makes them air and moisture stable. The red-shift of absorption
onset causes the QD absorption to increase. These benefits together with the high quantum
yield of InP-ZnS QDs lead to an increase of the efficiency when compared to InP-based
devices. ZnS-shell coating decreases the surface traps and hybrid passivation increases the
loading efficiency of the CulnS; QDs into the substrate, which is responsible for the
improvement of device performance.
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CHAPTER 5

Conclusions and Future Outlook

5.1. Conclusions

This thesis presents results of research in the areas of electronics, photonics and
photovoltaics. The main focus was to investigate, design and fabricate multicomponent
nanostructures for MOSFET, photonic detector and hybrid solar cell applications. From the
experimental points of view, a number of pure and doped epitaxial strain relaxed and
compressive strained GeSn(Si,C) layers were grown, characterized and developed to produce
tensile strained layers in Ge/GeSn(Si)/GeSi/Ge/Si and Ge/GeSn/Si system heterostructures,
which are promising for MOSFET, photonic detector and second generation solar cell
applications. Colloidal Cd-based and Cd-free QDSSCs were fabricated and explored for
applications in 3™ generaton solar cells. Type II ZnSe/CdS QDs as Cd-based QDs, type II
Cu,GeSs/InP, ZnS-coated InP QDs and CulnS,; QDs as Cd-free QDs were employed as
sensitizers in solar cell devices and evaluated. The results are summarized as follows:

Strain-relaxed layers:

1- Epitaxial strain- relaxed GeSn layers were successfully grown by RPCVD at different
temperatures. The Sn segregation was found to increase with increase of the growth
temperature which affects the interface quality when p-i-n devices are fabricated.

2- Low resistivity was obtained for boron-doped layers with low partial pressure. Strain-
relaxed GeSn layers were found to be usable as a template to produce tensile strain
layers, while they could not be integrated in the main part of p-i-n device due to high
defect density coming from large mismatch between the lattice constant of the layer and
substrate.

Compressive strain layers:

1- Pure and doped epitaxial compressive-strained GeSn(Si,C) layers were grown on
virtual Ge substrates by RPCVD at different temperatures, showing that Sn can
successfully be introduced into a Ge matrix.
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2- It was found that high temperature causes strain to relax and that increasing the Si
content and phosphor and boron doping can compensate the strain and increase the Sn
content due to the small atomic size of Si and dopants. Furthermore, introducing C
atoms offers layers that are totally strain-compensated having no Sn segregation and
consequently high surface quality which can be utilized in the main part of a p-i-n
device.

3- Lower resistivity was achieved at higher temperature and lower temperature for boron
and phosphor doping, respectively, which is useful for a p-i-n device.

4- Compared to the RTP technique, NiSiGe with low resistivity as a contact was formed
by MWA at low temperature which is compatible for CMOS technology in which a low
thermal budget is demanded.

Tensile strain layers:

I- Ge/GeSn/Si and Ge/GeSn(S1)/GeSi/Ge/Si systems were designed and successfully
fabricated to produce tensile strain of 0.52 and 45%, corresponding to bandgaps of 0.65
and 0.72 eV, respectively.

2- Two heterostructures are proposed for detection applications where indirect-direct
band gaps are useful, and also for high performance channel MOSFETs in CMOS
technology where high carrier mobility tensile strain layers are needed.

Quantum dots:
Cd-based

Colloidal pure and Mn-doped ZnSe/CdS core/shell QDs with various Mn concentrations
were successfully synthesized by the hot injection method and employed as sensitizers in solar
cells. Proper Mn-doping was found to cause an increase in the absorption spectra and red shift
in the absorption band edge and in the photoluminescence emission peak. The mid-states
generated by Mn can facilitate electron transfer from the QDs to the TiO2 substrate. Superior
light absorption, better carrier separation in type II QDs and efficient electron injection rates
offer a power conversion efficiency of about 2 and 3 times larger than those of core and
undoped QDSSCs, respectively.

Cd-free

1- Low toxic type II QDs using Cu,GeSs as core and InP as shell were theoretically designed
and colloidal Cu,GeS; single core and type II Cu,GeSs/InP QDs were experimentally
synthesized and employed in QDSSCs. Cu,GeS; shows absorption extending to the
infrared region and an even larger red-shift was achieved by type II Cu,GeSs/InP QDs.
This red-shift corresponds to a change towards a smaller bandgap due to the manipulation
of the conduction and valence bands, which can harvest light energy located even in the
infrared spectrum. Special band structure engineering and creation of improved electron-
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hole separation through design of type II Cu,GeS3/InP QDs not only give superior ability
to broaden the absorption range but could also facilitate the electron transfer from the QDs
to the TiO, substrate, which all resulted in increasing the device performance by 5 times.

2-  ZnS-coated InP QDs were successfully synthesized and employed as sensitizers in
QDSSCs. ZnS-coating caused broader absorption through red-shift in the absorption
spectrum and was successful for protecting the moisture-sensitive InP QDs against
interaction with air and electrolyte. In addition, it suppressed recombination, decreased the
surface traps and made the device power conversion efficiency to increase by more than 2
times.

3-  ZnS-coating and hybrid passivation were employed to evaluate CulnS,-based QDSSCs.
ZnS is successful to suppress recombination but it also blocks the electrons to be
transferred to the substrate. In contrast, hybrid passivation increased the loading efficiency
of the QDs and decreased surface traps, which are aspects responsible for the higher
efficiency.

5.2. Future outlook

Since many findings in this work are new and have not been earlier addressed, more in
depth interpretations are required and more aspects need to be investigated than what here was
possible due to the limited time available for this thesis work. For example, one important
issue investigated in this thesis was the mobility enhancement for utilization of tensile strain in
MOSFETs. Two ways of increasing the mobility in MOSFETs were investigated - fabrication
of tensile strained Ge for MOSFET channels and utilization of compressive strained GeSn to
produce tensile strain in MOSFET channels. Here, more measurements, such as Hall
measurements, could be suggested to experimentally evaluate the real electron and hole
mobility in these layers. To compare the effect of tensile strain on the speed of photodetectors,
fabrication of relaxed and compressive-based photodetectors as well as tensile-based
photodetectors are suggested. The structures of n-GeSn/i-GeSn/p-GeSn/Ge/Si and n-GeSn/i-
GeSn/p-GeSn/GeSn/Si and n-Ge/i-Ge/p-Ge/GeSn/Si (or n-Ge/i-Ge/p-Ge/GeSn(S1)/GeSi/Ge/Si)
for detection in the infrared region can be considered for compressive, relaxed and tensile-
based photodetectors, respectively. Two important applications of photodetectors mentioned
above are - medical applications where the skin becomes invisible and blood veins and blood
liquids can be analyzed, and where the structure of veins, that is unique for each person, can be
imaged as an alternative to fingerprints for a cheap and easy way of identification.

The loading efficiency of QDs investigated in this work can be further increased by hybrid
passivation, particularly for ZnS-coated InP and Cu,GeSs/InP QDs as novel low toxic and
“green” QDs employed in QDSSCs. Due to special band alignment in devices sensitized with
Cu,GeSs-InP and CulnS; QDs, the use of materials like Spiro could be an effective way to
enhance hole transport and consequently reset the QDs effectively. The effects of shell
thickness in Cu,GeSs-InP and InP-ZnS QDs in terms of stability and efficiency should be
further investigated. The excited state dynamics of InP-ZnS and CulnS, QDs should be
evaluated to obtain more information about lifetimes and electron injection rates. The stability
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of QDs as an important factor in QDSSCs should be further evaluated. These are just a few
examples of measures that are pressing for making QD sensitized solar cells competitive in the
future energy market.

While all Cd-free QDs investigated in this thesis have potential for commercialization due
to low toxicity and eco-friendly properties, the power conversion efficiency must clearly be
improved. To get this goal, three different ways can be suggested: one way is to use low
dimensional materials such as carbon nanotubes and graphene in the photoanode and counter
electrode to increase the conductivity for electron and hole transport. Another way is to use
electrolyte solutions, like iodide and bromide-based redox couples, which have different Fermi
levels. This could be an effective way for better hole transport. Doping QDs with transition
metals and upconversion nanaoparticles is another approach to increase the efficiency.

The low toxic sensitizer QDs are thus alternatives to toxic Cd, Pb and Hg-based QDs that
have been employed as dopants in dye-sensitized, solid state and perovskite solar cells. Due to
high quantum yield and photoluminescence, InP-ZnS QDs can be further used as biomarkers in
biology systems or for cancer therapy where QDs can be sensitized by bacteria in the human
body using bio-ligands. The scope is thus wide open for taking the area of my thesis research
many steps further for the benefit of new technology with applications in areas that are useful
for society and mankind.
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