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Abstract 

Energy is a determining factor in the prosperity of societies all around the world. Electricity is the 

most modern form of energy, with rapidly expanding market applications, and is mainly produced 

by combustion-based technologies. These, combined with wide-spread consumer electronics, pro-

duce vast amounts of ‘low-grade heat’ whose temperature is too low to efficiently recover by 

conventional means. Thermoelectric generators (TEGs) have received renewed interest as they 

can partially recover these losses using special materials, exhibiting the thermoelectric effect, to 

convert heat-to-electricity directly with no moving parts. The key drivers to this are; (i) strong 

political will for energy recovery, (ii) new attentions to space exploration, an industry with his-

torical ties to TEGs, and (iii) technological advancements in microelectronic manufacturing. 

Relatively recent discoveries (silicides) and these modern techniques (ion-implantation) are com-

bined to form nano-engineered silicon compounds (primarily β-FeSi2 nanoinclusions) and inves-

tigate their thermoelectric properties. Highly doped p-type silicon wafers (3 ± 2 Ω cm), some of 

which silicon-on-insulator (SOI) (18 ± 4 Ω cm), were implanted with either xenon or iron either 

as wafers or microscopic lamellae (manufactured using a Focussed Ion Beam). The resulting sam-

ples were annealed at an array of temperatures (300-1000°C) and exposure times (102-105 s) for 

characterisation. The implants were performed at the University of Surrey IBC and University of 

Huddersfield MIAMI-2 with some samples annealed in-situ (in implanter holder) and most ex-

situ (Heriot-Watt University custom-built furnace) 

The samples were characterised for different properties, including; (i) electrical (van der Pauw 

resistivity, Seebeck), (ii) thermal (2ω, Raman spectroscopy), and (iii) morphological (XTEM, 

EFTEM-EELS, SEM, XRD, Raman) properties. Salient results are reported, such as the very ef-

fective thermal conductivity reduction using implant amorphisation (lowest recorded value of 

1.4 ± 0.1 W m-1K-1 at 25°C for pre-annealed Xe-implanted SOI samples), an extensive study on 

the electrical resistivity of Fe-implanted SOI samples (best value measured for pre-annealed sam-

ples, with 9.8 ± 0.2 mΩcm at 150°C, although unstable), and correlations between the properties 

and relative amounts of β-FeSi2. A Raman thermal conductivity method, developed by Wight et 

al. (2019), successfully showed that the as-manufactured lamellae are 2.17 ± 0.33 W m-1K-1 and 

iron-implanted (5×1016 ions cm-2, annealed at 950°C), are 6.54 ±1.40 W m-1K-1. A study on See-

beck has been carried out with up to 355 μV K-1 found for an Fe-implanted (300°C for 103s) 

sample at 75°C, although most were not responsive to the equipment. 

The experimentation has successfully shown that a drastic reduction in thermal conductivity is 

possible through the implantation using both xenon and iron on different structures, SOI wafers 

and silicon lamellae, and that electrical properties can be boosted with iron silicide nanoinclusions 

under certain conditions. Silicon-based thermoelectrics are highly compatible with the versatile 

technique of ion-implantation and can bring about potentially viable thermoelectric materials. 

Further development in this area is hopeful and represents an opportunity to serve new consumer 

and industrial applications by portable energy harvesting techniques. 
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1 Introduction 

1.1 Wider Research Context 

1.1.1 Problem Statement 

The production of electrical power plays a central role in contemporary society. From simple 

home lighting to large-scale industrial processes, electricity (and energy more broadly) has a sig-

nificant impact on the lifestyle of a society and the wealth of nations at large. With the advance-

ments of miniaturised electronics, renewed interest in space exploration, and the push for alterna-

tives to carbon dioxide emitting fuels, the demand for electricity is growing rapidly. 

In addition to these demand-led factors, there is also a great potential in recovering energy from 

numerous sectors of the economy in the form of ‘waste heat’ (also known as low-grade energy, 

high-entropy energy, low-utility energy, etc.). Conventional electrical generation relies on the 

conversion of chemical potential energy (fuel) into high temperature (‘high grade’) heat which, 

in turn, is used in a boiler (generates steam that runs turbine generators). The Laws of Thermody-

namics and practical engineering determine that a proportion of the heat must be rejected as waste 

heat to drive the heat engine (this is a direct consequence of the Second Law). Waste heat consists 

in low-temperature sources of energy, such as heated cooling fluids or hot exhaust gasses, which 

are not hot enough to raise steam for the turbine-generators (i.e. doing thermodynamic work) 

efficiently. This is dictated by Carnot's Limit (see Equation 1-1, below) (Borgnakke & Sonntag, 

2013, pp. 216, 233) which shows that thermodynamic efficiency (η, %) is a function of the abso-

lute temperature of the hot- (TH, K) and cold (TC) reservoirs. The former should, ideally, be as 

high as possible (and/or the cold reservoir as close to absolute zero as possible) in order to obtain 

an efficient process that is both practical and economical. 

η = 1 −
TC

TH
 Equation 1-1 

Across all economic sectors, waste heat represents a significant portion of the world's primary 

energy losses. According to a study performed by Forman et al. (2016) approximately three-quar-

ters (72%) of all waste heat is lost during conversion steps (this includes that energy rejected as 

deemed too low of a temperature to be of economical use). These findings are corroborated by 

the Lawrence Livermore National Laboratory (2019) using data available from the U.S. Depart-

ment of Energy and the U.S. Energy Information Administration Monthly Energy Reviews of 

2018 (U.S. DOE and EIA/MER, 2018) where just over two-thirds (68%) of energy is classed as 

“Rejected” (Figure 1-1, overleaf). Note that energy is given in the units of Quadrillion British 

Thermal Units (“Quads”). Forman et al. (2016) also found that 63% of the losses (so about 42% 

of the overall) are contained in streams at temperatures less than 100°C. This is an important fact 

as it represents the main target for energy recovery systems and their design, specifically for this 

research project. 
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Figure 1-1: U.S. Energy Flow Chart for 2018, showing source breakdown by type (left categories), 

intermediate conversions, and waste heat magnitude (light grey) relative to used services (dark grey) 

(LLNL & DOE, 2019) 

One method to recover low-grade energy for electricity production is by using thermoelectric 

generators (TEGs) or thermoelectric devices (TEDs). The thermoelectric effect is a group of phe-

nomena that transform a temperature difference across a material to an electromotive force, volt-

age and electricity, or vice-versa (since thermoelectric modules can function reversibly as either 

a heat pump or a direct current (DC) generator). The field is therefore concerned with the study 

and development of the science and technologies associated with thermoelectric energy genera-

tion and refrigeration (Rowe (editor), 2006, p. v). 

TEGs operate under the general principle of a ‘heat engine’, i.e. exploiting heat sources and sinks 

to produce useful work or energy, but what differentiates TEGs from common heat engines, those 

driven by fuel combustion in a gas or steam turbine, is that the heat-to-electricity conversion is 

direct and with no moving parts (Sonntag et al., 2003, pp. 7, 215). The manner in which such a 

conversion takes place is rooted in the intrinsic physical properties (electrical resistivity, thermal 

conductivity, Seebeck thermopower, etc.) of the materials used to construct the TEG (detailed in 

Section 1.4, with the introduction of the thermoelectric effects) as well as influences from their 

structuring (broadly covered throughout Section 1.6). The general arrangement structure of TEGs 

is an alternating stack of p- and n-type semiconductor materials (see Figure 1-2, overleaf) whose 

purpose is to generate sufficient voltage to harvest electricity or power a device. From the sche-

matic, it is possible to see how the flow of heat from hot- to cold side (TH → TC) causes the charge 

carriers (electron holes and electrons in the p- and n-type legs, marked as h+ and e-) to diffuse and 

induced a potential difference (voltage) that manifests as a current. 

LLNL-MI-410527 
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Figure 1-2: Thermoelectric generator (TEG) cross-section view (Montecucco & Knox, 2015) 

 

In the case of conventional electricity generation, the amount of lost heat from conversions and 

point-of-use equipment warming is significant and TEGs can be a technology to recover and use 

this, mostly untapped, resource. The main bottleneck to the use of TEGs as a wide-spread energy 

recovery method/technology is their achievable energetic efficiency, economic factors, and mass-

production manufacturing practicalities. These represent their main challenges but are also an 

attractive opportunity that can be developed to harvest additional energy (from many processes) 

and convert it to usable electricity. 

1.1.2 History of Thermoelectrics 

Despite the discovery of the thermoelectric effects in the mid-1800s, whose physical theories are 

laid out in Section 1.4, technological development in this field did not become prominent until 

World War II. In that instance, TEGs were used in the Soviet Union's military mess kit (multi-

purpose backpacking utensil set) to power a small radio (Rowe (ed.), 2006, pp. AI-3). 

Significant developments were made in the post-war period, prevalently 1950s and 60s, with the 

advancement of both thermoelectric theory and semiconductor technology. This period saw one 

of the most prolific progressions of the field because large consumer goods companies (e.g. 

Whirlpool and General Electric) became involved in the research and development of these de-

vices. The research culminated with the production of TEDs that were for the most part used for 

speciality cooling applications (Peltier devices) in the military and aerospace sectors. 

From the mid-60s onwards research interest declined as the industry did not grow and expand 

into the broader consumer market and, consequently, businesses could not afford further techno-

logical development. As a result, investment was directed only to niche applications where power 

reliability would trump efficiency concerns (such as military or scientific endeavours, primarily 

space exploration). During this brief scientific hiatus, which lasted until the early-to-mid 80s, 

many of the theories developed in the 40s and 50s made successful developments to the device 

stage. The main advancement was achieved when the thermoelectric science was met by nuclear 
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power sources which resulted in the birth of radioisotope thermoelectric generators (RTGs). The 

principle was to use a radioactive source, whose decay generated heat, to power the TEG and 

these could now be used as independent modules. These RTGs were even used as nuclear-pow-

ered cardiac pacemakers, although this was not their primary application and may raise some 

health and safety concerns today. Nuclear energy applied to thermoelectric systems gave com-

plete freedom and independence to TEGs as, for example, radioisotopes such as plutonium-238 

were used as a reliable and predictable heat source (Rowe (ed.), 2006, pp. AI-1 to 8). 

The final, and current, wave of interest in thermoelectric research started in the 90s when technical 

advancements were combined with environmental concerns. The latter reason being largely 

linked to international political activities, for example through the 1992 United Nations' Frame-

work Convention on Climate Change (UNFCCC), which exalted the potential and importance of 

waste heat recovery and more technological developments were to be funded for this end-goal. 

More importantly, however, were the scientific breakthroughs made during this period. One of 

such developments was the reintroduction of the realisation that mono-dimensional materials 

could hold a key to improving the thermoelectric properties of a material exploiting quantum-

level effects in the material. This renewed interest, widely attributed to Hicks & Dresselhaus 

(1993b), although similar comments were made by Lidorenko et al. (1970) more than two decades 

prior, spawned a new branch of research in nano-structured materials and thin-film devices. The 

nanostructuring and scale reduction of materials proved successful in raising TEG performance 

in the following decade, as summarised in reviews by Dresselhaus et al. (2007) and Kanatzidis 

(2010). This development approach could now provide enhanced control over the crucially inter-

dependent and conflicting material properties (such as thermal- and electrical conductivity, see 

Section 1.5) which, compounded with other nano-scale and/or quantum size effects (see Khan & 

Ahmad, 2017), resulted in the improved device performance over materials of the same compo-

sition (Rowe (ed.), 2006, pp. 48-2). Under this nano-structuring approach silicon was identified, 

by research groups such as Boukai et al. (2008) and Hochbaum et al. (2008), as a well-performing 

material at ambient temperatures in the form of nanowires (NWs). It soon became clear, through 

extensive literature review, that the main frontiers in the field were those of multiscale defect 

engineering (a form of nano-scale engineering), controlled anharmonicity (a term relating to lat-

tice vibrational dynamics), and an increased use of earth-abundant and non-toxic materials (such 

as silicon) (He & Tritt, 2017). 

1.1.3 Research Opportunities 

The niche advantages of TEGs are, with respect to conventional electrical power generation meth-

ods, largely established in their strategic placement (i.e. their location is independent of the elec-

trical grid) and their great reliability rather than their overall economics. Consequently, it comes 

as no surprise that, up until a few years ago, close to the totality of the market (96% by volume), 

was dominated by military and aerospace applications with only the remaining fraction reserved 

for other industries and non-consumer uses (Zervos, 2012). Recent developments in the field and 
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growing interest in wireless sensor and actuator technologies (also known as Internet of Things, 

IoT) are rapidly changing the market players and so the share attributed to military and aerospace 

sectors has drastically reduced to approximately 63% by 2016 (Zervos, 2017). 

When combining established and emerging uses of TEGs, the main advantages can be summa-

rised into three categories; (i) primary energy recovery, (ii) micro-electronic applications, and (iii) 

generator mobility. Firstly, increasing overall efficiency of current combustion systems (electric-

ity generating, industrial, or in transportation) by using TEGs for the partial recovery of waste 

heat may increase the supply and therefore affordability of electrical energy (depending on the 

affordability and practicality of the TEG). This also achieves diversification of the energy supply, 

can improve energy security, and could reduce primary fuel usage (such as coal or oil) which 

could in turn decrease the environmental footprint of the energy supply system. 

Secondly, the small size of TEGs and their energy production scale encourage their use in niche 

or emerging applications such as wearable technologies, space exploration, or Internet of Things 

(IoT). The European Commission has outlined how alternative energy harvesting technologies, 

in which thermoelectricity plays a dominant role, could be instrumental in aiding the rise of IoT 

markets (Probst et al., 2017) whereas the continuing reduction in size of micro-processors and 

other electronic equipment is boosting a trend in wearable electronic devices. Low-Cost Thin 

Film (LCTF) TEDs are good candidates to power these wearables since they require milli-Watt 

amounts of energy, which these modules are able to provide. TEDs for this application would 

require flexible, cheap, and durable materials and must be able to generate a suitable electrical 

current from the small temperature difference between the skin and surrounding environment. 

Thirdly, the portability of TEG modules allows for in situ energy generation that negates or re-

duces, in part, the need for- and problems relating to battery-pack mass or other local energy 

storage instrumentation and equipment (depending on the type). Whilst the prospect of body-heat 

powered electronic devices may still be relatively remote, the Multi-Mission Radioisotope Ther-

moelectric Generators (MMRTG) developed by the United States' National Aeronautical and 

Space Administration (NASA) are a consolidated technology that has been, and continues to be, 

used in the Martian rover Curiosity since 2012 (NASA-SMD, 2016, pp. 19-20). Electricity is a 

fundamental resource in space missions as it is used in the core functioning of on-board instru-

mentation and data transmission antennae whose need is, for many near-sun applications (e.g. 

earth observation), satisfied by solar photovoltaic cells (PV) and/or non-rechargeable batteries. 

Whilst these conventional methods and technologies are usually sufficient for near-sun purposes 

this is not applicable to missions beyond Earth or the solar-system as problems such as low solar 

intensity (e.g. deep space missions), places where PV performance can drop significantly due to 

dust-settling (planetary landing missions such as Mars), or unfavourable day/night cycling (Lunar 

missions) (Datas & Martí, 2017) can be encountered. Nuclear power systems (NPS) or radioiso-

tope power systems (RPS), such as the aforementioned MMRTGs, work with thermoelectric prin-

ciples in order to produce electricity without the need for PV cells (Zakrajsek et al., 2016). In situ 
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electricity generation and portability also suggests that the technology does not require grid infra-

structure and centralised energy production, which is a great advantage for certain consumer mar-

ket penetration (e.g. remote or low-infrastructure areas, wearable technologies, etc.) or other ap-

plications such as deep-sea water missions (Xie et al., 2016). 

To make the final leap into consumer electronics, the main requirements for TEGs are of produc-

tion scalability, product safety, and technological reliability. This means that next generation 

TEGs, if the field is to grow and receive private investment, need to be made using cheap, non-

toxic, abundant materials with straightforward or automatable manufacturing. Additionally, with 

factors pertaining to product reliability, intricate nanostructures could result in fragile devices 

prone to random failure; a condition that must be avoided for any consumer application. Encour-

agingly, work by Pennelli et al. (2013) showed that fabrication of robust silicon NWs was possible 

and provides a good basis for further exploration in nanostructured devices. This thesis reports on 

the use of novel manufacturing techniques, such as the use of ion-implantation and thermal an-

nealing, for the nano-structuring of silicon, which are part of the main research frontiers as iden-

tified by He & Tritt (2017), to boost thermoelectric properties and device performance. 

In summary, TEGs can reduce the fuel intensity of electricity production, give rise to new market 

possibilities as they pave the way for wearable devices, and bring power to hard-to-reach locations 

on Earth or deep-space and planetary exploration missions. The current barriers to their commer-

cial development lie mostly with their (cost-effective) mass-manufacturing and accessibility to 

the general public (both on the tangible consumer application side as well as safety). 

1.1.4 Research Objectives 

1) Demonstrate, develop, and optimise the manufacturing methods. 

High-energy ion-implantation followed by thermal treatment is a novel method for the synthesis 

of thin-film thermoelectric materials. The research will firstly have to demonstrate that this meth-

odology is apt at creating a material with thermoelectric properties and secondly mature an under-

standing of the interaction the measured properties have with respect to the design variables. This 

will be undertaken for both the implantation (e.g. ion dosage, implantation energy, beam orienta-

tion, substrate temperature, etc.) and the annealing process (e.g. annealing temperature, exposure 

time, processing atmosphere, etc.). Finally, the built know-how will be applied to optimise the 

manufacturing method for the specific elements used (e.g. iron in silicon) to engineer the samples 

to required specification. 

2) Technical and methodological development of in-house characterisation techniques. 

Reliable and robust characterisation of the electrical and thermal properties (and associated quali-

tative data, such as micrographs or spectra) of the engineered materials is of prime importance to 

this and future research (the scientific community at large). Confirmation and improvement of the 

previously developed equipment and methodologies are a cornerstone of this project where partic-

ular emphasis will be placed on the functionality, precision, and reliability of the techniques. To 
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this end, numerous templates (physical and software) will be developed to ensure accurate, com-

plete, and highly detailed information is collected on every sample in the most efficient way pos-

sible. These proformas will be incorporated into an all-encompassing methodology to standardise 

the sample characterisation. 

3) Scientific inquiry and relation to existing body of work  

The field is active and has been evolving since the new wave of research and development has 

started. There are many frontiers that can be tackled or, as is the case for this research, combined 

to create a greater understanding of the science behind this field. For example, understanding the 

formation and growth of the desired crystal phases and their optimal size distribution is one of 

many aspects that can be explored in depth. Novel techniques such as ion-implantation are capa-

ble of precise, targeted, and versatile manipulation of matter in ways to truly nanostructure and 

nanoengineer a well-designed material with ideal chemical and morphological attributes. 

1.2 Thesis Scope, Content, & Structure 

The structure and chapter content of the thesis is described below; 

• Chapter 1 outlines the underlying physical phenomena, established theory in the field of 

thermoelectrics, and a specific literature survey most pertinent to the core topic of iron 

silicide nanoinclusions in thin-film silicon thermoelectrics 

• Chapter 2 presents the various experimental methodologies (including brief background 

theory) required for the different stages of the research process cycle; from simulation and 

ion-implantation to thermal annealing and characterisation of the samples 

• Chapter 3 is the experimental design based on Monte Carlo simulations (SRIM-2013 soft-

ware package) and the surveyed literature 

• Chapter 4 illustrates the salient results with processed data and figures for the research 

relating to the Xenon (Xe) implantation 

• Chapter 5 illustrates the salient results with processed data and figures for the research 

relating to the Iron (Fe) implantation 

• Chapter 6 gives some insight on the outlook of iron silicide nanoinclusions in thin-film 

silicon thermoelectrics, possibilities for further work, and a summary of the doctoral re-

search project conclusions 

1.3 Literature Survey 

As established with the brief overview of thermoelectrics history, covered above, two of the lead-

ing developments of this field, identified by He & Tritt (2017), are those of (i) nano-structured 

devices and (ii) the search for low-cost and safe materials. Whilst the focus of this literature survey 

is largely congruent with the end goal of building an up-to-date understanding of the intersection 

of these two frontiers, namely the nano-structural engineering of silicon, the work presented also 

contains relevant theory in topics tangential to the core focus. 

Through the review, it will become more apparent that silicon for thermoelectrics has many at-

tractive advantages that are central for potential breakthrough in consumer markets but has its 

own unique disadvantages that must be addressed. The high earth-abundance of silicon and the 
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excellent technology readiness level (TRL), due to its ubiquitous use in the microelectronics in-

dustry, makes it possible to obtain an array of high-precision, high-reliability, off-the-shelf prod-

ucts for modification and, potentially, large-scale manufacturing. Additionally, the non-toxicity 

to humans (Augustyn, 2020; Gao, 2018) is a distinctive advantage for product commercialisation 

as it would noticeably reduce some of the barriers to reaching the consumer market (such as health 

regulations and consumer confidence). 

Despite the numerous stated advantages, silicon for thermoelectric applications still has its chal-

lenges. Notably, when it comes to performance indicators (covered in Section 1.5), the thermal 

conductivity of bulk-silicon is relatively high when compared to other thermoelectric materials 

(Terasaki, 2011, pp. 333). This means that the potential to maintain the temperature gradient 

across the device or generator is greatly diminished and, with it, the possible electromotive force 

generated by the TEG (see Seebeck thermopower, Equation 1-2). This strongly stifles TEG per-

formance and therefore its viability (see the performance indicators, Power-factor and Figure-of-

Merit, in subsections 1.5.3 and 1.5.4). 

In recent years, manufacturing methods have also been evolving as they have moved from equi-

librium melt-growth processes, a thermal treatment process, to mechanochemical synthesis meth-

ods such as high-energy mechanical milling (HEMM). The use of mechanochemical synthesis 

methods accelerated during the 90s to the point of becoming the new standard practice for the 

manufacture of thermoelectric materials (Rowe (ed.), 2006, pp. 19-1). The traditional alloying-

and-synthesis methods (such as HEMM) have most likely reached their natural performance lim-

its (Rowe (ed.), 2006, pp. 20-6) therefore the new frontier for device fabrication is an opportunity 

in developing methods with a different approach. A novel method, already used in other electronic 

applications such as doping (Larson & Williams, 2011), is that of ion-implantation which is the 

focus of this research project. 

1.4 Thermoelectric Effects 

The thermoelectric effect is a generic term used to describe the interactions between a temperature 

differential and electrical energy generation in dissimilar conductors. It combines the basic prin-

ciples of three distinct phenomena; the Seebeck, Peltier, and Thomson effects that were first ob-

served by Seebeck (in 1821), Peltier (1843), and Thomson (1854), respectively. Each effect de-

scribes a subtly different interaction a material can have with heat source, heat sink, and electrical 

current. The first and second thermoelectric effects are often combined in nomenclature as the 

Seebeck-Peltier effect due to their exact reverse outcomes. The most relevant and widely used 

measure of the thermoelectric effect is the Seebeck coefficient, discussed in this section (Rowe 

(ed.), 2006, pp. 1-1 to 3). This and the next section (1.4 and 1.5) also cover established funda-

mentals of the thermoelectric field of study and are therefore heavily reliant on the use of the 

textbook authored and edited by Rowe (ed.) (2006). 
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The thermoelectric effect is induced by the diffusion of charge carriers, either electrons or ‘elec-

tron holes’, which do not participate in the covalent bond structure of the material. The diffusion 

of these ‘free’ carriers is due to the thermal gradient present between the two extremities of ther-

moelectric material. In semiconductors such as doped silicon the carriers are dependent on the 

dopant species, which determines if the sample is a p-type or n-type, and their concentration. As 

the name suggests, p- and n-type semiconductors appear to have positive free charge carriers 

(electron holes) or negative ones (electrons), respectively. This is achieved by introducing atomic 

species with less valance electrons (Group III elements, such as boron and gallium) or more va-

lence electrons (Group V elements, such as phosphorus and antimony) than the target matrix 

which, in this case, is silicon (a Group IV element) (Chen et al., 2009). This structure is illustrated 

in Figure 1-3, below (note that electron holes are also referred to as ‘acceptors’ and free electrons 

as ‘donors’). In a realistic silicon semiconductor structure the concentration of impurities (Group 

III or V elements) can range from 1013 cm-3 (low doping, 1 impurity to 10 million atoms of 

silicon) to 1018 cm-3 (1 to 1000) after which the semiconductor is said to be degenerate. 

 
Figure 1-3: Schematic bond diagram for doping of Group IV elemental semiconductor (Si, C, Ge, Sn) 

with Group V elements (N, P, As etc.) as n-type dopants, and Group III elements (B, Al, Ga etc.) 

for p-type doping (Chen et al., 2009). 

 

The movement of these charge carriers is due to thermal diffusion and, when closed in a circuit 

of alternating n- and p-type semiconductor legs, produces the electrical current known as thermo-

voltage when heat is applied (the Seebeck effect). Conversely, applying an electrical current to 

this set-up will cause heat to transfer from one side to the other of the material with simultaneous 

heating and cooling of the opposite extremities (the Peltier effect). 

1.4.1 Seebeck Effect and Coefficient 

The Seebeck effect is the appearance of an electromotive force (emf, measured in volts) at the 

junction between dissimilar conductors over which a heat differential exists. This is the same 

principle behind a thermocouple measuring device, where the output voltage is temperature de-

pendent (effectively making the thermocouple a transducer with a digital output) (Rowe (ed.), 

2006, p. 1-2). On the atomic scale, the Seebeck effect is the diffusion of charge carriers from the 
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high temperature heat source towards the heat sink as illustrated by Figure 1-4, below. The N and 

P indicate materials whose ‘free charge carriers’ are negative and positive respectively such as 

those in n- and p-type doped semiconductors or dissimilar conductors with selected properties. 

 
Figure 1-4: Thermoelectric Generator Diagram (Seebeck Effect) 

showing heat- and electricity flow due to electron and hole diffusion (Brazier, 2008b) 

 

The thermoelectric voltage or thermovoltage (dV, measured in volts) induced by the Seebeck 

effect is proportional to the absolute temperature difference over the sample (dT, Kelvin). The 

Seebeck coefficient (S, measured in V K-1), also known as thermopower, is therefore the degree 

with which a material pair can induce this voltage relative to the temperature differential applied 

(Equation 1-2, below). 

S = −
dV

dT
 Equation 1-2 

Note that both the thermovoltage and temperature difference are given in differential notation. 

This is because the Seebeck coefficient is also a function of absolute temperature, meaning that it 

is more accurately found when the limit between hot and cold temperature approaches zero (prac-

tical implications aside). Theoretically, by applying a known temperature difference to a sample 

and concurrently measuring the resulting thermovoltage one can apply Equation 1-2 to calculate 

the Seebeck coefficient for any given material pair. This, however, is a rudimentary method which 

has since been surpassed (as discussed in the methods subsection 2.5.2, the formula developed by 

de Boor & Müller (2013) is derived and used). 

1.4.2 Peltier Effect and Coefficient 

The Peltier effect is the simultaneous heating (heat emission) and cooling (heat absorption) of 

opposite extremities of dissimilar conductors in response to an applied electrical current. Funda-

mentally, this works as a heat pump and is, by definition, the reverse of the Seebeck Effect (dis-

cussed above). This is represented schematically by Figure 1-5, overleaf. 
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Figure 1-5: Thermoelectric Cooler Diagram (Peltier Effect) 

showing heat- and electricity flow due to electron and hole diffusion (Brazier, 2008a) 

 

The Peltier coefficient (Π, measured in V) is therefore the measure of how much heat (Q̇, meas-

ured in W) is carried per unit current (I, Ampères or C s-1) as described by Equation 1-3, below. 

This arises from the same rationale explained in the previous subsection and Π is therefore treated 

as the proportionality coefficient between input current and heat flow. 

Π =
Q̇

I
 Equation 1-3 

The heat flow in a Peltier device can also be reversed by changing the direction of the current 

through the circuit, as the underlying physical principles will apply in the same way. 

1.4.3 Thomson Effect and Coefficient 

The Thomson effect exists when a single material is subject simultaneously to a temperature gra-

dient and electrical current flow. The Thomson coefficient (τ, measured in V K-1, the same as the 

Seebeck coefficient) relates a conductor's rate of heat generation due to a passage of current where 

a temperature difference exists. These conditions will lead the material to exchange heat with the 

surroundings where current flows through it and, conversely, a current will be generated where 

heat is exchanged (Rowe (ed.), 2006, p. 1-3). 

As defined by Equation 1-4, below, where the transfer of heat (Q̇, W) in each fragment of circuit 

with an electrical current (I, C s-1) and a localised temperature difference (∇T, K) are known. 

τ =
Q̇

I∇T
 Equation 1-4 

This coefficient is rarely used in the scientific literature as it is mostly applicable to unusual con-

ditions (i.e. heating an electrical circuit) and that it is a redundant measure (as will be seen in the 

next section with the Kelvin Relations introduced by Thomson). 
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1.4.4 Kelvin Relations and Equivalence of the three Thermoelectric Effects 

In 1854 Lord Kelvin (William Thomson) showed that the three thermoelectric coefficients are 

related. For example, by combining Equation 1-3 and Equation 1-4 the Thompson and Peltier 

effects are shown to be related by Equation 1-5, below (Rowe (ed.), 2006, p. 1-3). 

Π = τ∇T Equation 1-5 

In addition to this, relationships between the Thomson, Peltier, and Seebeck coefficients were 

found to imply that each thermoelectric effect is indeed a subtly different expression of the fun-

damental thermoelectric effect as shown by Equation 1-6 and Equation 1-7, below. 

τ =
dΠ

dT
− S Equation 1-6 

Π = TS Equation 1-7 

The Thomson relations cited above can be used to determine the absolute material-specific Peltier 

and Seebeck coefficients if the Thomson coefficient for the same material is measured over a 

wide temperature range (Thipse, 2013, p. 6-10). Additionally, from these it is then possible to 

affirm that both the Peltier and Thomson coefficients, and by extension the thermoelectric effect 

in general, can be uniquely characterised by the Seebeck coefficient alone. 

1.5 Performance Indicators 

Good thermoelectric materials require high electrical but low thermal conductivity to perform 

optimally, a concept known as phonon glass (poor thermal conduction) and electronic crystal 

(good electric conduction) (Terasaki, 2016), sometimes abbreviated as PGEC. The combination 

of these conditions is advantageous because the material requires both a good electrical conduct-

ance, as it is its primary function, and concurrently maintain the temperature gradient across it, 

which allows it to continue to function as intended. 

The important thermal and electrical material properties involved, including key derived perfor-

mance indicators, are summarised in Table 1-1. These are needed to assess the strengths and 

weaknesses of the TEG or simply their viability. 

Table 1-1: Thermoelectric performance indicators by type and their significance 

Performance Indicator Sym Type Significance 

Electrical Conductivity σ Fundamental Ease of current passage 

Thermopower (Seebeck) S Fundamental Obtainable emf from predefined 

temperature difference 

Thermal Conductivity κ Fundamental Ability to retain temperature diff. 

Power-factor PF Derived Deliverable Power Output 

Thermoelectric Figure of Merit zT Derived Overall Efficiency 
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1.5.1 Electrical conductivity 

Electrical conductivity (or ‘specific electrical conductance’, σ, measured in S m-1 where S stands 

for Siemens) is the ability to transfer electrical charge across a finite piece of conductive material. 

Often, however, it is the electrical resistivity (ρ), having units of Ω m (Ohm-meter), that is cited 

in experimental results or published literature as it is more practical to measure. Electrical con-

ductivity is simply the reciprocal of electrical resistivity (as shown in Equation 1-8), both of which 

are intrinsic material properties. 

ρ ≡ σ−1 Equation 1-8 

Resistivity is the measure of electrical energy dissipation in a sample and, combined with the 

geometry of conductor broadly defined by the length (L, meters) and cross-sectional area (A, m2), 

the overall electrical resistance (R, Ω) of the material can be found (as described in Equation 1-9). 

R = ρ
L

A
 Equation 1-9 

The corollary of Equation 1-9 is that the resistance of a specimen is directly proportional to its 

length (longer conductors exhibit a higher resistance) and inversely proportional to its cross-sec-

tional area (thicker conductors exhibit a lower resistance). See any standard physics textbook, 

such as Hamper & Ord (2007), for a background in electrical resistance and resistivity. 

In this research, the resistivity of samples will be measured using the van der Pauw method 

(1958), as outlined in the methods chapter (subsection 2.5.1). 

1.5.2 Thermal conductivity 

The thermal conductivity (κ, measured in W m-1K-1) of a material is an intrinsic property that 

measures the ability to transmit heat energy through it. It is also important to note that, as a direct 

consequence of the Second Law of Thermodynamics (heat flows from high to low temperatures), 

the thermal conductivity coefficient, κ, is always greater than 0. 

κ is derived from the definition of heat flux (q⃗̇ ), which is a measure of heat energy flow per unit 

area (W m-2), as defined by Fourier's Law of heat conduction. This can be rearranged to define 

thermal conductivity as that coefficient that relates heat flux to the temperature driving force as 

shown below in Equation 1-10 (Tung et al., 2009). 

κ = −
q⃗̇ 

∇⃗⃗ T
 Equation 1-10 

This is the differential form of the Law, where ∇⃗⃗ T represents the temperature gradient across the 

medium (expressed in K m-1) as the sum of the local temperature gradients in all Euclidean direc-

tions (multi-dimensional heat flow with partial derivatives, see Tung et al. (2009) for further de-

tails.). The temperature gradient can, assuming monodirectional flow, be simplified as the first 

derivative of temperature (T, K) with respect to the length (L, m) of the conductor (see Equation 

1-11, overleaf. For the full simplified equation, see Equation 1-18 in subsection 1.5.4). 
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∇⃗⃗ T ≅
dT

dL
 Equation 1-11 

Thermal conductivity is not an easy parameter to measure. This is especially true for thin films 

and materials with complex geometries. The general principle involves heating the material, either 

electrically or optically, to then measure the heat transported (see subsection 2.5.3 for the 2ω and 

Raman laser methods used in this research). 

A final note regarding thermal conductivity that is pertinent to the field of thermoelectrics, is that 

there is a difference between lattice- (κL) and electronic (κe) thermal conductivity. Each type is 

part of the overall thermal conductivity (κ), where there are contributions coming from both com-

ponents (as shown in Equation 1-12). 

κ = κe + κL Equation 1-12 

The lattice conductivity is the component that is due to the phonon propagation (vibrations in the 

structure) that transport the heat energy through the material whereas the electronic contribution 

is due to the freely moving valence electrons that carry heat as they pass through the circuit. The 

phonon contribution is that which can realistically be reduced without compromising the electrical 

properties of the material (such as the Seebeck coefficient) whereas the electronic contribution 

cannot be altered without impacting the material electrical properties as the heat transport is di-

rectly linked to the flow of electrons. For many of the semiconductor applications, such as ther-

moelectric materials, the lattice thermal conductivity (κL) is the dominant term such that Equation 

1-13, below, is true. This is best illustrated in the schematic (Figure 1-6, overleaf) which shows 

how these conductivities behave as a function of carrier concentration. 

κe ≪ κL Equation 1-13 

Note that the nomenclature in the original reference for Figure 1-6 is different than that used 

throughout this thesis and so it has been adapted for consistency. The schematic illustrates that 

for many thermoelectric applications lattice thermal conductivity is what dominates overall ther-

mal conductivity and, as such, represents the target for performance improvement of any material 

employed in TEGs. From the schematic, it is also apparent that accurate doping is of great im-

portance in the optimisation of thermoelectric materials (e.g. maximising power-factor, Sσ2, as 

will be discussed in the next section). 
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Figure 1-6: Schematic dependence of electrical conductivity, Seebeck coefficient, power-factor, and thermal 

conductivities on free carrier concentration in semiconductors. Adapted from Rowe (ed.), (2006, p. 1-8). 

 

1.5.3 Power-factor 

The power-factor (PF, measured in W m-1 K-2) is a benchmarking parameter that indicates the 

amount of electrical power a material can deliver through thermoelectric effects, but does not give 

any information about the process efficiency. It is derived by applying the equation for electrical 

circuit power (Pel) in terms of voltage and resistance (Equation 1-14, below, taken from any stand-

ard physics textbook) can be applied in this context to find it in terms of the thermoelectric prop-

erties discussed earlier (Seebeck coefficient, electrical resistivity). 

Pel =
V2

R
 Equation 1-14 

Using the definition of Seebeck coefficient (Equation 1-2) and the resistance to resistivity con-

version (Equation 1-9) the result is Equation 1-15, overleaf. The terms have been rearranged to 

highlight the materials properties related to performance (Seebeck and resistivity, to the left of 

the multiplication sign) and those related to the application or use of said material (cross-sectional 

area to length ratio and operational temperatures, on the right of the multiplication sign). 

Pel =
S2

ρ
×

A

L
(dT)2 Equation 1-15 
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The PF is then that measure given by the product of the square of the Seebeck coefficient and 

electrical conductivity (recalling the reciprocal equivalence between electrical conductivity and 

resistivity stated by Equation 1-8, above) as shown in Equation 1-16, below. 

PF = S2ρ−1 ≡ S2σ Equation 1-16 

The PF has units of W m-1 K-2 (similar to the thermal conductivity, with an additional division by 

temperature) which indicates that it is the amount of energy that can be extracted for a given 

temperature difference and unit device length. By the method it was derived, the PF is directly 

related to the maximum power output of the material or device (thus its name). 

1.5.4 Thermoelectric Figure of Merit 

The most significant and commonly cited performance indicator in thermoelectric applications is 

the Thermoelectric Figure of Merit, zT, which is a dimensionless value used to quantify the effi-

ciency of a TED. As such, it is based on the quotient of the electrical power (Pel, whose units 

simplify to J s-1) to thermal power (Q̇, in J s-1) which represents the electricity that can be extracted 

from a given unit of heat input to the system. This is shown in Equation 1-17, below. 

η =
Pel

Q̇
 Equation 1-17 

The electrical power can be represented in terms of the relevant physical properties and applica-

tion parameters as done in Equation 1-15, above, whereas the thermal power can be converted to 

a one-dimensional application of Fourier’s Law of Heat Conduction, shown in Equation 1-18, 

below. This is a simplification of Equation 1-10, shown previously. 

Q̇ = −κA
dT

dL
 Equation 1-18 

Where A is the cross-sectional surface area and dT over dL represent the temperature difference 

over the distance of the two ends of the material. Substituting these terms and simplifying yields 

Equation 1-19, below. 

η =
Pel

Q̇
=

S2ρ−1dT

−κ
 Equation 1-19 

This equation is very similar to that of zT, shown in Equation 1-20, as derived by Neophytou 

(2020) with the additional distinction between lattice and electronic thermal conductivity shown 

previously in Equation 1-12. This indicator, zT, represents a practical measure of efficiency of a 

thermoelectric material and is highly used in the scientific community. 

zT =
S2T̅

ρ(κe + κl)
 Equation 1-20 

Upon further examination of Equation 1-20 one can note that PF and zT are related. This is more 

apparent in Equation 1-21, overleaf, where the PF has been substituted in the equation. 
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The implication is that a high PF will correlate with a high zT and that higher average operating 

temperatures and lower thermal conductivities are beneficial to the Figure of Merit. 

zT = PF
T̅

κ
 Equation 1-21 

At this point an important distinction must be made between material Figure-of-Merit (zT) and 

device Figure-of-Merit (ZT). Snyder & Toberer (2008) note that zT and ZT are, quite understand-

ably, often confused and sometimes it is unclear which is being discussed. The two are calculated 

in the same way (given by Equation 1-20, above), however the former refers to a material perfor-

mance whereas the latter to a device (TED) as a whole. Snyder & Snyder (2017) show that the 

device ZT (Equation 1-22, below) is found by calculating the maximum device efficiency with 

collected data (Equation 1-23, below that). The former equation is a manipulation of Equation 

1-23 whose full derivation can be found in Nemir & Beck (2010). 

ZT = [
TH − TC(1 − η

max
)

TH(1 − η
max

) − TC

]

2

− 1 Equation 1-22 

ηmax = (
TH − TC

TH
)

√1 + ZT − 1

√1 + ZT +
TC

TH

 Equation 1-23 

The implication of Equation 1-23 is that the maximum achievable efficiency of a TED is deter-

mined by the absolute operating temperatures (TH and TC, where it can be noted that the first term 

is the Carnot factor), which will be dependent on the application (as well as the TED physical 

properties, contained in ZT). The equation also shows that the maximum efficiency is reducible 

to be correlated with the average ZT in the operating temperature range. 

 
Figure 1-7: ZT efficiency comparisons to electricity generating technologies as a function of heat-source 

temperature (with RT heat sink). ZT values assumed invariant with temperature (He & Tritt, 2017) 

 

zT or ZT are a useful means to compare the performance between thermoelectric materials or 

devices and serve as to benchmark TEGs to current electricity generating technologies (e.g coal, 

nuclear, solar, and geothermal power) (see Figure 1-7, above). 
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Although most large scale and commercial energy generating technologies exhibit very high 

equivalent ZT values (4 and above for the most efficient example of each technology), the other 

strengths of thermoelectric generators (portability, waste heat recuperation, etc.) can already find 

a place in industry without reaching these efficiency levels. In fact, Vining (2009) argues that it 

is unlikely that TEGs will be able to compete with the mainstream technologies for large scale 

power generation, but should be thought of as a supporting technology to the be used in specialist 

applications or in energy recovery (e.g. vehicles) to further improve overall system efficiency. 

Problematically, measures such as zT, ZT, or other efficiency calculations are all based on aver-

aging and inexact approximations of temperature dependent properties, which is a limiting as-

sumption of the metrics. In addition, these indicators do not consider material compatibility lim-

itations (Snyder & Snyder, 2017) and the recognition that real-world TEDs operate across a finite 

temperature difference (Snyder & Toberer, 2008) which exhibit an internal temperature profile 

that will cause deviations from these theoretical calculations. 

1.5.5 Compatibility of Thermoelectric Materials and Additional Limitations 

The efficiency of a TED, as determined simplistically by the Figure of Merit (zT) discussed above, 

is derived by making various assumptions. The derivation presumes that the essential material 

properties (S, ρ, and κ) are constant with respect to temperature, the n- and p-type elements of the 

device are optimally compatible, and that the totality of heat flow takes place in a single dimension 

with no additional losses (Snyder & Snyder, 2017). In reality, all significant material properties 

vary with temperature and, when the operating temperature differences are wide, this can mean a 

large drop in efficiency and performance (as temperature changes from one end to the other of 

the device). There will also be problems with material compatibility between a p- and n-type leg 

or within a multi-material segmented leg and additional energy losses due to contact resistance 

(electrical losses at the joint between two or more segments or additional legs) or radial flow of 

heat (transfer of energy is not one-dimensional). 

Firstly, in Figure 1-8 (overleaf) a sharp decline in the Figure-of-Merit is apparent for most mate-

rials when temperatures rise above an optimal region (due to the decrease in electrical conductiv-

ity and Seebeck coefficient with rising temperatures). This is a problem which will naturally pre-

clude any given material from many applications since the optimal operational band is narrow 

and the physical properties (S, ρ/σ, κ) vary greatly. This challenge is (partially) overcome with 

the use of segmented thermoelectric modules, which is a technique that involves integrating mul-

tiple materials in a certain n- or p- type leg of the TED such that each selected material can be 

placed in an optimal position within the temperature profile (operating more productively). These 

segments are connected in series such that material properties are tailored to the temperature gra-

dient across the device (Tawha et al., 2016). The overall result is, as the material is tailored to the 

local operating temperature, that the (device) ZT will rise (discounting contact resistance effects 

and inherent practicalities of this method, however). 
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Figure 1-8: Best ZT values for representatives of p-type materials. Peak ZT values are observable for 

most materials, after which there is a more- or less sharp decline in efficiency (Godart et al., 2009, p. 42) 

 

Secondly, the compatibility of the n- and p-type legs themselves is another important aspect to 

consider. The two, or more, materials need to ‘match’ in order to maximise the efficiency of the 

device. The material matching is optimal when the relative current density (left hand side of Equa-

tion 1-24, where J is current) is equal to the compatibility factor (right hand side) (Enescu, 2019) 

J

k ∙ ∇T
=

√1 + ZT − 1

S ∙ T
 Equation 1-24 

The best conditions are found if the compatibility factor does not change significantly with tem-

perature for the materials used (each taken singularly) and, in addition, for the combinations of 

materials used (within an n- or p-type leg and between device legs). Since the compatibility factor 

is temperature dependant and complex, it is possible that single-material, homogenous, devices 

may also exhibit low (self-)compatibility. The indicator can therefore be used as a good guide to 

select and match good materials, engineer efficient segments, and manufacture these into opti-

mally compatible device legs (Enescu, 2019; Rowe (ed.), 2006, pp. 9-20 to 21). 

Finally, contact resistance is another (usually non-negligible) problem that arises naturally in the 

manufacturing of a TED or TEG. Joining two surfaces, like that of a segmented leg or more 

broadly in any connection in the device or generator, will result in the addition of a systemic and 

intrinsic resistance due imprecise contact (on a microscopic level) between the two surfaces. 

There can be many causes to contact resistance such as (commonly) microscopic surface rough-

ness and air-filled voids between the surfaces. As such, this effect is variable and depends on the 

characteristics of the surfaces in question and the methods that were used to join them together. 

Additionally, impurities or coatings, whether deliberate or through surface oxidation, will also 

affect the electrical properties of the contact and therefore reduce the efficiency or power-factor 

(or both) of the thermoelectric module. Both thermal and electrical contacts can be improved 

using specialised fluids such as thermal grease or specialised electrical paste that increase the 

contact surface area and guards against oxidation or other deposits that can affect the contact. 
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Another alternative is the use of specialised coatings, for example Khayam et al. (2014) present 

a Ni-Ag coating for electrical vehicle applications. Overall, there are many practicalities to con-

sider when engineering and manufacturing a TED/TEG to ensure maximised performance. 

1.6 Materials in Thermoelectrics 

Over the years a wide range of materials have been developed for thermoelectric applications. 

There are a variety of different classes of materials and within these there can be differences in 

optimal performance depending on the application they are used in. This is because, as seen pre-

viously in Figure 1-8 for example, the ZT and its constituent thermoelectric properties are strongly 

dependent on the operating temperatures of the module. Historically, practical TEDs have had a 

ZT of approximately 1 and, as a result, this value is considered the critical threshold for viability 

of a TED (Zlatić & Hewson (ed.s), 2009, p. v). Materials such as Bi–Sb and Bi2Te3–Sb2Te3 alloy 

combinations have been the state-of-the-art for many decades (1960s-1990s) despite their appli-

cations being limited to room temperature operation (Hochbaum et al., 2008). Bismuth Telluride 

(BiTe) in particular has been the best thermoelectric material (ZT of ~1) from the 70s to the mid-

90s despite it rapidly losing this efficiency when hot side operating temperatures reach 230°C or 

above (Fairbanks, 2008). Binary combinations of bismuth (Bi), antimony (Sb), lead (Pb), tellu-

rium (Te), and selenium (Se) (such as antimony(III) telluride, bismuth(III) selenide, lead(II) sele-

nide, bismuth antimonide, etc.) are commonly used alloys up to this day (Twaha et al., 2016). 

One of the advantages of these elements is that they are transition metals, post-transition metals, 

metalloids, and/or semimetals (Markov et al., 2019) that have multiple oxidation states and, as 

such, are versatile with their bonding capabilities. Since the inception of the thermoelectric field 

many different materials have been developed and these come in different classes (the main- and 

most of the secondary or emerging compounds are summarised in Table 1-2). 

Table 1-2: Main- & Secondary Thermoelectric Compound Classes (aggr. from Freer & Powell (2020), 

Nandhakumar et al. (ed.s) (2017), Rowe (ed.), (2006), and Twaha et al. (2016) ) 

S
ta

te
-o

f-
th

e-
A

rt
 

 Examples Section 

Lead Tellurides PbTe, Pb0.65Sn0.35Te 

1.6.1 Bismuth compounds Bi2Te3, Bi-Sb, Bi2Sb3, Bi8Sb32Te60 

Silicon Germanium Alloys SiGe, Si1-xGex, p-/n-doped Si0.8Ge0.2 

Skutterudites (Cage) CoAs3, Ba0.08La0.05Yb0.04Co4Sb12 

1.6.2 

S
ec

o
n
d

ar
y

 C
o
m

p
o

u
n

d
s 

Clathrates (Cage) Ba8In16Sn30, Ba8Ga16Ge30 

Chalcogenides (Cage) Tl9BiTe6, Cu5FeS4, AgPb18SbTe20 

Zintl Phases (Intermetallic) YbZn0.4Cd1.6Sb2, Zn4Sb3, Ca14AlSb11 
1.6.3 

(half-)Heuslers (Intermetallic) Hf0.75Zr0.25Ni0.8Sn0.975Sb0.025, TiNiSn 

Thermoelectric Oxides Bi-doped Ca3Co4O9, Bi2Sr2Co2Oy 1.6.4 

Organoelectric Metallopolymers poly(metal 1,1,2,2-ethenetetrathiolate)s 1.6.5 

Metal Silicides β-FeSi2, Mg2Si, MnSix, CrSi2, SiC 1.6.6 
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The state-of-the-art is led by (no pun intended) lead telluride (PbTe) and other bismuth com-

pounds coming from different combinations of the abovementioned group of elements (Bi, Sb, 

Pb, etc.). Silicon germanium (SiGe) has also long been known to have a favourable thermoelectric 

properties and is thermally stable even at higher temperatures (Lee et al., 2010) allowing it to 

operate for longer or in more optimal conditions. Materials such as skutterudites have, instead, 

found affirmation in more recent years (Khan et al., 2017) and are a subclass of other ‘thermoe-

lectric cage compounds’ (which include skutterudites, clathrates, and complex chalcogenides) 

where a rigid structure (cage) may contain other atoms that can ‘rattle’ inside. Related to the 

chalcogenides (Group VI element-based compounds) are the ceramic-/ thermoelectric oxides and 

other classed include the intermetallic compounds (e.g. Zintl phases and [half-]Heuslers) and 

other semiconductors (prevalently silicon and silicide compounds such as silicon carbide, dis-

counting the already developed silicon-germanium alloys) (Bathula et al., 2017; Pennelli & 

Macucci, 2013). Finally, there are also developing areas of research with organic compounds, 

offering lighter weight and flexible characteristics which can be useful in emerging applications 

such as wearable micropower devices (Sun et al., 2020). 

The scope for developing novel materials is vast but, in the optic of tuning already existing com-

pounds, there is another significant aspect to consider; the development of alternative manufac-

turing- or structuring techniques. This is because nanostructuring and introducing low-dimension-

ality in materials was noticed to improve thermoelectric performance. The area was explored after 

the seminal work of Hicks & Dresselhaus (1993a and 1993b), who derived mathematical proofs 

on the advantages of ultrasmall 1D and 2D materials (quantum-well structuring), speculated that 

there was potential to increase the ZT of Bi2Te3 (the best material at the time) by an order of 

magnitude with respect to the bulk (non-nanostructured) material property. Although Hicks & 

Dresselhaus are often credited with starting interest in this area of research, a conjecture of the 

use of microscale materials and porosity to similar effects dates as far back a Lidorenko et al. 

(1970), when they reported improved thermoelectric properties on porous materials. 

Using this approach it was noticed that reducing the Euclidean dimensionality of a thermoelectric 

material to 2D (i.e. quantum-well or superlattices), 1D (quantum- or nanowires) or even 0D (quan-

tum dots) nanostructures resulted in the increase of its performance over the bulk values and a 

significant body for research was built up in the 90s and 2000s on this topic (Dresselhaus et al., 

2007; Kanatzidis, 2010). The marked improvement of thermoelectric performance for these na-

noscale materials (< 100 nm), however, is not as straight forward as initially thought and still need 

to account for the construction of a 3D structure. The works by Kim et al. (2009) and Neophytou 

et al. (2011) outline how the conducting channels can be more effectively utilised at lower di-

mensions, but this is not guaranteed as it depends on other factors such as the packing density of 

the nanowires or superlattices (very thin and highly packed structures tend to perform better) or 

the distribution of conducting- and transmission channels must be optimal (approximating the 

delta-function). Nevertheless, it persists that the new nanostructuring approach proved beneficial 
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and can improve performance by 50% in Seebeck coefficient and 2- to 3-times in powerfactor 

improvement over bulk structured materials (Kim et al. ,2009; and Neophytou et al., 2011). In 

addition to this, these methods also provide a better control over the optimisation of the Seebeck 

coefficient (S), electrical resistivity (ρ), and thermal conductivity (κ) (which are interdependent 

and vary in contraposition with each other during device tuning) by using a more mindful ap-

proach to structuring. 

The outcome of this analysis shows how reducing the dimensionality of the material by micro- 

and nanostructuring can enhance the thermoelectric properties and is complementary to finding 

and developing new materials for thermoelectric applications. 

1.6.1 State-of-the-Art Compounds 

The most efficient and power-yielding materials, as of the recent past and present, have been 

multi-element alloys of lead telluride and bismuth, silicon germanium compounds, and complex 

skutterudites. For example, the current Multi-Mission Radioisotope Thermoelectric Generators 

(MMRTG) modules used by NASA in their deep-space probes and planetary exploration rovers 

use a combination of these classes: “lead-telluride/tellurium-antimony-germanium-silver alloys”. 

These have a conversion efficiency of 6% at the beginning of their operations and an approximate 

17-year design life, which is an excellent benchmark for TEGs (NASA-SMD, 2016, p. 19). 

TEDs and TEGs have always been used in niche market applications (e.g. space exploration and 

military) and have not yet been widely applied in a broader consumer market, however. The ad-

vancement of the field is generally incremental as it is strongly dependent on either discover-

ing/engineering new classes of materials or, alternatively, new manufacturing techniques that al-

low the technology to be used in new ways (Nandhakumar et al., (ed.s), 2017, p v).  

Lead Tellurides 

Firstly, Lead telluride (PbTe) based thermoelectrics are one of the earliest to be developed and 

commercialised. The first radioisotope thermoelectric generators (RTGs) for space missions pre-

sented to U.S. President Eisenhower in 1959 were, in fact, PbTe based. These were used up until 

1975 (Viking 2 Mars probe) when they were surpassed by silicon germanium alloys (LaLonde et 

al., 2011), however, they made a quick resurgence once past estimations of their zT were revis-

ited. With the methods available for thermal conductivity measurement in 1960 the material was 

measured at room temperature and assumed to have a constant κL (when it actually operated at 

much higher temperature, up to 600°C). This was purposeful underestimation of the efficiency of 

the material (then found at a zT ~0.8) as κL was predicted (and later confirmed) to reduce over 

this interval. Techniques developed a few years later, i.e. flash diffusivity, revealed that an opti-

mally doped p- or n-type PbTe was almost twice as efficient as initially assumed (zT ~1.8 for p-

type; ~1.4 for n-type at 500°C) (LaLonde et al., 2011; Pei et al., 2011). For this reason, PbTe is 

still relevant today and is the basis of the Mars rover Curiosity MMRTG (NASA-SMD, 2016, 

p. 19). Recent developments are using novel nanostructuring techniques to make compounds such 
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as highly porous p-doped PbTe to boost performance further, however the zT has not improved 

since it remains at ~1.2 (Babenko & Dmitriev, 2017) 

Bismuth Compounds 

Secondly, Bismuth telluride, bismuth-antimony compounds, and their derived alloys, have been 

long established thermoelectric materials together with silicon germanium and its alloys (Nolas 

et al., 2004, pp. 124-129). Specifically, compounds such as porous thin-film bismuth antimony 

telluride (Bi0.4Sb1.6Te3) have been found to have a zT of 1.8 at room temperature, whose great 

performance is owed to a hexagonally-arranged isolated holes nanostructure which has success-

fully decreased the material thermal conductivity without impacting the electrical properties 

(Kashiwagi, 2011). More generally, bismuth antimony tellurides have a generic composition of 

Sb2-xBixTe3 and are an evolution of previous research on Bi2Te3–Sb2Te3 superlattices (2D materi-

als, also known as quantum wells) (Kashiwagi, 2011), which were already high-achieving com-

pounds. This bottom-up approach to bismuth materials has been proven to be effective, and ma-

terials such as nanostructured Bi-92% synthesised using wet chemistry spark plasma sintering 

(SPS) by Wei & Nolas (2016) that showed great improvement in thermoelectric properties over 

the bulk material (though the zT for a single component compound remained at 0.08 and must be 

refined by alloying with other elements to reach the state-of-the-art performances stated above). 

Silicon Germanium Alloys 

Thirdly, Silicon germanium (SiGe) and its alloys or modifications (doping, nanostructures, etc.) 

have been and continue to be a common material used in operational thermoelectric devices. SiGe 

alloys are stable at high temperatures, with typical operational temperatures usually ranging be-

tween 600-1000°C, and possess acceptable zT values in their bulk form (~0.5 for p-type and ~0.9 

for n-type) which can be boosted further with careful doping. Indeed, the possibility to dope this 

material to make both p- and n-type thermoelectrics is an advantageous feature, especially when 

considering the problem of material compatibility (Bathula et al., 2017). In recent years the use 

of nanostructuring techniques, such as engineering porosity or introducing dispersed silicon car-

bide (SiC) nanoparticles in the material, has improved the phonon scattering capabilities of SiGe 

compounds and therefore reduced thermal conductivity. These advancements have been positive 

for TEG performance, which has reached zT values of ~1.2 and ~1.5 for p- and n-types respec-

tively at 900°C (Bathula et al., 2017). Overall, however, the insertion of an expensive element 

(i.e. germanium) in the cheap and abundant silicon is a major drawback which puts pressure on 

current research to reduce the germanium content whilst maintaining actual performance (Freer 

& Powell, 2020). 
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1.6.2 Thermoelectric cage compounds 

Cage compounds are a good encapsulation of the phonon-glass electronic crystal (PGEC) ap-

proach as they consist in a rigid crystal structure with internally residing atoms that can ‘rattle’. 

This creates an optimal condition where the dynamism of the ‘rattler’, if not greatly involved in 

the electronic phenomena of the compound, can reduce the thermal conductivity by phonon-

dampening whilst not affecting the electrical transport properties (Patschke et al., 2001). Cage 

compounds are comprised of the sub classes skutterudites (rare-earth element based), clathrates 

(alkali[ne] metal and pnictogen based), and chalcogenides (chalcogen based, self-evidently). 

Skutterudites 

Firstly, skutterudites are a subcategory of cage compounds named after the town of Skotterud 

(Norway) or Skuterudåsen (a hill in the south of Norway) where they were first found in mines 

(Rowe (ed.), 2006, p. 34-2) in the form of CoAs3. They have a general chemical composition of 

LM4X12, (see Figure 1-9) where L represents an optional rare-earth element component (lantha-

nides, yttrium, and/or scandium) enclosed in a cubic crystal structure comprise of a transition 

metal (M) and metalloid or a pnictogen (Group V element) (X). The presence of the rare-earth 

element (L) is what differentiates a ‘filled’ skutterudite with an ‘unfilled’ (or ‘binary’) one. 

 
Figure 1-9: Crystal structure of filled skutterudites as viewed from different perspectives 

(Zhou et al., 2014, p. 273) 

 

The most common compositions include CoAs3 and CoSb3 (NASA-SMD, 2016, pp. 19) however 

cobalt can be substituted by other transition metals (usually nickel or iron, but can be rhodium or 

iridium), and the arsenic or antimony with other pnictogens such as phosphorus (Zhou et al., 2014, 

p. 272). The advantage of skutterudites is that it has large voids that can be filled to modify their 

properties (Kurosaki et al., 2014, p. 303), for example a recently developed complex skutterudite, 

Co23.4Sb69.1Si1.5Te6.0, has achieved a ZT of ~1.6 when rendered nano-micro-porous using vacuum 

sintering and spark plasma sintering (SPS) (Khan et al., 2017). The main drawback of binary 

(unfilled) skutterudites is their high thermal conductivity, and consequently it is the area of inter-

est for doping and filling (Kurosaki et al., 2014, p. 303). 
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Clathrates 

Clathrates, from the Latin clathratus (pron. /klaːˈtʰraː.tus/) meaning ‘enclosed in bars, gated in a 

lattice’, are another subcategory of inorganic cage-like compounds have a general formula of 

AxByC46-y (if of type I) or AxByC136-y (type II) (see Figure 1-10). ‘A’ represents an encapsulated 

atom, usually an alkali- (Group I) or alkaline earth metal (Group II), that is introduced in a poly-

hedral framework formed of Group III and -IV elements exemplified in the generic chemical 

formula by B and C respectively (Nolas et al., 2004, p. 137). 

      
Figure 1-10: Generic structure of type I (left) and type II (right) clathrates where only Group IV 

elements are depicted. The main polyhedra unit cells are highlighted (Nolas et al., 2004) 

 

The thermoelectric effect in these compounds is derived by the small difference in electronega-

tivity between the metal and pnictogen atoms present in the structure which gives rise to a high 

electron hole mobility. This makes them similar in functionality to skutterudites (described above) 

and Zintl phases (discussed in the next subsection). The most studied clathrates tend to be of 

type I as they tend to contain more earth-abundant elements and are therefore more attractive to 

study (Freer & Powell, 2020). 

Chalcogenides 

A third subcategory of cage compound is a chalcogenide, gaining their name from the Latinised 

Greek khalkόs-genēs (pron. /ˈkælkədʒɪnz/) which translates literally to ‘copper’ (but has a wider 

interpretation as ‘bronze’ or ‘brass’). They are formed of Group VI elements (sulphides, selenides, 

and tellurides, whilst oxygen is treated separately as a thermoelectric oxides: see subsection 1.6.4) 

(Powell & Vaqueiro, 2017, p. 27) and can have versatile compositions as mono-, di-, trichalco-

genides of all main-group elements. These can be generically described as ME, ME2, ME3 respec-

tively, where M denotes a transition and E is the Group VI element, or display a perovskite-type 

(CaTiO3, see thermoelectric oxides in subsection 1.6.4) composition of M1M2E3. 

Lead tellurides are the most performing chalcogenide material to date (as covered previously), 

but tin selenide (SnSe) has also receive attention in recent years with very high zT values reported 

(~2.6 at 650°C along the crystal axis; Zhao et al., 2014) especially due to its intrinsically low 

thermal conductivity which was also further reduced with nanostructuring (0.23 W m-1K-1). An 

example of a chalcogenide is BaZrS3 (Figure 1-11, overleaf) with an orthorhombic crystal struc-

ture. 
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Figure 1-11: BaZrS3 chalcogenide perovskite orthorhombic structure (Wei et al., 2020) 

 

The main method to make chalcogenide materials is to sinter powdered mixtures at high temper-

atures for long periods in an inert gas or vacuum container to avoid oxidation (e.g. heat to 950°C 

in helium atmosphere over the course of 9.5 hours and maintained at that temperature for a further 

6 as reported by Zhao et al., 2014). This method has advantages as it is common for one material 

to melt first and is a solid-liquid reaction which is better than a diffusion limited solid-solid reac-

tion (Powell & Vaquiero, 2017, p 30) 

1.6.3 Intermetallic Compounds 

Compounds consisting of two or more metallic or semi-metallic (transition-, post-transition met-

als, and metalloids) elements with a fixed and defined solid structure are said to be intermetallic 

compounds (Jiang et al., 2018). These may optionally include other non-metallic elements. The 

properties of these compounds are often between those of ceramics and metals as they are hard, 

stable, resistant to high temperatures (also high melting points) but with reduced toughness, mal-

leability, ductility, and are generally brittle at ambient temperature (Jiang et al., 2018). Zintl 

phases and Heusler compounds are intermetallic in nature, and many metal silicides could also be 

considered to have intermetallic properties. 

Zintl Phases 

Zintl phases are a subset of intermetallic compounds named after Eduard Zintl (Germany, 1898-

1941), the first scientist to take a systematic approach to their synthesis and characterisation. They 

are difficult to classify as they exhibit both insulator and semiconductor properties but are gener-

ally described as salt-like structures since they are the reaction product of an alkali metal or alka-

line earth metal (Group I and II) with a post-transition metal or metalloid (usually Group III, IV, 

and V), although they are not limited to these elements (Kauzlarich et al., 2017, pp. 1-2). The 

alkali- and alkaline earth metals are strongly electropositive elements and so will donate their 

electrons, thus forming the cations and anions required for ionic bonding. This type of bonding is 

what gives Zintl phases their good thermal characteristics but lacking electrical ones. 

The first recognised Zintl structure was Yb14MnSb11 and it continues to be a widely cited example 

(NASA-SMD, 2016, p. 19). Ca14AlSb11 is found to have the same structure and is shown in Figure 
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1-12, of which many others have subsequently been found with a variety of other cations (Ca, Sr, 

Ba, etc.) in the place of the Group I and -II elements. 

 
Figure 1-12: Structure of Ca14AlSb11 from the (a) [011] and (b) [101] direction. Atoms shown are; 

Ca (green), Al (blue), and Sb (gold) with shaded tetrahedron (Kauzlarich et al., 2017, p. 4) 

 

Their bonding structure gives them a great advantage in both thermal stability (1000°C+) and 

very low thermal conductivity (1-2 Wm-1K-1) which are highly competitive traits. Their chal-

lenges remain in boosting electrical properties to achieve high zT. 

(Half-)Heuslers 

Half-heusler alloys are a type of intermetallic compound named after the chemist Friedrich Heu-

sler (Germany, 1866-1946). Heusler compounds have a generic structure of XYiZ where X and 

Y are transition metals with one p-block element (Z, Group III to VIII) (Freer & Powell, 2020). 

A Heusler structure is formed by a lattice of X and Z elements filled by elements Y in their free 

lattice sites. A full-Heusler (i = 2) is distinguished from a half-Heusler (i = 1) in that it will have 

half of the sites filled as shown in Figure 1-13, overleaf. This will often make the difference 

between the compound displaying metallic and intermetallic properties (Page et al., 2016). 

 

 
Figure 1-13: Crystal structure of (a) half-Heusler and (b) full-Heusler alloys formed 

of a transition metal (X, red) and a p-block element (Z, gold). Vacancies are filled  

by one or two other transition metals (Y, blue) (Page et al., 2016) 

 

The strong suit of half-Heuslers is their inherent large power-factors (up to 6 mW m-1K-2) but 

exhibit a relatively high thermal conductivity with respect to recent materials in other material 
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classes (3-4 W m-1K-1). As a result, this compound class have only been shown to have a peak zT 

~1 in the range 400 to 600°C when optimally doped (Freer & Powell, 2020) although a zT ~1.5 

(at 950°C) was found for Nb0.88Hf0.12FeSn (Page et al., 2016). 

The main current challenge for Heusler compounds is the uncertainty in their actual microscopic 

composition. This is derived by the existence of thermodynamically stable and competing phases 

formed of only binary components which lead to homogeneities and difficult to reproduce sam-

ples. This is a significant problem because the thermoelectric properties are sensitive to this struc-

turing and composition as well as the sample processing conditions and the method used for their 

synthesis (Freer & Powell. 2020). 

1.6.4 Thermoelectric Oxides 

Thermoelectric oxide materials are inorganic compounds with a high presence of oxygen and, as 

such, are highly resistant to many chemical and thermal weathering processes such as corrosion, 

oxidation, and decomposition. As a thermoelectric material it is studied with less interest as it 

reports much lower performance when compared to the other, more recognised, materials (Fon-

taine, n.d.). For example, Song et al. (2019) reported an in-plane peak zT of 0.10 at 640°C for a 

cobaltite compound nanocomposite Ca3Co4O9/Ag (3% wt) (the compound has been found to be 

anisotropic and showed an out-of-plane peak zT of 0.04). A micrograph of a lithium-doped nickel 

oxide, displayed on SINTEF's (technology company, Norway) website, is shown in Figure 1-14 

in which the grains of the material can be seen. 

 
Figure 1-14: Lithium-doped nickel oxide (Li-NiO) SEM microstructure (©SINTEF) (Fontaine, n.d.) 

 

These metal oxides, some known as perovskites (CaTiO3 based compounds such as CaMnO3, 

SrTiO3, etc.), are advantageous in high-temperature applications (up to 1000°C) as they are very 

stable. Their drawback, however, is the relatively low electrical conductivity due to their ionic 

bonding (Song et al., 2019) and thus the current challenge is to improve the electrical properties 

without increasing thermal conductivity. Interestingly, there is a rich body of literature available 

regarding the relationship between the composition and structure of perovskites and their physical 
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properties, although not specifically for thermoelectrics (Freer & Powell, 2020) which would 

constitute a good niche to research. 

1.6.5 Organoelectric compounds (metallopolymers) 

With the growing interest in wearable technologies, there are market opportunities for flexible, 

lightweight, and (most importantly) bio-compatible materials with good thermoelectric proper-

ties. Organic thermoelectric generators (OTEGs) are an emerging class of materials that use pol-

ymers as an alternative to the classical inorganic compounds that have been characteristic of ther-

moelectrics thus far (Sun et al., 2020). The ideal materials for OTEGs need to be for low-power 

applications, occupy a small surface area (1-10 cm2), and operate at low-temperatures (such as 

‘Internet of Things’ wireless sensors, wearable ‘e-skin’, or hot water pipe cladding type of use). 

These applications will require a minimum of 70 μW output and a 25°C ΔT (operating around 

40–250°C) or, for body-centred autonomous microelectronics, these must operate at 37°C and 

able to work with a ΔT of only 5°C (Freer & Powell, 2020; Sun et al., 2020). 

The most technologically ready material is polystyrene sulfonate-doped poly(3,4-ethylenedioxy-

thiophene) (PEDOT:PSS), which is a p-type material with a zT of up to 0.4 at room temperature, 

which is a decent efficiency at this temperature. Poly(Ni-ethylene tetrathiolate) is the n-type coun-

terpart with a zT of 0.3 (Sun et al., 2020). The possibility to process these PEDOT:PSS, or other 

OTEs, in solution makes them good candidates for print-manufacturing (Freer & Powell, 2020). 

 
Figure 1-15: TEM image of SWCNT/C8BTBT organic composite films (Tan et al., 2019) 

 

These materials are still lacking adequate PFs, with leading research working to better integrate 

other conductive materials (carbon nanotubes or graphene) in the polymer structure to boost this. 

For example, new composites have emerged combining single-walled carbon nanotubes 
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(SWCNTs) and 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8BTBT) (structure of this 

composite in Figure 1-15, above) which have shown high PFs of up to 284 mW m-1K-2 at room 

temperature (Tan et al., 2019). 

Overall, technologically ready OTEs show good efficiency at room temperature and are mostly 

limited by their low electrical conductivity (~1000 S cm-1). They can be processed with more 

conductive materials to achieve significantly higher PFs but this would come the expense of ZT, 

as is usual for most thermoelectric materials, because thermal conductivity would also increase. 

1.6.6 Silicon as a Thermoelectric Material (Metal Silicides) 

Silicon is a versatile element in the field of electronics as it has a valance of four electrons, allow-

ing it to be modified with charge element impurities (known as dopants) which greatly increase 

its conductivity (Eranna, 2015, pp. 94). Examples of the different ways in which silicon can be 

doped, each with advantages and particularities, is shown in Table 1-3. 

Table 1-3: Properties and uses of common dopant (Eranna, 2015, pp. 94-98, 250-253) 

 
Dopant Description and Evaluation 

p
-t

y
p
e 

5B 

Boron 

The most common p-type dopant. Has high solubility in silicon and fast 

diffusion rate so is used in high doping applications and easy control of 

junction depths. Has similar diffusion rate to phosphorus 

13Al 

Aluminium 

Though uncommon for industrial use, it has the typical characteristics for 

making p-type silicon. It can also be an unintentional impurity 

31Ga 

Gallium 

A p-type replacement for boron in solar cell applications. It exhibits no 

lifetime degradation and as such it is gaining importance for solar cells 

n
-t

y
p
e 

15P 

Phosphorus 

Exhibits rapid diffusion a (similar to boron) and so it is used for bulk dop-

ing, quantum well formation, and solar cells. Doping can be achieved by 

nuclear transmutation (neutron irradiation of pure silicon) 

33As 

Arsenic 

It has a slow diffusion (⅒ that of P or B) so diffused junctions are stable 

in thermal post-processing. Similar atomic radius to silicon so high con-

centrations can be achieved without lattice strain. Preferred dopant for n-

type very large-scale integration (VLSI) integrated circuits (ICs) 

51Sb 

Antimony 

Has a slow diffusion rate (similar to As). Sometimes used in n-type VLSI 

applications to replace astatine as it exhibits substitutional diffusion (no 

interstitials are formed). Size difference with silicon causes lattice strain 

 

The thermoelectric performance of (highly-doped) silicon can be tuned by varying the carrier 

density, an important parameter to achieve a high power-factor or optimally efficient materials 

(as hinted in Figure 1-6, earlier), and many studies have investigated this (Bennett, 2017; Neo-

phytou et al., 2013; Neophytou & Thesberg, 2016; Wolf et al., 2019). Power-factor and Figure-

of-Merit are, however, interdependent parameters difficult to maximise simultaneously as they 

peak at different carrier concentrations (Wolf et al., 2019) as confirmed by an example by Bennett 

(2017) which reported n-type silicon achieving a maximum PF at 5×1019 carriers cm-3 with zT 

peaking around 7×1019 carriers cm-3. This implies that the highest power output cannot be achieve 

at optimal efficiency and vice versa. Carrier optimisation aside, the main issue with silicon, whose 
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natural PF (2–4 W m-1K-2) is good, is the high thermal conductivity (60–140 W m-1K-1) that 

greatly hinders its overall performance (values from Bennett, 2017). 

Performance Optimisation with Nanostructuring and Defect Engineering 

The renewed interest in the use of silicon for thermoelectrics was started by the work undertaken 

by Hochbaum et al. (2008) with research on nanowires (Si-NWs). It was noted that by providing 

structural modifications to bulk-Si it was possible to boost zT by two orders of magnitude (up to 

0.6, at the time). As demonstrated with other work on Si-NWs (Boukai et al., 2008; Neophytou 

& Kosina, 2014; Pennelli et al., 2013; Zhao et al., 2017), other bulk-Si modifications such as 

nanostructuring (Bux et al., 2009; Neophytou, 2015; Pennelli & Macucci, 2016; Vargiamidis et 

al., 2018), and production of micro- or macro-porous silicon (Stepanov et al., 2015; Tang et al., 

2010), this approach proved to be effective. The general rationale is that by changing the lattice 

structure (by introducing other atoms or voids, known as defects) the thermal transport will be 

selectively disrupted, as thermal vibrations are damped (phonon scattering), and result in an im-

proved performance. The commonality of these methods is that they manipulate small scale ma-

terial defects, hence ‘defect-’ or ‘vacancy engineering’ (Bennet et al., 2015; Wight & Bennett, 

2016), of which the main objective is to drastically reduce thermal conductivity whilst reasonably 

maintaining the electrical properties intact. 

Building a nanostructure from the ground up is a difficult feat and the traditional mechanical 

synthesis (e.g. high-energy mechanical milling) or pellet sintering methods cannot offer the pre-

cise manipulation required for these nanocomposites. For this reason, starting with wafer-based 

fabrication techniques, an example being ion-implantation, can yield many inherent advantages. 

Implantation has already been used to nanostructure porous silicon (e.g. Ag-ion bombardment as 

reported by Stepanov et al. (2013 and 2015), shown in Figure 1-16) or form new compounds with 

ion beam synthesis (e.g. β-FeSi2 nanoparticles with Fe implantation and annealing, as Naito & 

Ishimaru (2009) and Rajesh et al. (2012) reported) although these methods have not yet been used 

in thermoelectric applications and so are still relatively unexplored in this field. 

 
Figure 1-16: SEM image of porous silicon made with Ag ion implantation at 1017 ions cm-2. 

Ag nanoparticles visible (white, approximately 20 nm) (Stepanov et al., 2015) 
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The work by Neophytou et al. (2019) summarises different methods to practically achieve ther-

moelectric performance improvements and illustrates the underlying physical phenomena that 

lead to these changes in detail. It is shown, with simulation and semi-classical Boltzmann 

transport theory, that designing the material grain/grain-boundary introduces potential- wells and 

barriers (e.g. highly doped vs. intrinsic regions) that improve ‘carrier energy filtering’ and ‘carrier 

localisation’. These combined, and given the carrier quantum tunnelling effects, strongly boost 

the material PF in correlation with the doping levels of the materials (see Narducci et al., 2012). 

Thermoelectric Silicides 

Aside from purely structural and doping modifications, silicon has also been manipulated in other 

ways in recent years to form thermoelectric silicides such as the above mentioned β-FeSi2. These 

are a response to the observation that many of the high-performing thermoelectric materials are 

in low-abundance and consequently of high-cost. Silicon is both abundant and already ubiquitous 

in the electronics industry, so engineering it to alter its properties by forming metal silicides is an 

interesting area of research. The most common silicides are Mg2Si, MnSi, CrSi, and β-FeSi2 since 

they are earth-abundant (therefore relatively inexpensive) and have also achieved high Seebeck 

coefficients, which makes them very favourable (Nozariasbmarz et al., 2017). The ‘β-’ in iron 

silicide indicates the lattice structure/crystal orientation is orthorhombic (as opposed other orien-

tations such as α-, γ-, δ-, ε-, etc.), see Huang et al. (2018) for further details on crystal orientation. 

In addition to the structural engineering (superlattices, nanowires, vacancies, defect engineering, 

etc.) and new silicon-based compounds, a hybrid approach has also emerged with the concept of 

nanoinclusions (NIs) or nanocomposites (NCs) (Du et al., 2011; Ning et al., 2015; Upadhyay et 

al., 2018; Vargiamidis et al., 2018). This emerging area of interest consists in introducing or 

forming nanoparticles (also known as ‘nanoinclusions’, and sometimes the material is then known 

as a ‘nanocomposite’) in the main substrate by embedding them in a broader matrix. This alters 

the materials' electrical and thermal properties which can be used to positively affect performance. 

Their purpose is the same as that of introducing structural defects or nanostructuring the material 

in that they are aimed at reducing thermal conductivity with phonon scattering techniques and 

aiming to maintaining the electrical transport properties high. The further advantage of NIs, how-

ever, is that these extra phases can also influence the electrical properties positively such that the 

resultant material PF can be greater than that of all the constituent materials on their own 

(Nozariasbmarz et al., 2016a). Neophtou et al. (2019) also report theoretical aspects and simula-

tion results on how the PF can be improved thanks to NIs and nanostructuring (not just limited to 

silicide materials). 

Though porous silicon can be easily fabricated using both chemical techniques and ion beam 

synthesis, defects or NIs can be much more difficult to engineer with the traditional methods. Ion-

implantation is a state-of-the-art technique that can meet the engineering requirements demanded 

to form high performing silicon thermoelectrics as; (i) it can form the beneficial crystallographic 
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point-defects in a precise location, (ii) ions can be a good source of doping material, and (iii) can 

inject the necessary ions for the synthesis of NIs. Importantly, no detailed study has been found 

that combines this technique with thermoelectric property measurement and is therefore an inter-

esting and possible area of exploration (simultaneous defect engineering, semiconductor doping, 

and NI synthesis). 

1.6.7 Conclusive Remarks on Thermoelectric Materials Development 

Depending on the strengths and weaknesses of the chosen thermoelectric material, either the elec-

trical properties will need to be improved or the thermal conductivity must be reduced to increase 

the material PF and zT. Generally, it has been found that it is easier to modulate the thermal 

conductivity in a material with good electrical properties than the converse and the three main 

ways to do this are summarised as; (i) nanostructuring (grain boundary phonon scattering), (ii) 

alloy point defects (atom size difference in lattice), (iii) secondary phase matrix precipitation to 

scatter high-frequency phonons (both of the aforementioned effects) (Khan et al., 2017). 

The improvement of the performance indicators, however, is only a small part of the complexity 

that is TED design and manufacture and some materials will have inherent advantages in some 

areas and drawback in others, as presented by Gao (2018) in Table 1-4, therefore the design and 

fabrication of TE modules is also an exercise in balancing costs and these other factors. 

Table 1-4: Selection of TE Materials: example advantages & disadvantages (Gao, 2018) 

 Advantaged Disadvantaged 

Large (average) ZT Skutterudites SnSe 

Matching P/N Skutterudites Silicide 

Manufacturability Half-Heusler Skutterudites 

Thermal Stability Half-Heusler Skutterudites 

Non-toxicity Silicide PbTe 

Abundance Silicide Bi2Te3 

 

The search for new materials is an important part of improving the performance of a thermoelec-

tric modules, however the sample preparation and fabrication methods (structuring techniques) 

are equally important in finding potential improvements. The material type determines the appli-

cations of the TEG (i.e. their optimal operating temperature) and this also adds a degree of com-

plexity to the types of processing that can and should be undertaken. Indeed, Wei & Nolas (2016) 

note the importance of specimen preparation and processing in the manufacturing of the desired 

material and the effects the techniques inherently have on the final material outcome. In addition 

to these complexities, an eye must also be kept on the possibilities of large-scale production and 

scaling up these processes effectively. 
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1.7 Challenges & Opportunities: Defect Engineering for Silicon Thermoelectrics 

In the above sections the major frontiers and opportunities for development in the field of ther-

moelectrics, in both materials and fabricability, have been identified. The end-goal of thermoe-

lectric research is to create the perfect ‘phonon-glass electron-crystal’ (PGEC) which is the hy-

pothetical condition where high phonon scattering is achieved, reducing lattice thermal conduc-

tivity (κL) to a minimum in a ‘glass’ state, whilst the electronic properties (S and ρ) remain intact 

in the ‘crystal’. The main methodologies employed to attempt to accomplish this are varied. 

Firstly, the choice of material is important as it will guide and define the methods that will be 

used (some methods have better affinity with certain materials, each with relative strengths and 

weaknesses). Secondly, from the analysis of recent and past literature, the most successful ther-

moelectric performance enhancements (PF, zT, etc.) have been achieved by taking advantage of; 

(i) compositional inhomogeneities, such as the presence of NIs within a broader material matrix 

to scatter phonons whilst maintaining charge carriers, and (ii) nanostructuring and length scale 

reduction of the material to quantum well superlattices (2D), quantum wires (1D), or even quan-

tum dots (0D) whose main purpose is to create discontinuities in the electron density of states and 

result in improved Seebeck coefficient (Powell & Vaqueiro, 2017, p. 27). 

We observe that there are two broad methods to improve the thermoelectric performance of TEDs 

and TEGs, namely (i) the discovery of new materials and alloys with excellent intrinsic properties 

and (ii) the fabrication method and micro/nano-structuring of the material to improve its phonon 

scattering and other physical properties. Silicon and silicide compounds (in particular, β-FeSi2) 

have been identified as a good starting material as they are abundant, of low toxicity, and already 

used in semiconductor technologies such as integrated circuits and solar panels. Since thermal 

conductivity is identified as a major barrier to thermoelectric performance, and considering that 

nanostructured silicon materials have a greatly reduced thermal conductivity with respect to bulk 

silicon, the two can converge to applications where this is particularly desirable. Ion-implantation 

induced damage and/or synthesis has been identified as a technique to achieve and optimise ben-

eficial NIs. This includes the opportunity to explore different species in implantation, such as Xe, 

to reduce the thermal conductivity of the silicon. The larger mass of Xe should introduce larger 

and more wide-spread damage in relative to the implant dose when compared to lighter ions 

(Xiao, 2012, p. 281). The possibility of using Fe with this methodology will also add the benefit 

on boosting the power-factor in tandem with the damage element in the manufacturing. 

The overall aim of this research is to enhance our understanding of the modification of thermoe-

lectric material properties as a function of the multiple variables in ion-implantation and defect 

engineering. The objectives that emerge from this are; (i) to effectively and reliably produce sam-

ples implanted with xenon and iron, and develop a methodology to post-process and characterise 

these in a reproducible manner, and (ii) to understand the relationship between the design varia-

bles (implant energy and dose for the implanter, annealing temperature and time for post pro-

cessing) and the engineered properties (S, ρ, κ). 
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2 Experimental Methodology 

2.1 Broad Overview of Experimental Process 

The development of a structured and robust methodology for the preparation, modification, and 

characterisation of the manufactured samples is essential for this research work. Furthermore, 

there is an important component of feedback in the experimental design by which successive 

iterations benefit from; (i) the performance evaluation of previous experiments, (ii) the expertise 

gained throughout the tests, and (iii) possible access obtained to new techniques or facilities as 

research progresses. In addition to this, follow-up sets of experiments also rely on further litera-

ture surveys and simulation to specify improved sample-material-conditions combinations. For 

these reasons, the general stages of the experimental cycle are as follows; 

1) Literature search for promising materials and experiments (Chapter 1) 

2) Simulation of ion-implantation in selected substrate(s) (Chapter 3) 

3) Selection of implant substrate for relevant application and post-processing (Section 2.2) 

4) Ion-implantation of selected species in said substrate (Section 2.3) 

5) Thermal annealing study of diced samples (Section 2.4) 

6) Sample characterisation (various methods) of annealed samples (Section 2.5) 

7) Processing and evaluation of results (Chapters 4 and 5) 

The abovementioned procedure is then iterated to; (i) screen parameters, (ii) optimise output or 

performance, and (iii) broaden outlook or gain complementary information to previous experi-

mental results. This iterative process is visualised in Figure 2-1, below. 

 
Figure 2-1: Research Cycle Methodology 

 

The literature study is the foundation of the research procedure, where a wide approach is nar-

rowed down to a more specific niche in the knowledge base and this, in turn, influences all other 

steps in the cycle/methodology. Once a field has been explored in sufficient detail, an array of 

broad simulation studies can be undertaken to better understand how to practically achieve certain 

Literature
Search

Simulate

Select

Implant

Anneal

Characterise

Evaluate



36 

desired results and if there are any interesting phenomena lying around/adjacent to this search-

space. A more detailed approach to the simulation is taken based on the broader studies and, 

consequently, a selection of parameters is made with regards to ion-implantation(s). The initial 

plans for both annealing and characterisation serve as good indicators for the amount of material 

(wafers and other consumables) to be invested in this particular experimental run (important to 

know if adjustments are to be made). Once the implantation has been booked and completed, the 

sample(s) are usually diced into further, smaller, specimens ready to be annealed (performed at 

various locations) at an array of conditions (temperature, time, atmosphere type, etc.) and all- or 

a selection of these are characterised (using various techniques, that may also be found in dispar-

ate locations). Analysis and evaluation are the final steps, often requiring additional literature for 

the explanation of the results or planning the next iteration. 

The key parameters modified in this experiment can be sorted into three main categories; (i) ma-

terials used, (ii) manufacturing techniques, and (iii) characterisation techniques. These are sum-

marised in Table 2-1, below. Each category can, potentially, contain a wide number of possibili-

ties so they have been restricted in scope to fit the research goals. 

Table 2-1: Experiment Specifications and Chapter Section Overview 

Key Specification Sub-specification Section 

Specimen Material (Substrate) 

Silicon Prime Wafers 

2.2 Silicon-on-Insulator (SOI) Wafers 

Free-standing Silicon Lamellae 

Manufacturing Techniques 

Ion-implantation (SIBC) 
2.3 

Ion-implantation (with live TEM) (MIAMI-2) 

Thermal Annealing (HWU-NML and SIBC) 2.4 

Characterisation Techniques 

Resistivity Measurement (van der Pauw) 

2.5 

Seebeck Measurement (de Boor & Müller) 

Thermal Conductivity (2ω method, Raman S.) 

Raman Spectroscopy 

Transmission Electron Microscopy (TEM) 

 

The principal experimental specifications include substrate selection (type/form) and the labora-

tory techniques used (of which the latter are differentiated between the sample manufacturing and 

those related to characterisation). Table 2-1 is useful to understand the subcategorisation of these 

specifications, such as ion-implantation and thermal annealing as manufacturing techniques, and 

points to the relevant section of this chapter that discusses how these parameters were modified 

or controlled. The main rationale for the selection of materials is the ease or compatibility with 

different thermoelectric characterisation techniques (the goal of the experimentation) whereas the 

characterisation techniques were chosen to be functional with measuring all relevant parameters 

for thermoelectric performance evaluation. For example, the SOI wafers were most useful for 
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resistivity and Seebeck measurements whilst the silicon lamellae can be examined in TEM during 

(and therefore monitoring) implantation and annealing and the van der Pauw (1958) method was 

selected as a good electrical resistivity measurement technique. 

The general process variables in this investigation (those elements that are tangibly changed 

throughout the project) are summarised in Table 2-2, below. The variables are categorised as 

discrete or continuous based on how these can be varied (i.e. the implant species can be selected 

out of the periodic table, the ion fluence can be varied on a continuous basis). 

Table 2-2: Experiment Process (input) Variables 

Process Variables Unit Variable Type 

Specimen Material (Substrate) n/a Discrete 

Ion Element (Implant Species) n/a Discrete 

Ion Dose (Fluence) ions cm-2 Continuous 

Implantation Energy  keV Continuous 

Implant Temperature °C Continuous 

Post-Implant Annealing Temperature  °C Continuous 

Post-Implant Annealing Time  s Continuous 

 

It is worth noting that some (sets of-) variables have been kept constant or greatly constrained 

throughout the research to maintain focus and restrict the scope of the project. For example, the 

substrate was fixed at p-type silicon (though doping may vary) and the implant energy, which 

could vary on a wide and continuous range, has been restricted to those levels that produce im-

plantation depths of around 100 nm. The detailed conditions for each experiment are specified in 

the relevant section(s) of Chapters 4 (xenon implantation) and 5 (iron). 

Similarly to the input variables shown in Table 2-2, the process can be applied to the required 

characterisation techniques as listed and described in Table 2-3, below. This is especially useful 

to understand which indicators (or output variables) are related to which analysis technique.  

Table 2-3: Experiment Performance (output) Variables 

Performance Variables Unit Analysed using 

Electrical Resistivity  mΩ cm Electrical Characterisation Kit (in-house system) 

Seebeck Coefficient  V K-1 Electrical Characterisation Kit (in-house system) 

Thermal Conductivity  W m-1K-1 2ω method, Raman Spectroscopy 

Relative Crystal Composition n/a Raman Spectroscopy 

Sample Thickness nm Electron Energy Loss Spect. (EELS, in EFTEM) 

Sample Crystallinity n/a Electron Diffraction (in the EFTEM) 

Morphology, Visual info., 

Qualitative data, etc. 
n/a 

Cross-Sect. Transmission Elec. Micr. (XTEM) 

Energy Filtered Trans. Elec. Micr (EFTEM) 

 

One of such techniques is the Electrical Characterisation Kid (ECK), a collection of measurement 

devices controlled by the LabVIEWTM software package (developed by National Instruments) 
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built, tested, and calibrated within the Nanomaterials Lab at Heriot-Watt University. Detailed 

diagrams and photos of the ECK (and accompanying information regarding its operation) and the 

background of the other techniques listed in Table 2-3 is available in Section 2.5. 

The characterisation techniques selected were deemed important because they meet the strategic 

objectives for this research; they are required to fully assess the efficiency and performance of 

the synthesised materials (i.e. relevant thermoelectric performance indicators discussed in Section 

1.5). In addition, understanding the accuracy and limitations of the selected techniques is of vital 

importance with a view to engineer the desired devices (i.e. controlling the output variables 

through the design parameters). The wide range of testing methods used on different substrates 

ensured that both quantitative and qualitative data was obtained and cross-referenced. For exam-

ple, Raman Spectroscopy and various types of Electron Microscopy serve this purpose as well as 

providing, in certain instances, additional quantitative data (e.g. EELS in the EFTEM, indirect 

thermal conductivity measurement using Raman, etc.). 

2.2 Substrate Materials 

Depending on the experimental objectives, different forms (in a macroscopical sense) of silicon 

are required. The type of silicon used depends on the desired characterisation of the sample (e.g. 

van der Pauw measurement is compatible with SOI wafers) therefore the most appropriate type 

must be chosen for the advantages it displays within that context. Three types of silicon were used 

in this investigation namely prime wafers, silicon-on-insulator (SOI) wafers, and free-standing 

lamellae. Table 2-4 summarises the pros and cons of these which are followed by a more detailed 

discussion in their respective subsections. 

Table 2-4: Evaluation of Employed Silicon Substrate Materials 

Type of Silicon Advantages Disadvantages 

Silicon Prime Wafers 
Low-cost material No electrical isolation 

Easy to cut and dice Prone to shattering (thin) 

Silicon-on-Insulator 

(SOI) Wafers 

Device electrically isolated High-cost material 

Reliable and repeatable 

manufacturing 

No thermal conductivity 

measurements possible 

Resilient, portable material Difficult to cut and dice 

Free-standing 

Silicon Lamellae 

Usable in live-implant (TEM) Highly fragile, difficult handling 

Thermal cond. meas. possible Slight variability in manufacture 

 

The substrate choice was therefore dependant on the core application, in terms of processing tech-

nique and property measurement of the sample, and for this reason prime wafers were used as 

pathfinders for initial implant studies at a wider range of implant- and annealing conditions. SOI 

wafers were then used to electrically characterise the implanted samples when more defined con-

ditions were selected and lamellae, made using Focused Ion Beam (FIB) lithography, for evolving 

studies in the EFTEM (and to corroborate findings using other characterisation methods). 
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2.2.1 Silicon Prime Wafers 

The material used for initial iron (Fe) implantation experiments was a set of 2" diameter highly 

doped monocrystalline p-type silicon <100> prime wafers, sourced from Si-Mat (Germany). The 

wafers were doped by the manufacturer to a nominal resistivity of 3 ± 2 Ω cm (~1.5×1015 cm-3 

dopant concentration as determined using Irwin curves) with boron (B) and had an overall thick-

ness of 280 ± 25 μm. The appearance of these samples is of a shiny grey colour with a short flat 

‘chip’ at one extremity and one polished side, as shown in Figure 2-2. 

 
Figure 2-2: Individual 2" Silicon Prime Wafers (right) and Multi-Wafer Carrier Box (left) 

 

The advantage of this type of wafer is the possibility to perform for a large quantity of experiments 

at a reduced cost. This is due to relative price of the wafers (very cheap) and their selected small 

size and thickness (small diameters wafers are thinner, as shown in Table 2-5, below) which 

makes the wafer easily cut and trimmed to size. 

Table 2-5: Standard Wafer Sizes and Thickness (Xiao, 2012, p. 105) 

Nominal Size Colloquial Size Thickness (µm) 

2-inch 50.8 mm, 279 ± 25 

3-inch 76.2 mm 381 ± 25 

100 mm 3.9 in "4 inch" 525 ± 25 

125 mm 4.9 in "5 inch" 625 ± 50 

150 mm 5.9 in, "6 inch" 675 ± 50 

200 mm  7.9 in, "8 inch" 725 ± 50 

300 mm  11.8 in, "12 inch" 775 ± 50 

 

Using a dicing technique (diamond-tipped scribers), very small samples can be made for post-

processing purposes (annealing and postage for external testing, etc.). Consequently, this allows 

for a large number (>100), small (~3×3 mm), samples to be made and post-processed with a single 

wafer. This greatly reduced the cost-per-test and was ideal for screening and optimising the con-

ditions, equipment, and manufacturing method. 



40 

A major drawback of these prime wafers is the lack of an electrical insulation between the im-

planted layer and the rest of the sample handle. The importance of separating these layers (the 

former being in the order of 100 nm thick, with the remained being over 3 orders of magnitude 

thicker at 279 µm) is that it makes it impossible to discern and measure the electrical properties 

of the implanted layer alone. This sample is therefore limited to morphological studies, like TEM, 

and other laser analysis such as Raman spectroscopy. Secondarily, the ease with which the wafers 

can be cut also means that they are prone to disarrayed shattering if score-lines are slightly asym-

metrical and/or imbalanced forces are applied during the bending/shearing process. These prob-

lems, being inherent to cutting wafers in general, are mitigatable with mindfulness, adherence to 

proper procedures, and experience with handling and manipulating the wafers. 

These wafers were used in the earliest Fe-implantation studies at doses of 1016, 5×1016, and 

1017 ions cm-2, annealed in air, and examined with Raman spectroscopy and XTEM (see Table 

2-7 for more details). The results arising from these studies were the basis of the following exper-

iments that took place on Silicon-on-Insulator (SOI) wafers and the Focussed Ion Beam (FIB) 

micropillars, both discussed below in this section. The micropillars were manufactured using the 

abovementioned silicon prime wafers using the FIB lithography/milling technique described in 

subsection 2.2.3. 

2.2.2 Silicon-on-Insulator (SOI) Wafers 

The Silicon-on-Insulator (SOI) wafers are particular in that they contain an electrically insulating 

layer, typically a buried oxide (BOx, 200 nm thick) in the form of silicon dioxide (SiO2), that 

separates the thin ‘device layer’ (monocrystalline doped silicon, 100 nm) from the ‘handle’ (re-

quired to give mechanical strength and robustness to the overall structure, 675±50 μm). The SOI 

wafer is therefore formed of three layers (marked in Figure 2-3) of which the top (a) ‘device layer’ 

is that where the modifications (ion-implantation, annealing) and characterisation (electrical prop-

erties) is going to take place and the BOx is that required to maintain electrical isolation from the 

rest of the wafer structure (handle). 

 
Figure 2-3: Cross-section of Silicon-on-Insulator (SOI) wafer showing 

(a) device layer, (b) buried oxide (BOx, usually SiO2), (c) Silicon handle (Siegert Wafer, 2020) 

 

The purchased wafers were 150 mm in dimeter (also known as “6-inch”) p-doped SOI with <100> 

crystal orientation. The dopant was boron (B) with a nominal wafer resistivity of 18 ± 4 Ω cm (a 

(a) 

(b) 

(c) 



41 

lower doping than prime wafers, at ~2.5×1014 cm-3 concentration) and an overall thickness of 

675 ± 50 μm. This includes a 100 nm device layer and 200 nm BOx. The wafers used in this study 

were purchased from Ultrasil Corporation (USA), which manufactured them using fusion bonding 

(as opposed to an alternative method of oxygen ion-implantation, see 2.3). The appearance of 

these wafers is similar to that of bulk silicon wafers, namely of a shiny grey colour with a polished 

side and a short flat ‘chip’ on one extremity as shown in Figure 2-2, previously. 

The advantage of this material is that they can used to manufacture samples that could be electri-

cally tested by the Electrical Characterisation Kid (ECK) (pictured later, in Figure 2-10) due to 

the electrical isolation of the BOx. The buried oxide also has a secondary function in preventing 

the migration of defects caused by the ion irradiation from the device to the handle during the 

thermal processing, although careful implantation design should not make this necessary. The 

samples themselves are highly resilient and easily transported without damage in appropriate con-

tainers and can be reliably manufactured to required standards. The drawbacks of this type of 

sample is in the higher difficulty in dicing due to their thickness and layered complexity. This 

difficulty, however, arises party because of their larger diameter (review Table 2-5, above, show-

ing that larger wafers are much thicker and therefore harder to cut using the diamond-tipped 

scriber), although this was a necessary condition for overall experiment efficiency. The added 

benefits that SOI wafers bears over the simple silicon wafers also come at a greater expense. 

These wafers were used for the second and third iteration of studies, implanted with high doses 

of iron (1017 ions cm-2), for studies on the electrical and thermal properties of the sample, and 

xenon (3×1016), for morphological analysis and thermal properties. Please refer to Table 2-7 for 

more details. 

2.2.3 Free-standing Silicon Lamellae 

Free-standing lamellae are very small structures used that are milled directly on a virgin material 

and micro-welded to a sample holder (e.g. molybdenum). The samples used in this research were 

manufactured using silicon prime wafers (the same from subsection 2.2.1) as source material and 

the Focussed Ion Beam (FIB) lithography technique at the Nanofabrication Laboratory of Uni-

versity of Surrey (by Dr Vlad Stolojan). This method is an advanced technique used in high-

resolution fabrication of micro- and nanoelectronic devices using ion bombardment. The ion im-

pact generates elastic and inelastic surface scattering which transfer kinetic energy (as well as 

generating photons and secondary electrons) to the substrate (Wanzenboeck & Waid, 2011). This 

is a process known as ‘FIB milling’ the material is ablated (any erosion process that removes 

material from the target) and enters the vacuum of the chamber. These samples are ~7 to 8 μm in 

length and 100 to 200 nm thick size as shown in (a) in Figure 2-4 (overleaf) and the central post 

on the holder, marked as (b). The holder is a molybdenum lift-out grid made by ProSciTech, 

3.05 mm wide where the central prong is ~175 μm, for reference this is indicated in Figure 2-5 

(also overleaf) with an arrow and compared to the smallest denomination of the most popular fiat 

currencies for scale (USD 1¢, GBP 5p, EUR 1¢). 
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Figure 2-4: (a) Free-standing Silicon Lamella held up by (b) middle prong of the molybdenum 

lift-out grid (sample holder) (blown up image under 50x microscope) 

 

The full FIB milling procedure, as can be found in references such as Li (2018), firstly require an 

area of the main material to be covered with a ~2 μm thick layer of platinum (Pt) to demark and 

protect the sample region of interest. Subsequently, an ion beam mills three edges in a rectangular 

shape (two long, one short) around the demarcated zone, cutting the sample to size whilst leaving 

a ‘bridge’ (required to support the specimen during milling). The underside of the sample is then 

also milled, from both sides, and a micromanipulator is secured to the cut short edge (opposite 

the bridge) using additional platinum deposition. The ‘bridge’ on the short edge can now be milled 

away and the freed sample is moved using the micromanipulator where it can now be mounted 

on a TEM grid using platinum deposition and ready to be used for analysis. 

 
Figure 2-5: FIB lamella (not visible) on central post (indicated) of ProSciTech molybdenum lift-out grid 

in a sample holder. 1 U.S. penny, U.K. 5p, and E.U. 1¢ coins added for scale. 

 

This type of sample is advantageous as it can be monitored during implant and annealing at the 

MIAMI-2 facility, which is useful to gather qualitative data on the silicon samples. There are 

some drawbacks with respect to sample fragility (Raman laser can scorch or blast it off the holder 

(b) 

(a) 
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if used at 100% power of ~85 mW, as was learned that the hard way – see Figure 4-6, p. 94) and 

extremely difficulty to handle. The only relevant thermoelectric properties that can be measured 

on these samples is the thermal conductivity using the Raman method ex situ, covered in subsec-

tion 2.5.3, but plenty of diffraction patterns have been collected for crystallinity assessment. 

These samples were used in the Huddersfield facility (MIAMI-2) for the implantation and moni-

toring of both iron (Fe) and xenon (Xe) experiments under different implant and annealing con-

ditions. Refer to Table 2-7 and the relevant results sections in Chapters 4 and 5 for further details. 

2.3 Ion-Implantation 

Ion-implantation is the introduction of an ionised and accelerated element into a target material 

(usually solid, but implantation in fluids is also possible). The fast-moving ion is injected into the 

substrate and, depending on collision conditions, introduces a defect in its structure that manifests 

itself as a vacancy and/or an interstitial atom. A vacancy is formed when no atom is present at a 

lattice site whereas an interstitial atom is a condition where two or more atoms occupy a single 

lattice site (both of these are a thermodynamically unstable conditions). Another effect that can 

occur, specifically on crystalline targets, is amorphisation. This state is when the substrate loses 

shape and lattice regularity (Greek etymology) and is a condition that contains many interstitial 

states. The thickness, depth, and extent of amorphisation can be broadly controlled by the im-

planter fluence (ions cm-2, i.e. the amount of ions injected) and implant energy (keV, their dis-

placement capability) and other variables that control the conditions of the accelerated ions or 

target atoms (such as beam incident angle and substrate temperature). Fluence and implanter en-

ergy are the two main variables that control the dopant concentration (higher fluences result in 

greater concentrations) and depth of implant species (higher energy leads to deeper and more 

spread implants); both of which are the important design parameters. 

Implantation is a technique used in many applications, most notably as an alternative to diffusion 

doping of semiconductors (this method was developed in the 1950s and has been widely used 

since the mid-1970s), and the manufacturing of integrated circuits (ICs). It is also possible to 

make SOI wafers by forming a buried oxide with oxygen implantation as an alternative to fusion 

bonding (see subsection 2.2.2), and other applications where precise (nano/micro scale) modifi-

cation of a material is required such as SOI wafer manufacturing (Xiao, 2012, p. 267-269) or to 

treat cancer with proton therapy (Paul, 2012). The advantages of ion-implantation over classical 

diffusion doping is that the process can independently control both the depth and concentration 

of the transistor p-n junction and achieve it at much lower operating temperatures. Thanks to the 

magnet filters (resolving aperture) it also reduces the possible unintentional impurities introduced 

to silicon as it separates ions with a specified mass before the injection (Chu, 2018, p. 9-18). 

Injection of contaminants after this step is still possible if sourced from the vacuum chamber walls 

(either the metal itself or atoms that had been adsorbed to the chamber previously and released in 

a later moment, such as source ions or target sputters from previous experimentation), or from 

other contaminants deposited on the wafer at any point in handling (Chu, 2018, p. 9-18). Both 
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diffusion and implantation are batch processes, but the latter can only work uniformly with a 

single-wafer at a time (a significant hinderance to large-scale manufacturing) (Xiao, 2012, p 270). 

The dopant profile formed by diffusion will be isotropic (the same in all direction with respect to 

crystal orientation) rather than the likely anisotropic profile generated by ion-implantation. This 

is unlikely to be advantageous for TEG development (anisotropy in thermoelectric compounds 

has been reported by Neophytou & Kosina (2014) and Song et al. (2019), for example), and needs 

to be taken into account as, if it persists in the final product, it can lead to the incorrect estimation 

of the thermoelectric performance. 

2.3.1 Ion beam function 

For ion implantation to occur, an atom from a ‘source’ must be gasified, ionised, and accelerated 

towards a target with precise direction and energy. In addition, mechanisms to ensure the correct 

ion is implanted, the dose is measured accurately, and stray charges are kept under control must 

also be in place for a successful implantation. The ion source (see Figure 2-6) is usually a gas 

field that is heated in the vacuum chamber (Henderson, 2012a) where a gas- is preferred to a solid 

source because the latter must be sublimated, resulting in a slower ion implant. The element, now 

in a gaseous state, will then be turned into a plasma by the ion source which is a useful step to 

separate all constituent elements (now ionised) from their source compounds (e.g. boron trifluo-

ride or phosphine gas for the implantation of boron and phosphorous as dopants). 

 
Figure 2-6: Schematic of a typical commercial ion implanter (Chu, 2018, p. 9-14) 

 

The analyser magnet can then be used to separate and select the required ion species. This is 

achieved by accelerating all ions round a 90° bend where the analyser magnetic field separates 

out only those particles with the desired mass-to-charge ratio whereas those ions that do not meet 

this criterion will be stopped by the tuneable resolving aperture (Henderson, 2012a). The selected 

ions are now accelerated to the defined specification (implant energy, keV) in the acceleration 

tube where the scanning elements, indicated as the X- and Y scan plates, give uniformity to the 

beam and allow for a good implantation control. The scanning elements can also control the beam 
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incident angle and the rastering process (beam grid-scanning) across the surface of the wafer, for 

an effective and consistent implantation. It is also possible, in some facilities, to keep the beam 

stationary and to scan the wafer (known as a mechanical scan) which can be advantageous for 

large or multiple wafers because it reduces the incidence angle differences between the central 

and external material (Henderson, 2012a). A controlled angulation can be important to reduce 

channelling effects in crystalline materials, which is when an ion traverses significant portions of 

the crystal without impacting any nuclei (see Figure 3-5, p. 75, for more details) (Xiao, 2012, pp. 

278-279). This phenomenon is less prominent as the implant dose increases due to the disruption 

(amorphisation) of shallower layers that effectively then act like a mask (commonly used in ion-

implantation). 

Implanters come in different sizes and are broadly defined by their current and energy outputs. A 

high current application (up to ~30 mA) is required to implant a large amount of ions in the sample 

whereas high energy beams (> 500 keV, or similar) are used to implant ions much deeper in the 

sample (see Figure 2-7). A high current implanter is more suited for comparatively shallower 

implants where high ion flux (fluence/dose/doping concentration) is required (top left) whereas 

high energy implanters can achieve deeper average implants but at the expense of the flux output 

(bottom right). For the purposes of this research, high energy implanters were used as the samples 

created were highly doped thin-films. 

 
Figure 2-7: Ion dose vs. Implant Energy and Implanter types (Henderson, 2012b) 

 

This technique is appropriate for this research as the physical structure and composition of thin 

films can be easily tuned to synthesise the desired nanostructures/nanoinclusions and observe 

their effects (in terms of thermoelectric properties). 
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2.3.2 The UK National Ion Beam Centre 

The implantation of the samples was performed either in the University of Surrey Ion Beam Cen-

tre (SIBC) or at the upgraded University of Huddersfield facility, Microscope & Ion Accelerator 

for Materials Investigation (MIAMI-2) by Prof. Roger Webb and Dr. Graeme Greaves respec-

tively under instruction of the experimental plan provided by us. The features of the two implant-

ers used are summarised in Table 2-6, below. 

Table 2-6: Relevant Features of UK National Ion Beam Centre (UKNIBC) Facilities 

(Webb, 2016) and (Greaves et al., 2019) 

Facility Features SIBC MIAMI-2 

Implantation Energy Range 
0.1 to 4 keV 

2 to 4000 keV 

1 to 20 keV 

20 to 350 keV 

High Energy Implanter Up to 2 MV Up to 300 kV 

High Current Implanter Up to 200 kV Up to 200 kV 

Sample Area Range 
Min: < 5 × 5 mm 

Max: 400 × 400 mm 

TEM size 

26 × 22 mm 

Built-in Heater Temp. Range -196°C to 1000°C -173°C to 1300°C 

In situ sample measurements ✓ ✓ 

Incident angle On request 0° to 18.7° 

Implant Species 

Most species from 
1H (Hydrogen) to 
92U (Uranium) 

Most species from 
1H (Hydrogen) to 
79Au (Gold) 

 

These research centres are part of the UK National Ion Beam Centre (UKNIBC), together with 

the Dalton Cumbrian Facility Ion Beam Accelerator Systems (DCF) at The University of Man-

chester, the Medium Energy Ion Scattering Facility (MEIS) (UniHudd), and the still-active pre-

vious model of MIAMI at the University of Huddersfield. The Surrey Ion Beam Centre (SIBC) 

is an Engineering and Physical Sciences Research Council (EPSRC) supported National Facility 

at the University of Surrey which allows ion-implantation (and related) research to be undertaken 

by research on EPSRC funded projects (Webb, 2016). MIAMI-2 uses a 300 kV TEM with me-

dium-energy (350 kV) and low energy beam (20 kV) lines which can be used simultaneously for 

dual-ion-implantation (Greaves et al., 2019), although precautions must be taken to avoid non-

specified adverse effects to the sample such as wafer overcharging (Spengler et al., 1984). Both 

the SIBC and MIAMI-2 facilities have high current and high energy implant possibilities on sep-

arate beam lines (see Figure 2-7, previously, for their significance), although only the high energy 

implanters were used as high doping in shallow films was required. In this research project the 

modifications made to the specimen were aimed at; (i) changing the target's microscopic structure 

and (ii) aiding in forming new compounds that would be beneficial to the overall material ther-

moelectric properties. For these objectives, respectively the implantation of xenon and iron was 

used. For more information on the facilities used, the papers from Webb (2016), for SIBC, and 

from Hinks et al. (2011) and Greaves et al. (2019), for the MIAMI laboratory, are recommended. 
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The facilities at both IBCs can also heat samples to anneal them (see Section 2.4 for more details) 

or perform a ‘hot’ implant and, as temperature is a variable with many facets to it, it would give 

great insight to do this. The in situ heating feature was only used for selected annealing post-

implant processing (no hot implants were performed). See Table 2-7 for a summary of the im-

plants performed and the conditions that were used to achieve the specified sample. 

Table 2-7: Implant Requests at SIBC (S0#) and MIAMI-2 (H0#) 

# Species Wafer type In situ 

anneal 

Energy 

(keV) 

Dose 

(ion cm-2) 

Temp 

(°C) 

S01 Fe 2" p-type Si   No 120 1×1016 RT 

S02 Fe 2" p-type Si   No 120 5×1016 RT 

S03 Fe 2" p-type Si   No 120 1×1017 RT 

S04 Fe ¼ of 150 mm p-type SOI   Yes1,2 120 1×1017 RT 

S05 Xe ¼ of 150 mm p-type SOI   Yes1,2 150 3×1016 RT 

H01 Fe Free-standing silicon lamellae   Yes2 50 2×1016 RT 

H02 Fe Free-standing silicon lamellae   Yes2 50 5×1016 RT 

H03 Fe Free-standing silicon lamellae   Yes2 50 1×1017 RT 

H04 Xe Free-standing silicon lamellae   Yes2 70 1×1016 RT 

H05 Xe Free-standing silicon lamellae   Yes 150 3×1016 RT 

H06 Xe Free-standing silicon lamellae   No 150 3×1016 RT 

H07 Xe Free-standing silicon lamellae   No 150 5×1016 RT 
1 Several samples were generated (diced) after implant, 2 Multiple temperature and time conditions were used. 

 

The MIMAI-2 equipment is able to monitor the response of a material to ion irradiation in real-

time using EFTEM and is a step forward when compared to ex situ analysis that can only examine 

the pristine- and end-states of the material. The system is capable of dynamic observations and 

recordkeeping of the irradiated sample properties and can do so under a wide range of highly 

controlled conditions. In addition, a one-step implant and anneal with live monitoring strongly 

reduces the possibility of sample contamination as there are fewer sample transfers as the implant, 

anneal, and analysis occurs in the same chamber (Greaves et al., 2019). 

2.4 Thermal Annealing 

The final step to engineer the samples is to use thermal treatment, known as annealing, as post-

implant processing. The aim of annealing is to release the stress in the lattice (interstitialities) that 

has been formed as a consequence of the implant (ions disrupting the matrix, leaving it in an 

unstable thermodynamic state) and to activate the dopants that have been implanted. Heating the 

sample recrystalises the now-amorphised material and concomitantly allows the newly incorpo-

rated dopant to diffuse more uniformly in the sample (as well as bonding with the lattice, hence 

being ‘activated’). The important variables in the annealing process revolve around the ‘thermal 

budget’ which is the amount of energy transferred to the sample during annealing. Longer and 

hotter exposures deliver a higher thermal budget to the sample which, in some instances, could 
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be desirable if certain changes are required (such as dopant diffusion, lattice recombination, or 

reaching an activation energy for compound synthesis). These effects are important for our sam-

ples as the objective is to form new compounds (silicides) in the form of NIs to improve the 

thermoelectric properties of the material. These newly formed nanoparticles cause further changes 

in the substrate and can take a few forms as either new compounds (if it is a thermodynamically 

viable one, such one of many iron silicides) or self-segregated nanoparticles (e.g. silver as shown 

in Stepanov et al. (2015), which does not form a silicide). Other chemically inert atoms such as 

xenon (Mica et al., 2014) can also form solid nanoparticles as has been observed in this study. 

The formation of NIs results in potentially desirable property changes given by the improved 

phonon scattering and the reduction of dimensionality in the lattice (the advantages to thermoe-

lectric performance of these effects have been outlined throughout Section 1.6). Crucially, the 

understanding of how to control size and geometry of the NIs or other lattice defects with the use 

of the combination of implant and annealing conditions is of great importance to the thermoelec-

tric property optimisation. Studies such as Vargiamidis & Neophytou (2019) and Foster et al. 

(2017) outline the importance of nanostructuring and control of the size and positioning of these 

defects (embedded NIs, NC materials, etc.) where taking a hierarchical approach (meso-, micro-, 

and nano-scale distortions created by grain/boundaries, NIs, and atomic defects) is extremely ef-

fective at broad-spectrum scattering of phonons (hence minimising thermal conductivity close to 

the amorphous limit of 1–2 W K-1m-1). The control of the ion energy in the implant and subse-

quently the way in which heat energy is applied (high- or low temperature in short bursts, ramped 

up, or persistent) hold the key to the understanding of the defect engineering. 

In addition to the thermal budget, other variables can affect the formation of NIs such crystal 

phase or composition. A different implant dosage will lead to a different relative abundance of 

the elements can be the difference between kinds of crystals (generically, for binary compounds; 

AB2, A2B, A2B3, etc.) and the annealing conditions would also then be a factor in developing 

specific crystal phases as they become stable at a certain temperature ranges. This can be seen in 

the case of iron and silicon, see a simplified phase diagram Figure 2-8 (overleaf, with a more 

detailed version found in Figure 5-6, p. 107), where high concentrations of iron (left side, shown 

as 10-27% silicon) lead to the formation of Fe3Si, a 50% split forms ε-FeSi, and high silicon 

concentrations (~70%) are conducive to the formation of iron disilicides. It can be clearly noted 

that iron disilicide can be of the α- or β-FeSi2 form (tetragonal vs. orthorhombic lattice) of which 

the thermoelectrically interesting form (beta crystal) is only stable up to ~950°C, beyond which 

it will convert (to alpha crystal). 
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Figure 2-8: Iron-Silicon phase diagram (Starke et al., 2002) 

 

The annealing for the samples produced in this study was either performed in situ (in the implanter 

holder), at the facilities available at the University of Surrey or the University of Huddersfield, or 

in the in-house facilities at Heriot-Watt University Nanomaterials Lab (NML). The in situ anneal-

ing has been reserved for select samples to either prepare them with a limited number/range of 

anneals to be sent to external laboratories for further analysis or to monitor the sample evolution 

live under TEM. Most of the thermal post-processing was undertaken on implanted prime- and 

SOI wafers ex situ at the Nanomaterials Lab at Heriot-Watt University. The facility is equipped 

with a purpose-built furnace (the Post-implant Tubular Furnace, PiTFu, discussed in the next sub-

section) which is a thermal processing unit that can be externally controlled to heat the samples 

in a non-oxidising atmosphere (using dry nitrogen, N2). 

2.4.1 Ex situ Annealing at Nanomaterials Lab (Heriot-Watt University) 

Diced silicon wafers (prime or SOI) implanted at Surrey Ion Beam Centre (SIBC) were annealed 

using the purpose-built furnace (PiTFu) at NML, shown in Figure 2-9 (overleaf). The PiTFu is 

comprised of a (c) small tube furnace (Carbolite Gero, MTF 12/38/400) with an (f) incorporated 

Proportional-Integral-Derivative (PID) controller (Eurotherm, Model 3216). The furnace is capa-

ble of up to 1200°C, modified with an additional 900 mm (∅28 mm ID) concentric alumina tube 

as a contaminant-free area for sample heating. This tube is closed off on either end with (d) conical 

natural rubber stopper connectors (32 to 26 mm, single bore ∅6 mm ID), one side of which is (b) 

operational to insert and remove samples resting in a flat bottom alumina boat (Almath Crucibles). 
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Figure 2-9: Post-implant Tubular Furnace (PiTFu) in the Nanomaterials Lab (HWU). The collage shows 

(a) N2 gas control needle valve, (b) furnace boat and transfer crucible at tube front-end, (c) the Carbolite 

Gero furnace (d) tail-end rubber stopper and tubing, (e) fitted glass gas-washing bottle to prevent back-

flow of air, (f) Eurotherm 3216 PID temperature controller 

The hot samples are handled using a furnace crucible (Almath), tongs, and welding gloves to 

prevent contamination and other thermal hazards. The rubber stoppers are connected to thick rub-

ber tubing (∅6.35 mm bore, 3.18 mm wall thickness) which serves as the dry nitrogen gas (N2) 

pipework fed from the centralised cylinder system through a (a) needle valve for fine-tuned con-

trol of the flow. This accurate control is necessary to maintain a bare-minimum flow of gas of 

~25 mL min-1 (as high volume flow cools the furnace) and is visually adjusted by examining the 

bubbles emerging from the (e) 250 mL borosilicate fitted glass gas-washing bottle (with detach-

able head equipped with connectors). The bottle is required to prevent oxygen-containing air to 

flow back into the heated chamber, thereby maintaining a non-oxidating, nitrogen, environment 

which is released to atmosphere using an extractor system in the fume hood. A detailed Piping & 

Instrumentation Diagram (P&ID) for the PiTFu is available in Appendix A. 

For normal operations, the furnace is pre-heated to the experiment temperature (between 300°C 

and 1000°C, at increments of 100°C and including 550°C) and maintained using the timer func-

tions of the PID controller (depending on the experiment, between 102 s, around 2 minutes, and 

105 s, around 25 hours). Details on the precise experimental conditions are available in the rele-

vant results section (i.e. Table 4-1, Table 4-2, Table 5-1, and Table 5-3). The furnace is heated 

and cooled at a maximum rate of 20°C min-1 to prevent warping and possible cracking of the 

alumina tube(s) that reside in the furnace housing. The samples are placed in a furnace boat and 

pushed to the middle of the central alumina tube with a long spiral hook where the temperature 

has been checked with an extralong (500 mm) K1 thermocouple (see validation of furnace tem-

perature profile in Appendix B). This equipment, with the described methodology, can prepare 

many annealed samples in a relatively fast and simple way. 
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2.4.2 In situ Annealing:SIBC and MIAMI-2 

In certain contexts, such as that of monitoring morphology changes during heat treatment or for 

one-step sample synthesis, it is beneficial to anneal the sample directly in the holder. For this 

study, once sufficient information was collected using the in-house methods, specific implant- 

and annealing conditions were selected for additional characterisation techniques (e.g. 2ω for the 

samples shown in Figure 4-2, p. 90, and Table 5-7, p. 118) or used in additional experiments in 

the TEM at MIAMI-2. Both the University of Surrey IBC and MIAMI-2 have facilities that are 

capable of in situ post-implantation annealing (again, performed by Prof. Roger Webb and Dr 

Graeme Greaves respectively). These can also heat the samples in the wafer holder to specified 

temperature for hot implantation (the latter feature has not been used, not even to cool the sample 

and maintain the pre-implant temperature).  

Overall, the annealing process has multiple effects on the implanted samples, namely the recrys-

tallisation of amorphised silicon (that had occurred due to the ion bombardment of the solid) and 

that of forming new crystal phases or silicide compounds (depending on the implanted ion and 

annealing conditions, discussed in Chapter 5). In the case of iron (Fe) this would take the form of 

β-FeSi2 (orthorhombic) or other crystal phases (see Figure 5-6, p.107, for the specific composi-

tion-temperature conditions for the formation of different phases). For the purposes of this re-

search ‘secondary’ phases include iron nanoparticles and α- or ε-FeSi2 which may be formed in 

the process, although these were not detected as they do not respond to Raman spectroscopy. The 

relative quantity of these phases (even relative to monocrystalline silicon present in the sample) 

and the degree of recrystallisation of the solid are a function of the annealing conditions (temper-

ature and exposure time) and the relative concentrations of iron that have been introduced using 

implantation (which form the basis for this study). Ex situ annealing is a core part of this research 

study and a large optimisation study was undertaken using this method whereas in situ annealing 

was complementary (this methodology could not prepare the large amounts of samples required 

for intensive testing). The advantages of in situ annealing can be a strength for silicon based ther-

moelectric manufacturing as it can be a method for one-time handling of a wafer from prime state 

to finished device. This reduces the possibility of contamination from the transferring and han-

dling processes and would also mean faster producing time. 

2.5 Characterisation 

Once the samples have been implanted and annealed the preparation process is complete and these 

can then be characterised, which is of utmost importance to assess the thermoelectric performance 

and the viability of the material. Standard characterisation techniques aside (e.g. Raman spectrop-

scopy, TEM, etc.) a custom built system (the Electrical Characterisation Kit, ECK) was used for 

the in-house testing. Samples are tailored in size to the technique as deemed appropriate (see 

Table 2-8, overleaf) in order to minimise uncertainties or to fit equipment requirements. 
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Table 2-8: Characterisation methods and sample sizes 

Type of Characterisation Min. / Max. (mm) Notes 

Electrical Resistivity* > 5 < 24 Square pieces preferable 

Seebeck Coefficient* > 6 < 12 Long pieces preferable 

Thermal Conductivity (2ω)† > 3 n/a Destructive preparation technique 

Raman Spectroscopy^ > 3 n/a Thermal cond. measurements possible 

Transmission Elect. Micr. (TEM)† > 3 n/a Destructive preparation technique 

*Available at NML, ^Available at HWU, † Available in external labs 

 

The Seebeck thermopower and electrical resistivity were measured using the ECK, whereas the 

thermal conductivity was found using an external service (Advance Riko, Inc. 2ω-TCN) and, for 

some samples, Raman spectroscopy. The Raman spectra acquired for all samples were, however, 

primarily used for the detection and quantification of different crystal forms (c-Si and β-FeSi2). 

After implantation, SOI wafers were cut in 12 mm by 12 mm square specimens prior to annealing 

and then cut further depending on the electrical characterisation method used as each preferred 

different shapes (square, rectangular, and size). The specimens were cut in half and used for See-

beck coefficient characterisation (12 mm × 6 mm) as long-thin samples are preferable for this 

kind of measurement (minimising lateral heat diffusion or effects deriving from heat flowing in 

another direction that is not in parallel with the electrical measurement). The other sample was 

halved further (6 mm × 6 mm) for the van der Pauw resistivity measurement (a smaller sample 

has lower resistivity and is easier to measure) with the remaining piece (also 6 mm × 6 mm) used 

for Raman spectroscopy and stored as a reference sample (this is because the laser analysis would 

not permanently affect the sample). This methodology of ‘sample segregation’ (separating the 

samples for the different tests) was employed to ensure that all further thermal energy inputted in 

the sample via the measurements (i.e. asymmetrical heating for Seebeck samples or heating for 

temperature dependent electrical resistivity) did not affect the experimentation (measurements) 

in other areas and, importantly, a reference sample could always be checked a posteriori. 

The ECK consists of several combined modules; a current source, digital multimeter, two thermal 

heating units with integrated temperature controllers, and a data acquisition system all of which 

are controlled from the main workstation via LabVIEWTM. The ECK measures sample electrical 

resistivity and the Seebeck voltages (each with their own associated LabVIEWTM project file) 

using the attached modules interfacing with the workstation. The modules of the ECK, including 

the software required for its functionality, are summarised in Table 2-9, overleaf. 
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Table 2-9: Electrical Characterisation Kit Modules and Function 

Module Module Function Type 

Lakeshore 325 TC RTD Temperature Controller 

Hardware 

Linkam T95-HS Cartridge Heater Control System 

Linkam LNP 95 Cartridge Cooling Control System 

Keithley 6221 DC/AC CS DC/AC Current Source 

Keithley 2700 MM DAS Multimeter Data Acquisition System 

EHEIM Professionel 4+ 350 Main-stage External Cooling System 

LabVIEWTM vdP 4-point v4.vi Resistivity (van der Pauw) Data Acquisition 
Software 

LabVIEWTM Seebeck v5.vi Seebeck Measurement Data Acquisition 

 

The ECK and associated components are shown in the annotated Figure 2-10. 

 
Figure 2-10: ECK modules (a) Lakeshore 325 TC (b) Linkam LNP 95 (c) Linkam T95-HS 

(d) Keithley 6221 DC/AC Current Source (e) Keithley 2700 Multimeter Data Acquisition System 

(f) EHEIM Professionel 4+ 350 external cooler (g) Main Stage for measurements 

 

The samples are placed in the main stage (g) which is externally cooled by water (f). The internal 

temperature is controlled by the (a) RTD heater controller and the Linkam temperature control 

systems (b) heater and (c) cooler (ambient air). The data acquisition is managed through (d) the 

Keithley current source and (e) the Keithley digital multimeter, and processed using the appro-

priate LabVIEWTM module. 

2.5.1 Measurement of Electrical Resistivity 

The electrical resistivity is another important parameter to benchmark the quality of a thermoe-

lectric material as it is the measure of the dissipation of electrical energy throughout the sample. 

The van der Pauw method is appropriate for thin electrically conductive materials provided they 

are uniformly doped, with no physical discontinuities, and the probes make minimal contact with 

the sample and are as close as possible to the edges (van der Pauw, 1958). 
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As discussed in subsection 1.5.1, resistivity is an intrinsic property but, in practical terms, it is the 

resistance Ri can be measured. Equation 2-1 is used to calculate the resistivity, ρ (mΩcm), using 

the averaged measured resistances, R̅1 and R̅2 (Ω), the film thickness (t, nm), and the dimension-

less symmetry factor (f), which is a correction coefficient that is applied to account for the arbi-

trary shape of a sample. The resistances are found by applying a current, Iij, on two adjacent 

corners of the sample to measure the voltage drop, Vkl , across the contacts on the opposite side 

(e.g. a current applied through probes A and B with the voltage measured across C and D, see 

Figure 2-12, overleaf). 

ρ =
πt

ln 4
(R̅1 + R̅2) × f Equation 2-1 

A total of four measurements are taken for each average resistance by swapping current polarity, 

sample side (R̅1), and repeating this procedure perpendicularly (R̅2). The raw resistances are cal-

culated using Ohm's Law and averaged as shown in Equation 2-2 and Equation 2-3. 

R̅1  =
1

4
(
VCD

IAB
+

VDC

IBA
+

VAB

ICD
+

VBA

IDC
) Equation 2-2 

R̅2  =
1

4
(
VAD

IBC
+

VDA

ICB
+

VCB

IAD
+

VBC

IAD
) Equation 2-3 

 

 
Figure 2-11: Schematic of probe placement for electrical resistivity measurement in ECK 

 

The ratio between the averaged resistances is then used to determine the symmetry factor, f, which 

is a complex function of this ratio (see Equation 2-4). The closer the averaged resistances are to 

each other (i.e. in a symmetrical sample) the value of f approaches unity, meaning that it will not 

alter the initial calculation of ρ as determined by Equation 2-1. 

f = func(R̅1: R̅2)     (see reference table) Equation 2-4 

Values for the symmetry factor can be obtained from standard literature tables such as that pub-

lished in Ramadan et al. (1994), or other graphical means in the original reference, van der Pauw 

(1958), or similar. 

The acquisition of the data is done by positioning contact probes at the four corners of the sample. 

A current (μA) is passed through one set of adjacent contacts and is modulated to ensure that the 
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measured voltage in the opposite contacts was within the range of 30–50 mV. This is a high 

enough voltage to minimise uncertainties in calculation and avoids localised heating effects that 

could affect the results. Overall, the van der Pauw method averages and accounts for many effects 

and wire-/ contact resistances which would not be considered in a crude division between voltage 

and current and the results are reported with high confidence. 

 
Figure 2-12: Electrical Resistivity measurement apparatus with subparts (a) Adjustable electrical contact 

(4 probes) (b) Cartridge Heater (Linkam) with temperature sensor (hole) (c) Heating mechanism 

(d) Cooling mechanism (e) SOI silicon sample 

 

Utilising an older set up for comparison and measuring different samples made at the same im-

plant and annealing conditions, the equipment tolerance and overall uncertainty of the measure-

ments is estimated at around 1% (certainly below 2% of the raw value). 

2.5.2 Measurement of Seebeck Coefficient 

The Seebeck coefficient is also one of the main parameters in thermoelectric characterisation as 

it is the quantification of the amount of extractable electrical energy from input heat and the im-

portant benchmarking coefficients, power-factor (PF) and figure-of-merit (zT), are quadratically 

dependent on this measure. As the Seebeck effect is the appearance of a thermoelectric voltage 

across a material with a temperature gradient it can come quite intuitive to simply measure a 

voltage difference at two extremities of an asymmetrically heated material. This practice, just like 

for the resistivity measurements, would exclude contact resistances and measurement device See-

beck contribution (i.e. the thermocouples) which are difficult to quantify. This also would neglect 

other practical implications (and uncertainties) of measuring temperature and voltage accurately. 

A method proposed by de Boor & Müller (2013) shows how accuracy can be improved by using 

the thermocouples to measure both positive- and negative junction thermal voltages (Upos and 

Uneg) and temperatures in an integrated system, as shown in the schematic (Figure 2-13, overleaf). 
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Figure 2-13: Top: Seebeck measurement wiring schematic. Sample bridges heaters and thermocouples 

acquire temperature and thermal voltages (adapted; de Boor & Müller, 2013) Bottom: Measurement ap-

paratus with subparts (a) Hot- and (b) Cold Thermocouple (c) Cartridge Heater (Linkam) (d) RTD Heater 

(Lakeshore) (e) Silicon SOI sample 

 

The collected voltage values are plotted against each other (see examples in subsection 5.3.3) and 

the gradient of this linear fit is extracted to be used in the derived formula, Equation 2-5, from de 

Boor and Müeller (2013) (see Appendix C). 

S(T̅) =
STC(T̅)

1 −
∂Upos

∂Uneg

+ Sneg(T̅) 
Equation 2-5 

The Seebeck coefficients of the positive and negative elements of a K-type thermocouple are 

found in references such as Bentley (1998, p. 32) or manufacturer datasheets and their arithmetic 

difference is the Seebeck of the overall thermocouple. The improved accuracy of this equation is 

due to the non-dependence on thermocouple temperature measurements, which can be influenced 

by many factors and easily result in unreliable measurements. Crucially, the equation is also in-

dependent of small voltage fluctuations (‘spurious’) as these are used to produce a linear-fit trend-

line as an approximation of the partial derivative. 
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Using this equation, the uncertainty of the Seebeck coefficient is now strongly dependent on the 

accuracy of the data available from the thermocouple, the overall Seebeck contribution of the 

circuit, and the accuracy of the obtained voltages (contact resistances and other surface effects 

being the main possible source of errors). In addition, the setup as it is arranged does not prevent 

from conductive- and convective heat transfer from occurring around the sample (the temperature 

of the surrounding air will cool the central part of the sample). This is a concern, and there is little 

indication or evidence to suggest that the measurement has been affected in either way. Overall, 

the sensitivity of the formula to the voltage gradient as it approaches unity becomes significant as 

the fraction denominator tends to zero. For some measurements can leads to an uncertainty of 15–

20% or greater. 

2.5.3 Thermal Conductivity Measurements 

There are two main methods employed in the measurement of the thermal conductivity of the 

samples. The 2ω method (Advance Riko, n.d) and the in-house developed method using Raman 

spectroscopy peak shifts (Wight et al., 2017). For the former method, a one-dimensional heat flow 

model is used to determine the sample thermal conductivity, whereas the latter involves plotting 

the silicon Raman peak (520 cm-1) as a function of the laser power (which indirectly will yield 

surface temperature and hence thermal conductivity). 

2-Omega (thermo-reflectance method) 

The 2ω method was performed by an external service. The measurement is performed by the 

periodic heating of a metal film deposited onto the surface of the sample and measured through a 

nano thin-film thermal conductivity meter (the ‘TCN-2ω’ developed by Advance Riko, Inc.) 

whose schematic can be found in Figure 2-14, overleaf. The principle to the method is to cover 

the sample, consisting of a thin film layer on a larger substrate (the exact case for the SOI sam-

ples), with an additional metallic thin film and subject it to periodic heating (via a resistance) in 

a vacuum. The measurement is therefore suited for thin-film thermoelectric materials and results 

is an out-of-plane (normal to the plane) conductivity measurement. The term ‘2ω’ is found in the 

1D heat conduction model given by Equation 2-6, where κ is the thermal conductivity (measured 

in W m-1K-1), Cv is the volumetric heat capacity (J K-1m-3), q is the heat flux (W m-3), and d is the 

distance (meters) between the heating probes (Advance Riko, n.d.). The subscripts relate to; (i) 

the metal thin film (0), sample thin film (1), and sample substrate (s) respectively. 

T(0)

q d0 
=

1 + i

√ 2C𝑣,sκs(2ω)
+ (1 +

C𝑣,1κ1

C𝑣,sκs
)
d1

λ1
   + (

1

2
−

C𝑣,0κ0

C𝑣,sκs
)
d0

κ0
 Equation 2-6 

The heating-cycle frequency, f (Hz), is related to the angular frequency, ω (Hz), by the standard 

formula ω = 2π f. This equation then simplifies, if noting that the ‘real’ terms are proportional to 

the root of 2ω, as Equation 2-7 (m as the slope and n as the intercept).  

1

κ1
=

1

d1
(
C𝑣,1d1 + C𝑣,0d0
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−

d0

2κ0
+

n

m

1

√2C𝑣,sκs

)    Equation 2-7 
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In this equation, then, all terms are known or are found using the equipment, meaning it can be 

directly evaluated to find the thermal conductivity of the thin-film device layer. 

  
Figure 2-14: Left: Schematic representation of the TCN-2ω system 

Right: Sample close-up (Advance Riko, n.d) 

 

These equations assume that heat is distributed throughout entire sample and that there is no ad-

ditional and uncounted for dissipations. That is a slight hinderance with respect to the size of the 

SOI sample as they are due to their thickness (~700 μm, to a maximum recommended sample 

thickness of 1000 nm) which is why they require (handle) abrasion and may result in an unusable 

sample (the method is also destructive in its nature, as a result of the metal deposition). The buried 

oxide layer, however, does provide good thermal insulation which is positive for this application. 

Further information on the method, how it compares to the more common ‘3ω’ method, and how 

it relates to thermoelectric anisotropy can be found in literature such as Dames & Chen (2005), 

Ramu & Bowers (2012), and Roh et al. (2006) or the manufacturer website (Advance Riko, n.d.). 

Micro-Raman (peak-shift method) 

The 2ω technique is limited in that the sample preparation and processing results in its destruction 

(as with many types of thermal conductivity methods) and the inherent risk of unusable measure-

ments. This limitation is addressed by using a micro-Raman scattering technique, the peak-shift 

method, first introduced by Périchon et al. (1999) and further improved by Wight et al. (2017) at 

the Nanomaterials Lab of Heriot-Watt University. The principle of the method involves using the 

temperature dependence of the Raman peak shift for silicon (520 cm-1) and applying it to the 

equation revised by the NML research group (Equation 2-8) of which the full derivation can be 

found in the authored paper (Wight et al., 2017). 

κ =
2

π

P

a ΔT
 Equation 2-8 

The principle is that by varying the laser power it is possible to influence the sample temperature 

and therefore cause a different shift in the characteristic Raman peak (in this case the silicon one). 

This temperature change data can then be used to calculate the thermal conductivity (κ, again in 

W m-1K-1). The variables in the equation are the power of the laser (P, W), the laser spot diameter 

(a, meters), and the temperature change with respect to the bulk material due to the localised 

heating (ΔT = Tsurf - Tbulk, in Kelvin). 
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The key advantage to this method is that it is possible to predict the thermal conductivity using 

this a non-destructive method, but it is still strongly influenced by the heat distribution (therefore 

still limiting sample size). This method, although used for both SOI and FIB lamellae samples, 

yielded most reliable in the latter due to this exact reason. 

2.5.4 Raman Spectroscopy 

Raman Spectroscopy is one of the main techniques in vibrational spectroscopy, together with 

mid- and near-infrared spectroscopy (IR). Both techniques can provide characteristic vibration 

information about the analysed sample based on the absorbance of monochromatic light to iden-

tify the molecular structure of the sample (Larkin, 2011, p. 16). The historical background and 

underlying principles regarding the inelastic scattering (absorption and re-emission of quantum 

energy) of the laser light can be found in references such as Laserna (2014) and texts such as 

Larkin (2011). 

In this study, Raman spectroscopy (Renishaw® Argon laser, 785 nm, ~85 mW) is used primarily 

as a method to quantify of β-FeSi2 in the silicon wafer as it and the crystalline form of silicon are 

Raman active which show distinct peaks. The main peaks of interest found in the spectra and to 

be analysed further are 247 cm-1 and 520 cm-1. This is because the former is the largest character-

istic peak of β-FeSi2, as determined by Maeda et al. (2004), and the latter is a well-known mono-

crystalline silicon peak. The acquired spectra are normalised with respect to the 520 cm-1 peak 

value, which is generally the largest as the sample consists mostly of c-Si, and the relative inten-

sity of the 247 cm-1 peak extracted. This value is assumed as representative of the relative abun-

dance of the silicide in the silicon matrix, however, considerations must be made about the pene-

tration depth of the laser because that influences the amount of silicon (in the handle) that is 

detected. As can be observed in Table 2-10, the laser penetration is a function of the wavelength 

used and, for samples analysed using a 785 nm laser, this is equal to 12 μm. This is two orders of 

magnitude larger than the thickness of the device layer of interest and the 514.5 nm laser (unfor-

tunately unavailable) would have been more appropriate with a penetration of only 300 nm. 

Table 2-10: Raman penetration as a function of laser wavelength (Adar et al., 2010 and Song et al., 2013) 

Laser Wavelength (nm) Penetration Depth (nm) 

351          5 

413.1      12 

457.9      65 

514.5    300 

532       700 

633     3000 

785    12000 
 

 

Overall, however, this deep penetration did not seem to impact the measurement in an apparently 

significant way as values of up to 1 are observed as the ratio between 247 cm-1 and 520 cm-1 

(implying parity in concentration). Despite the recommendation of using a different laser, the 

found results are deemed to be appropriate for the comparative purposes of this study. 
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2.5.5 Transmission Electron Microscopy (TEM) 

The use of Transmission Electron Microscopy has been used as a complementary method for 

characterisation. The main objective was to investigate and monitor the evolution of the crystal-

linity and structure of samples as a function of the preparation. The facilities used are the Univer-

sity of Huddersfield included an in-line TEM (model Hitachi H-9500) with EELS (Gatan GIF 

Quantum SE) and EDX (BrukerQuantax 400) systems equipped with a 300 fps 16 Mpixel digital 

camera (GatanOneView). The operational voltage of the equipment is 300 keV in Brightfield 

mode (Greaves et al., 2019). The samples used in the TEM were prepared using standard Focused 

Ion Beam (FIB) manufacturing as reported by Li et al. (2017). 

The manufacture of the FIB samples was commissioned to Dr Vlad Stolojan (University of Sur-

rey) which also carried out XTEM on implanted and annealed c-Si samples. Further FIB samples 

were then brought to the University of Huddersfield where Dr Graeme Greaves performed the 

implants and EFTEMs under instruction of the NML research group. 

2.6 Summary of Methodology 

This chapter has highlighted the experimental techniques and analyses used to prepare and char-

acterise samples, and emphasised the need for a solid base of literature and simulation as a varia-

ble selection starting point. The main purpose of the iterative research methodology is to obtain 

results in a robust and repeatable way in order to take advantage of feedback improvement mech-

anisms (e.g. more targeted experiments in successive iterations to justify the use of more intricate 

techniques). Different silicon substrate types, of varied shapes and sizes, were used and tailored 

to the different characterisation methods available, each of which had specific advantages (e.g. 

technique-sample compatibility and appropriateness) or disadvantages (e.g. destructiveness). 

The main experimental phase consisted of implantation, thermal processing, and characterisation 

of the manufactured samples (each with their variables to be considered). Prior to selecting im-

plant conditions, a theoretical phase includes simulation of the ion-implantation and literature 

survey to evaluate the implant conditions more accurately without incurring in its associated costs. 

The evolution of the measured properties, both quantitative and qualitative, are aimed at discov-

ering the best conditions for the synthesis of β-FeSi2 and, concurrently, studying the influences 

the annealing process has on the main thermoelectric properties (electrical resistivity, Seebeck, 

thermal conductivity). The properties will be analysed independently and (as a whole), using the 

thermoelectric figure of merit (zT) and power-factor (PF), and finding correlations between the 

amount and silicide formed and the thermoelectric properties if significant patterns exist. Through 

various tests and validation, the uncertainty of the electrical resistivity is found to be in the order 

of 1–2%, that of the Seebeck coefficient ~15–20%, and the thermal conductivity also ~15–20%. 
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3 Modelling: The Stopping and Range of Ions in Matter (SRIM) 

3.1 Scope, Objectives, Nomenclature 

As the number of implantation experiments that can be carried out are limited (due to cost, exe-

cution time, availability, etc.), defining and restricting the scope of the experiment by means of a 

preliminary screening methodology is a first key step to achieving successful results. As outlined 

previously, ion-implantation is a technique that can be tuned using numerous variables and as 

such drives a multi-dimensional and complex interdependence between manufacturing conditions 

and sample properties (both physical and structural). These input considerations are also extended 

to the post-processing (annealing) conditions and, therefore, in order to engineer samples to a 

desired specification (more on that later) a good understanding of the implantation process and 

how the input and output variables relate to each other is required. The core objective of this 

chapter is to aide in the decision of appropriate implant conditions that will be most useful for 

these goals and the subsequent characterisation (electrical, thermal, morphological, etc.) of the 

prospective thermoelectric material. 

The use of simulations studies guided by relevant published literature, such as Naito & Ishimaru 

(2009), Rajesh et al. (2012), and Marinova et al. (2005) in the case of iron-in-silicon implants, 

fits this purpose by allowing researchers to gain insights in interactions between input and output 

parameters from other's experience. Consequently, simulation and literature review form the basis 

of the experimental design(s). The primary variables to implantation are the implant energy and 

ion dosage (also known as ‘fluence’), whereas the other, less-significant, parameters include the 

target temperature and beam incidence angle. The main effects to recognise are related to the 

mean depth (known as ‘(mean) projected range’) the ions penetrate the chosen target material 

(which is a function of-, and therefore establishes, the implant energy for the purposes of experi-

mental design) and the ion concentration in the interested region (which determines the required 

fluence). Although there are other variables and design parameters contributing to the properties 

of the final product, discussed later, these are of secondary importance for this initial phase. 

A list of commonly used terms and their definitions has been compiled and categorised in Table 

3-1, overleaf, some of which have been covered elsewhere (reiterated here for clarity). Atom is 

the term used to indicate the stationary (or low-speed, if implantation occurs in fluids) uncharged 

elements of which the target substrate is comprised of. These are distinguished from ions which 

are elements (also referred to as species) that carry electrical charge due to their electron-proton 

imbalance and, as such, can be accelerated into the target. For the purposes of this chapter, the 

terms ion or species indicate the high-speed particles directly emitted from the implanter. During 

implantation the species will arrange in a roughly-Gaussian distribution (statistical deviations are 

covered briefly below) whose arithmetic mean position is referred to as the projected range (Rp, 

see Equation 3-1, overleaf) with a basic measure of data-spread (similar to standard deviation, see 

Equation 3-2) known as straggle (σ). The latter concept can be differentiated between longitudi-

nal- (σL) and transverse straggling (σT) which describe the spread in the sample depth- and lateral 
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direction respectively. The transverse (lateral) ion spread is of lesser importance as the beam will 

raster (operate in scanning patterning) the wafer surface and so distribute its effects, whereas the 

longitudinal spread determines the changes in ion concentration with respect to the target depth. 

1st Moment RP =
∑ xi∀i

N
 Equation 3-1 

2nd Moment σ = √∑ (xi − Rp)
2

∀i

N
  Equation 3-2 

A small note must be made regarding straggle data; it is sometimes ambiguously presented as 

either the standard deviation or variance (σ2) of the distribution. In this document it is always 

specified as the standard deviation. Additional statistical measures could also be used to describe 

the ion distribution, namely the skewness (γ, 3rd-) and kurtosis (β, 4th central moment of the Nor-

mal distribution), but these are of negligible relevance to the simulation of the ion distribution for 

this study as these are relatively symmetrical and smooth. 

Table 3-1: Definitions of commonly used terms in ion-implantation 

Term Definition 

Atom Change-neutral element that is part of the target of the implantation 

Ion Positively charged element that is accelerated into a target at high speed 

Projected range Arithmetic mean of the ion distribution (expected value or first moment) 

Straggling Spread of the ion distribution (variance or second moment) 

Recoil atom Atom that has been displaced from its original lattice position 

Interstitial atom Displaced atom, not bonded with the rest of the lattice 

Vacancy Lattice site that is no longer filled as a result of a recoil 

Dislocation loop A closed circuit of vacancies (with special electrical properties) 

Back scattering Ion that has been deflected from the target surface back into the vacuum 

Transmission Ion that has left the target from the surface opposite the entry point 

Sputtering Surface atom that has been displaced and ejected into the vacuum 

 

The effects of ion-implantation can be divided as those occurring on target atoms (recoiling, etc.) 

and on ions (back scattering, etc.). When an ion impacts an atom the latter may be displaced from 

its lattice site and this is known as a recoil atom which can also trigger more displacements in a 

recoil cascade (further interstitials or vacancies generated by the momentum of the recoil atoms). 

The space left behind is a vacancy in the lattice and the displaced atom, if it does not fill another 

vacant position, now becomes an interstitial atom. Should many vacancies aggregate, either 

through additional collisions or through migration of vacancies due to lattice vibrations (e.g. ther-

mal input), in a closed circuit this is known as a dislocation loop. Dislocation loops have been 

demonstrated to play a significant role in the enhancement of the thermoelectric power-factor in 

nano-silicon. In the work by Bennett et al. (2016), for example, a simultaneous increase in See-

beck coefficient and electrical conductivity was achieved using this method. 
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Ions and atoms may not always end up in the target lattice and may experience back scattering, 

transmission, or sputtering. An accelerated ion can deflect off the target surface without entering 

it and hence be back scattered or, alternatively, the species could reach the opposing surface and 

be transmitted into the vacuum. A similar phenomenon can occur to near-surface target atoms 

when an ion or a collision cascade terminates on the surface with sufficient energy to displace 

and eject atoms into the vacuum. This is known as sputtering. 

This terminology will be used throughout this chapter to explain the presented simulations. The 

main objectives can be summarised as; (i) better understanding the implantation process and (ii) 

how inputs are related to the properties of the manufactured material. 

3.2 Introduction to Monte Carlo Simulation and Experimental Design 

The Stopping and Range of Ions in Matter (SRIM) is a collection of software packages developed 

primarily by James F. Ziegler (Yale University) and some collaborators to simulate ion-implan-

tation in solids (Ziegler et al., 2010). It models various aspects of ion transportation through mat-

ter (amorphous substrates) such as the distribution of implant species in the medium and the dis-

placement cascades of the substrate atoms (Ziegler et al., 2008, pp. 7-1). In SRIM it is possible 

to create multi-layered substrate materials, either as user-defined or taken from an extensive com-

pounds bank, that can be bombarded with any species in the periodic table (up to uranium) with 

the desired level of implantation energy (between 10 eV and 2 GeV/amu) (Ziegler et al., 2008, 

pp. 8-2 to 3). The main program in SRIM is called ‘the Transport of Ions in Matter’ (TRIM) which 

uses a Binary Collision Approximation (BCA) Monte Carlo Simulation (MCS) of the implanted 

ions. The BCA is a computationally efficient method which simulates a travelling accelerated ion, 

in an assumed linear path, as it undergoes a series of collisions with one target lattice atom at a 

time (hence binary collision) calculating its effects on the target matter. 

The main user-defined parameters in TRIM are (i) the implant energy, (ii) the selection of ion 

species, (iii) the target material, (iv) implant energy (keV), and (v) beam angle of incidence (°). 

The latter two determine the average ion depth (projected range, Rp, measured in nm) and the 

overall distribution shape in the chosen ion/atom combination(s) because higher implant energies 

result in deeper implants with a wider ion distribution spread (longitudinal straggle, σL) as the 

same number of ions will be distributed over a broader area (assuming the same fluence). 

The simulation has various ‘calculation types’ which can be selected prior to the run that focus 

on different outputs (short-cut simulations, detailed ion distribution and/or damage, sputtering, 

etc.), each with slightly different benefits and drawbacks as seen later on in Table 3-3, p. 69. The 

main outputs of any given simulation are listed below. 

• Ion density distribution (projected range and straggling) as a function of depth 

• Changes in chemical and electronic properties due to ion-implantation (injection) 

• Atom displacement and ejection (sputtering, backscattering) 

• Generation of vacancies or porosity (target damage) 
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The simulation predicts the final position of an ion (and, on aggregate, the overall ion distribution) 

by quantitatively evaluating the ion energy loss as it penetrates the target (Ziegler et al., 2008, p. 

vi) and the creation of crystallographic defects, i.e. disruptions in the crystalline structure that 

come in different types such as vacancies, interstitialities, and dislocations (Eranna, 2015, p. 293). 

Defects will be discussed in more detail later in this section. The software is also capable of out-

putting the target ionisation and phonon production (vibration propagation within the structure) 

and other changes in physical and electronic properties of the target, however these are either not 

relevant to the current study, more specialist in their interpretation, or not accurate enough to be 

of practical use (the electrical property predictions are not the strong point of this software). 

The use of MCS-BCA statistics allows for rapid and resource-efficient simulations, albeit with 

underlying assumptions and limitations discussed later in subsection 3.2.3. Users must be aware 

of these assumptions to make well-informed decisions and plan simulation arrays.  

3.2.1 TRIM Basic Functionality and Physics Engine Overview 

In ion-implantation, the ions traversing the specimen lose energy due to two main mechanisms: 

nuclear stopping and electronic stopping. Logically, these effects are related to the interactions 

the accelerated ion has, respectively, with the atoms' nucleus (perhaps better described as nucleic 

stopping, to avoid ambiguity with nuclear forces) or the surrounding electron clouds. This stop-

ping power is an energy loss, described as the first derivative of energy (E) with respect to the 

particle path length (x) shown in Equation 3-3, which is therefore a function of both the nucleic- 

(SN) and electronic stopping powers (SE) (Xiao, 2012, p. 272). 

dE

dx
= SN(E) + SE(E) Equation 3-3 

The nucleic losses are due to ion-atom collisions whereas the electronic ones are due to the op-

posing electrical charges between travelling ion and target electron clouds which create a slowing 

effect. In limit case scenarios, the energy loss is (i) solely due to nucleic stopping if and when an 

ion is backscattered (deflected from the surface of the target) and (ii) exclusively due to electronic 

stopping if the ion is channelled (passes though the lattice without colliding with it). In practice, 

however, and for the vast majority of ions implanted and applications, both effects will be present 

but the electronic stopping is usually a dominating term (as seen in Figure 3-1, overleaf). In this 

graphical representation the nucleic stopping is not shown to scale with the electronic stopping as 

the former is orders of magnitude smaller, see Yao et al. (2006, p. 27-2) for further detail. 

Electronic energy loss is complex in nature because the properties of both the travelling ion and 

target atom are changing as the ion passes through the substrate. The charge state of the ion po-

larises the target electron clouds (which shift forward, in front of the ion) which, in turn, affect 

the ion electrons too (Ziegler et al., 2008, p. 3-2). To explain the trends in Figure 3-1; the elec-

tronic stopping power initially increases with ion velocity (ion energy normalised with respect to 

mass) because the ionisation potential of said travelling particle increases meaning the target is 
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more effective at slowing the ion (I: Lindhard-Scharff region, ~100 keV to 1 MeV). This effect 

increases in magnitude until a maximum ionisation potential is reached (II: Anderson-Ziegler, ~1 

to 10 MeV), after which the ions travel too fast to effectively ionise the target and, consequently, 

stopping power decreases (III: Bethe-Bloch, ~10 MeV to 100 GeV). At even higher energies 

(<100 GeV, not seen in the figure below) radiative losses start affecting the stopping power, which 

increases significantly (Yao et al., 2006, p. 27-2). The bell-curve shown below is what causes the 

Bragg peak (higher concentration of implanted ions below the surface) seen in various applica-

tions such as proton therapy because high-energy ions will decelerate exponentially in the tissue 

as they transition into an intermediate energy state. The implantation experiments for this research 

are found in the ‘low-energy’ category. 

 
Figure 3-1: Comparison of nucleic- and electronic stopping power 

 as a function of ion velocity (energy regime) (Chu, 2018, p. 9-2) 

 

As stated above, the energy loss due to effective ion-nucleus interactions are mostly negligible 

and this is assumed for two reasons. The first is that the atom model consists of mostly an electron 

cloud, as evidenced by the ~0.01% backscattering of α-particles accelerated into thin foils re-

ported by Geiger and Marsden in 1909, rendering collisions extremely unlikely. The second is 

that only few nucleic collisions cause significant energy loss (most interactions are deflections). 

It is therefore assumed that collisions are perfectly elastic and, as a result, the electronic stopping 

power can be considered the sole stopping effect for the purposes of these simulations (Ziegler, 

1999). TRIM incorporates this approximation in the ‘Free Flight Path’ assumption, which is de-

fined as the average distance travelled by a moving particle between successive impacts (colli-

sions). The Free Flight Path assumes that many collisions exhibit a negligible energy loss and 

deflection angle thereby applying electronic stopping as the sole ion-slowing mechanism. Conse-

quently, only significant collisions are evaluated and calculation times are reduced (Ziegler et al., 

2008, pp. 7-8 to 14). 
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When a collision does occur, TRIM treats it as scattering between two particles where the mag-

nitude of resultant energy transferred to the target atom then determines if the lattice is disrupted 

or not (by a recoil cascade, emission of a phonon vibration, or both) and the fate (scattering angle 

and energy) of the travelling ion. The collision kinematics are calculated using interatomic po-

tentials, a theory in molecular dynamics, which relates the particle motion to the centre-of-mass. 

This classical approach calculates the energy transfer (T) between moving and stationary particles 

(subscripts 1 and 2 respectively) solely based on the mass (M) and charge (Z) of said particles 

and the velocity/direction vector (V) of the moving particle (Ziegler et al., 2008, pp. 2-1 to 4). 

This is represented schematically in Figure 3-2 in both laboratory frame (standard view), where 

conservation of momentum and energy is assumed, and centre-of-mass frame (COM, relative 

view), where the frame is transformed such that the net system momentum is also zero. This is 

achieved by defining the system velocity, VC (Equation 3-4). 

 

VC ≡
M1V0

M1 + M2
 Equation 3-4 

 

 
Figure 3-2: Scattering variables of two-bodied collision in laboratory- and COM frame, showing; 

projectile (M1), stationary target (M2), impact parameter (p), interatomic separation (r), and 

deflection angles (ϕ/ϑ, Φ/Θ) (Ziegler et al., 2008, p. 2-3) 

 

The ion scattering angle (Θ) and the overall energy transfer (T) are calculated in the COM frame 

as shown by Equation 3-5 and Equation 3-6, overleaf, respectively. The angle is converted into 

the laboratory frame (ϑ) using Equation 3-7 and the recoil deflection angle is calculated by solving 



67 

the system of equations for the conservation of momentum in 3-dimensions (Equation 3-8 and 

Equation 3-9). All these equations are based on; the particle characteristics (mass and velocity/en-

ergy), the distance between the two (interatomic separation, r), and the projected offset between 

initial ion path and target atom (impact parameter, p) (Ziegler et al., 2008, p. 2-33). The relative 

velocity of the particles is a function of their distance, represented as V(r), due to their respective 

charge fields. For clarity, EC is the system energy relative to the laboratory frame. 

 

Ion Scattering Angle 
Θ = π − 2∫

p dr

r2 [1 −
V(r)
EC

− (
p
r)

2

]
1/2

∞

rmin

 
Equation 3-5 

Energy Transfer T =
4E0M1M2

(M1 + M2)2
sin2 (

Θ

2
) Equation 3-6 

COM-to-Lab Frame ϑ = arctan [
sin Θ

cos Θ +
M1

M2

] Equation 3-7 

Cons. of Momentum 

(Longitudinal / Lateral) 
{M1V0 = M1V1 cos ϑ + M2V2 cosϕ

M1V1 sin ϑ + M2V2 sinϕ                 
 

Equation 3-8 

Equation 3-9 

 

In practice, however, it is difficult to obtain accurate information regarding the interatomic sepa-

ration(s), impact parameter(s), or the changing velocities for the deflected or recoiled particles as 

well as these calculations being computationally intensive. This is where the Monte Carlo aspect 

of the approach incorporates a random probability distribution for the scattering angle of the re-

coiled particle (Equation 3-11) which, in turn, predicts how the ions and atoms will react based 

on a simplified version of the above-listed equations (Equation 3-10). The derivation for this for-

mula, referred to by the author (Biersack) as the Magic Formula, can be found in Appendix C. 

Magic Formula cos (
Θ

2
) =

P + I𝐩 + Δ

P + Rmin
 Equation 3-10 

R.N.G. {ϕ = 2πn          
n ∈ Rand[0,1]

 Equation 3-11 

 

Once these parameters are calculated the resultant energies, ion and recoil, are applied to deter-

mine if any lattice displacements take place. Figure 3-3, overleaf, shows how TRIM simulates an 

accelerated ion, with mass M1 and initial energy E0, to collide with the target surface comprised 

of atoms, with mass M2 (Frame A) and the result (Frame B) is that atom M1 will transfer E2 units 

of energy to atom M2 whilst retaining E1 units of energy (arrows in diagram not to scale). 



68 

 

Figure 3-3: Illustration of Ion (Z1) impact with homogeneous target surface (Z2) 

 

E1 and E2 are both compared to the displacement energy of the lattice atom (Ed) and, based on 

their relative magnitude with it, an outcome is applied as summarised in Table 3-2 (Ziegler et al., 

2008, p. 8-10). There are four key outcomes depending on if both energies are greater than or less 

than this critical parameter, the displacement energy, or if only one of the two is greater. If the 

energy is greater than that required for displacement (i.e. E1 > Ed or E2  > Ed) then the relative 

particle (ion or lattice atom) will leave the lattice site in question. If it is the stationary atom to be 

displaced the lattice binding energy (EL), the energy required to move the atom from the lattice, 

will be consumed from E2such that E2 → E2 − EL before the recoil cascade. A lattice site dis-

placement can result in a vacancy (unoccupied lattice location) if both particles have enough en-

ergy to leave the site or an interstitial atom is created if the ion cannot leave the site. In such case 

the remaining ion energy (E1) will be emitted as a phonon. If the lattice is not disrupted (E2  > Ed) 

then the ion can either be deflected into the next layer of the target or, if the energy is not enough 

to permit that, become an interstitial atom. Any left-over energy that is not enough to displace or 

deflect any ions/atoms is released as phonons (vibration of the lattice). In special circumstances, 

if the ion and atom are the same element known as an isovalent implantation, a replacement col-

lision can occur if the former particle displaces the latter. 

Table 3-2: Physical changes occurring in target depending on ion/atom 

resultant energies as simulated by SRIM (Ziegler et al., 2008, p. 8-10) 

 E1 > Ed E1 < Ed 

E2 > Ed 

M2 atom displaced causing a recoil 

atom cascade: E2 → E2 − EL before 

next collision 

M1 proceeds to the next layer and a 

vacancy is created at the lattice site  

M2 atom displaced, M1 occupies lattice as 

replacement or interstitial atom; 

If M1 = M2 a replacement collision occurs* 

If M1 ≠ M2, M1 becomes interstitial atom 

E1 released as a phonon (lattice vibration) 

E2 < Ed 
M1 deflected into next layer 

M2 vibrates back to original state 

E2 released as phonon (vibration) 

M1 becomes an interstitial atom 

E1 + E2 released as phonons as M2 vibrates 

back to original state 

*Common in single-element target with large recoil cascades 
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The simulated physical changes are largely dependent on the correct calculation of energies and 

accurate knowledge of the parameters such as lattice binding energy displacement energy (which 

are measured intrinsic physical properties). These are discussed in greater detail in the next two 

subsections (parameters and variables, and uncertainties and limitations). 

Depending on the simulation mode enabled, refer to Table 3-3, overleaf, TRIM can follow (in 

addition to the implanted ion) the effects of secondary collisions (recoils) to varying degrees of 

complexity. There are distinct modes of operation available to privilege the accuracy of different 

parameters such that the ends of the study can be met more effectively and save in time and 

computational resources. Generally, TRIM can either focus on the correct simulation of the ion 

distribution or the structural damage (sputtering, vacancies, and interstitialities), unless more sig-

nificant computation power is utilised.  

Table 3-3: Types of Calculation available in TRIM (Ziegler et al., 2008, pp. 8-3,4) 

Type of Calculation Advantages Limitations 

Ion Range Tables 

(IRT) 

Rapid calculation of ion distri-

bution parameters (Rp, σL , σT) 

as a function of implant energy 

(i.e. many energies analysed 

simultaneously) 

Accuracy is lower than more de-

tailed calculation types  

(guidance only) 

Only shows parameters, not the 

entire ion distribution 

Ion Distribution & 

Quick Damage 

 Calculation (QDC) 

Correct calculation of; 

- 3D Ion distribution, 

- Ionisation energy loss, 

- Recoil atom energy transfer, 

- Ion backscattering, 

- Ion transmission 

Target damage and sputtering 

calculations are estimated 

Only one implant energy simu-

lated at any one time 

Detailed Calculation 

with Full Damage 

Cascades (FDC) 

All collisional damage analysed, 

without approximations, until 

the ion/atom energy is too low 

to displace any of the target at-

oms. This leads to the correct 

calculation of all parameters 

Significant computation time 

and limit of 20,000 cascades per 

single ion. The gained accuracy 

may not be necessary for most 

applications 

Monolayer Collision 

Steps (MCS) 

Excellent sputtering (surface 

atom ejection) calculations 

Computationally intensive as the 

Free Flight Path assumption is 

omitted and collisions are re-

quired in each target layer 

Other output quantities are aver-

aged 

Surface Sputtering 

Calculation (SSC) 

Allows analysis effects of vary-

ing Eb on the sputtering yield 

Only subtly different to MCS 

Computationally intensive as all 

layers require collisions (same 

as MCS) 

Neutron / Electron /  

Photon Cascade (NEP) 
Damage calculation is accurate 

Damage calculation only perti-

nent to neutrons, electrons or 

photons 

 

The methodology used for this Chapter is to firstly use Ion Range Tables (IRT) to gain a quick 

understanding of what projected range and straggle as a function of implant energy is expected. 
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These simulations are contained in SRIM (not TRIM) and require low computational power, al-

lowing them to be generated in a few minutes. Their drawback is that they do not provide any 

damage information or higher-level statistical information (skewness and kurtosis) of the ion dis-

tribution and has a lower accuracy than a full TRIM simulation. Once this basic understanding is 

achieved, however, the Quick Damage Calculation (QDC) or Full Damage Calculation (FDC) is 

used to calculate the distribution and damage in greater detail. These take more time to implement 

and perform (QDC ~20–40 min and FDC ~4–12 hours) but give detailed information on the ion 

distribution and damage. FDC results are presented in this chapter as both distribution and damage 

are accurately calculated. 

Other simulation types found in TRIM, the Monolayer Collision Steps (MCS), Surface Sputtering 

Calculation (SSC), or Neutron/Electron/Photon Cascade (NEP) are more specialised with their 

output (focussed on sputtering or effects of Fermion irradiation) and are not relevant to this study. 

Lastly, in addition to the modes of calculation, there are complementary options available in line 

with what is possible with real-life ion-implantation experiments. The modification of the beam 

starting position and depth (can start already inside the target) is one and the possibility to use 

multi-layered targets mostly to cater to virtual biological substrates (up to 8 possible layers) is the 

other. This latter option is useful to create simulated SOI wafers as the layers and thicknesses can 

be modified accordingly and as required. 

Conclusively, TRIM is a MCS-BCA simulator that uses particle physics formulae and a random 

number generator to predict the distribution of ions and damage within custom defined targets. 

There are many options with regards to simulation algorithms which can be tailored to the focus 

that is required in the output which are to be selected judiciously (due to limitations, discussed 

later) in order to maximise the benefit received from the simulations. 

3.2.2 Input and Output: Parameters and Variables 

Using the known functionalities of TRIM, we can differentiate between the experimental input 

variables (those which are under investigation, see Table 3-4) and the parameters required for the 

correct functioning and calculation of the simulation (Table 3-5, overleaf). The simulation domain 

consists of the target substrate constructed with up to 8 stacked layers of different materials, each 

with a defined thickness and average stoichiometric composition, and assigned (or customised) 

physical properties (listed in Table 3-5). 

Table 3-4: SRIM Input Variables or options 

Process Variables Unit Scope Type 

Target Material (Substrate) n/a 1H to 92U (multiple)  Categorical – Nominal 

Ion Element (Species) n/a 1H to 92U Categorical – Nominal 

Implantation Energy  keV 10 eV to 2 GeV Numerical – Continuous 

Ion Dose (Fluence) ions cm-2 Not Applicable Numerical – Continuous 

Ion-Beam Angle of Incidence ° 0, 89.9° Numerical – Continuous 
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The substrate is populated stochastically with atoms (hence the target is amorphous) based on the 

mass density assigned to each layer which is by default a function of the molar mass of the com-

prising elements and their relative stoichiometry (it can be overridden by the user). Based on this, 

approximately 109–1010 atoms will be generated in the domain depending on the target thickness. 

Once the target is created the ion species, beam energy, and angle of incidence are selected for 

implantation. The ion fluence (dosage, in atoms cm-2) is a simulation parameter as the output is 

normalised; nm/(ion cm-2) or (at cm-3)/(at cm-2). This presentation of results is versatile as it 

means that the fluence can be applied subsequently as a simple linear scaling (relative ion distri-

bution and/or vacancy distribution). There are, however, limits to the applicability of this assump-

tion as the scale up does not safeguard the simulator from exceeding the atomic density of the 

target (in silicon this is 4.995×1022 at cm-3). Other assumptions and limitations are discussed later. 

Table 3-5 summarises the parameters based on physical data pertaining to the properties of the 

implant target such as displacement energy (Ed), lattice- (EL) and surface binding energy (Eb), 

and bulk density. These are sensitive parameters for the simulation and accurate data may not be 

available due to difficulty in measurement. SRIM's database is for the majority comprised of the 

median value reported in Kudriavtsev et al. (2005), which has compiled EL values from other 

studies, and the standard Heat of Sublimation as an approximation of Eb. 

Table 3-5: TRIM Input Parameters: Importance and Approximations 

Property Meaning Approximation 

Displacement 

Energy (eV) 

(Ed) 

Energy required to move target one or 

more atomic spaces in the lattice 

Polymers  2 - 5 eV 

Semiconductors ~ 15 eV 

Metals ~ 25 eV 

Lattice Binding  

Energy (eV) 

(EL) 

Energy required for 1 mol of crystal 

solid into gaseous state. 

It cannot be measured directly empiri-

cally. It is estimated via different 

methods such as the Born-Haber cycle 

Generally Unknown, usually 

~1-3 eV 

Surface Binding  

Energy (eV) 

(Eb) 

Energy required to separate an atom 

(in vacuum) from the surface layer of a 

solid in the ion sputtering process. 

Approximated as the Heat of 

Sublimation of compound as it 

is difficult to obtain empirically 

Target Bulk 

Density (g cm-3) 

Determines the average amount of at-

oms within a unit volume of target 

Bulk density of element at ambi-

ent conditions (linear addition 

for compounds) 

 

As there are an array of possible calculation types and outputs, it is natural that specific parameters 

will be more important in certain instances (calculation type and required output focus). The pri-

mary objectives are that of the correct calculation of Rp and σL, which can aid in understanding 

what the dose comparisons need to be, and secondarily the vacancy distribution (target damage) 

to estimate porosity and sample amorphisation. Ed is perhaps the most important parameter, but 

is extremely difficult to measure and, as such, it is usually estimated depending on the ‘type’ of 

target material (e.g. polymer, semiconductor, metal, etc.). EL and Eb are especially significant for 
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sputtering calculations but for the purposes of these simulations they are assumed to dissipate into 

phonons as ion distribution and damage-oriented algorithms are used. Uncertainty in the target 

bulk density is less significant but values have been slightly adjusted to the best judgement of the 

data available for silicon, the implanted ions, and the scope of the research.  

3.2.3 Uncertainties and Limiting Assumptions 

The accuracy of the SRIM-2010 modelling, as validated by comparison with physical implanta-

tion studies with it in the review by Ziegler et al. (2010), show that ~64% of the experimental 

datapoints to be within 5% of the SRIM calculation and ~85% to be within 10%. Overall, the 

average deviation (here referred to as ‘accuracy’) of any given simulation is ~3 to 6%, which is 

slightly improved (to 2 to 5%) if experimental data with a large deviation from the theory (>25%) 

is omitted from the estimation. On average, heavier ions display a marginally larger spread and 

uncertainty than the lighter ones, as shown in Table 3-6, however a more granular breakdown of 

the accuracy for atoms heavier than lithium is not readily available. 

Table 3-6: SRIM Accuracy with respect to experimental data (Ziegler et al., 2010) 

Simulated Ions Accuracy (%) Within ±5% (%) Within ±10% (%) 

H ions 3.9 68 85 

He ions 3.5 70 87 

Li ions 4.6 68 81 

Be – U ions 5.6 55 78 

Overall Accuracy 4.3 64 85 

 

The model accuracy is also dependent on the assumptions made by TRIM. For example, the com-

pound stopping power (two or more elements in the target layer, e.g. Bi2Te3, SiGe, SnSe, etc.) is 

determined by Bragg's Rule. This concept states that the compound stopping power is approxi-

mately a linear combination of the individual stopping powers of the constituent elements (i.e. for 

SiGe, the average between silicon and germanium). The accuracy of Bragg's rule is limited by the 

electron energy loss calculation which is dependent on the orbital and excitation structure. Usu-

ally, experimental data for compounds deviates less than 20% from that predicted from this rule 

but such a change can cause discrepancies of non-negligible significance in the final ion distribu-

tion (Ziegler et al., 2010). This assumption does not apply to the simulations undertaken in this 

study because the target material is single-element silicon (doping levels are negligible). 

In addition to Bragg's Rule, the other assumptions in the software are; (i) nuclear effects due to 

implant, such as element transmutation energy loss, occurring usually >5 MeV (Ziegler et al., 

2008, p. 8-5) are ignored, (ii) the target is a perfectly amorphous, (iii) the target is at 0 K and does 

not heat up during the implant (meaning no thermally induced ion diffusion or recrystallisation 

effects), and (iv) previous ions do not affect the sample morphology or interact with successive 

ions (there is no ion build-up nor damage accumulation each new implanted ion) (Ziegler et al., 

2008, p. 9-2). Firstly, the nature of the simulation undertaken in this study means that nuclear 
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reactions (intended as a transmutation of the target nucleus due to high-energy impact) are ex-

tremely unlikely as the implant energy is always < 250 keV, however, the other assumptions may 

not hold as easily and therefore cause discrepancies. so high energy implantation should be 

avoided. Secondly, the targets used in the experiment are crystalline silicon wafers but the simu-

lation assumes stochastically distributed amorphous targets. This makes it difficult to quantify the 

effects of ion channelling mitigated by the 7° implant. Thirdly, the ignored thermal and structural 

effects are significant in experiment as thermally induced repair or recoil migrations (to a va-

cancy) are commonplace throughout implantation with natural irradiation heating or in a heated 

implant. Lastly, the binary collision approximation omits effects of neighbouring lattice atoms 

and disregards changes in crystal structure derived from implantation damage as ion is simulated 

separately. This deviation is more applicable at higher dosed samples, such as those implanted in 

this research, as progressive surface amorphisation changes ion pathing (mask effect). Defect 

clustering, causing dislocation loops or larger vacancy sites, is ignored to great limit. 

In addition to the above, the inputted physical property data also displays inherent uncertainties 

and variables such as the lattice binding energy and mass density can be modified for this very 

reason. The review by Kudriavtsev et al. (2005) shows that estimates can vary and that the dis-

placement energy itself is not accurately known (it depends, among other factors, on crystallo-

graphic directionality and the bonding of adjacent atoms so varies even within the same element). 

Overall, the simulation output is a good indicator for the behaviour of real implantation experi-

ments but does need to be analysed in context and unfavourable conditions avoided (e.g. very 

high energies or fluences). Where possible, accurate and up-to-date data should be sought (espe-

cially binding energies) and the application-specific algorithm selected to reduce uncertainties. 

3.3 Simulation Methodology and List 

The end goal of this research is to manufacture thin-film (~100 nm) doped silicon samples, some 

of which including silicide nanoinclusions (for optimised electrical and thermal properties) or 

built directly on nanostructured silicon samples (i.e. FIB lamellae). To this end, simulations sets 

with noble gasses and transition metals are used to; (i) explore how the beam incidence angle 

affects the output (conclusions are then carried over) and validate the simulation against known 

results for xenon and iron (the objects of this research), (ii) further validate the simulation package 

against broader literature (e.g. hydrogen and helium implants) whilst studying heavier inert atoms 

to explore structural changes alone (e.g. argon and xenon implants), and (iii) investigate key at-

oms with the potential to form high-performing silicides (e.g. manganese and iron). 

The simulations are designed based on; the target material(s) to be implanted, the ion(s) to intro-

duce in said target, and the optimisation of other variables (e.g implant energy, fluence, etc.) to 

manufacture the desired sample. One important consideration is ensuring that the implanted ion(s) 

peak-concentration and depth (projected range) is comparable across experiments and materials. 

This is achieved by adjusting the implant energy (heavier elements require more energy to reach 
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the same average depth) and adjusting the fluence accordingly. A short-cut tool (SRIM Ion Range 

Tables) is used in the initial stage of simulation to gain a ballpark behavioural understanding of 

the implanted ion as a function of energy (only taking a few minutes to set up per ion-target pair). 

A selection of some important species to this investigation are presented in Table 3-7 which shows 

how the ion-range is a function of implant energy. The data includes a ±1 standard deviation 

uncertainty, known as longitudinal straggling (σL), of the projected range (RP) and is generated 

for an implant angle of 0° tilt (perpendicular beam to sample surface). The implant energy closest 

to the target 50 nm and 100 nm thickness, those will be important for the manufacture of 100 nm 

thin-film samples, are highlighted. For example, a Fe-implanted sample with a 100 nm-thick de-

vice on a SOI wafer achieves a peak iron concentration roughly in the middle of the device layer 

(50 nm) with a 60 keV implant. Alternatively, if a 100 nm-thick lamella were to be manufactured 

it would be necessary to ensure that the implantation occurs fully from end-to-end such as a 

250 keV xenon implant. In this research only one implant energy is used per sample as a way to 

reduce the complexity of the experimentation. 

Table 3-7: Ion Range Tables for selected implant species in crystalline Silicon 

Ion Energy 

(keV) 

14Si 54Xe 26Fe 2He 25Mn 

Projected Range and Longitudinal Straggling (RP ± σL) (nm) 

    1  3.5 ± 2.2  3.9 ± 1.4     3.3 ± 1.7     11 ± 12  3.4 ± 1.7 

  10   17 ± 8.7   12 ± 3.7   13 ± 5.4   104 ± 61   13 ± 5.6 

  20   31 ± 14   18 ± 5.1   22 ± 8.3   199 ± 89   22 ± 8.6 

  30   44 ± 19   23 ± 6.3   30 ± 11   282 ± 103   30 ± 11 

  40   58 ± 24   27 ± 7.4   37 ± 13   355 ± 118   38 ± 14 

  50   71 ± 29   32 ± 8.3   45 ± 16   419 ± 127   47 ± 16 

  60   85 ± 33   36 ± 9.2   53 ± 18   479 ± 133   55 ± 19 

  70   98 ± 37   40 ± 10   60 ± 21   534 ± 138   63 ± 21 

  80 111 ± 41   44 ± 11   68 ± 23   585 ± 142   71 ± 24 

  90 124 ± 44   47 ± 12   76 ± 25   634 ± 146   79 ± 26 

100 138 ± 48   51 ± 13   84 ± 27   680 ± 149   87 ± 29 

125 170 ± 56   61 ± 14 103 ± 33   786 ± 155 108 ± 34 

150 204 ± 63   70 ± 16 123 ± 38   885 ± 160 128 ± 40 

200 271 ± 77   88 ± 20 162 ± 47 1060 ± 166 170 ± 50 

250 339 ± 90 105 ± 23 203 ± 57 1230 ± 172 212 ± 60 

 

The above data is represented graphically in Figure 3-4, overleaf, with an example (Fe in Si) and 

is a useful visualisation of how RP and σL scale with implanter energy. The data is shown with up 

to ± 3 σL above and below Rp, accounting for ~99.6% of all implanted ions (as the distribution is 

roughly Gaussian). The vast majority (~ 68%) of the ions are found within ± 1 σL, which is gen-

erally ~20 to 50% of the Rp. These depth-and-spread values are useful to subsequently run full-
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length simulations since no ions are usually transmitted beyond a thickness of Rp + 5σL. Setting 

this as the sample thickness optimises computational power (the more atoms are simulated, the 

slower the simulation) whilst ensuring all implanted ions are accounted for in the results (e.g. 

simulating 40 keV manganese in silicon, the total depth would be 38 + 5×14 ≅ 108 nm). 

 
Figure 3-4: Iron (Fe) in Silicon (Si) Ion Depth Distribution TRIM Calculation to 1000 keV 

 

Once the Ion Range Tables have been generated for all required species and substrate combina-

tions, more detailed simulation lists can be compiled with more accurately specified parameters. 

The simulations have been divided in to 3 groups (beam tilt investigation, inert elements, and 

transition metals) to compare the effects of other variables on the implant for better process un-

derstanding. The first of these is an investigation on the effects of the implant angle on range and 

straggle, as monocrystalline targets which can exhibit lattice tunnelling (illustrated by Figure 3-5 

where the same lattice is viewed from different perspectives). 

  
Figure 3-5: Unit Si <110> (a) Oriented along crystal direction, to illustrate channelling (b) Viewed in a 

random direction, no channelling (Nordlun, 2014) 
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When implanting it is best to avoid the ion to tunnel through as the predictability of the injection 

is reduced. This undesirable effect can be avoided to a great extent by tilting the beam, in silicon 

usually 7° (Xiao, 2012, p. 280), such that there is a lower probability that the beam aligns with 

the channels. A slanted beam may introduce other problems, however, such as ‘beam shadowing’ 

for samples covered by a ‘mask’ (the area near the edge of mask will not be implanted despite it 

being uncovered) (Henderson, 2012b) but this issue is not relevant for this research project. The 

objective of the first simulation set is to analyse the changes in implant ion depth and spread with 

beam angle and, for the purposes of comparison, an energy of 10 keV was selected (see Table 3-8 

for the simulation list). The outcomes of this study are discussed in subsection 3.4.1. 

Table 3-8: Detailed Simulation List Implant Parameters for TRIM 

Simulation Set Substrate Ion Species Angle (°) Energy (keV) 

Implant angle comparison 

simulation set 

14Si 

(undoped) 

14Si 
0 

10 

7 

26Fe 
0 

7 

54Xe 
0 

7 

Full amorphisation of 

100 nm-thick sample simu-

lation set 

14Si 

(undoped) 

1H 

7 

7 

2He 9 

10Ne 45 

18Ar 90 

36Kr 170 

54Xe 240 

Thin-film (100 nm) fabrica-

tion simulation set 

14Si 

(SOI) 

12Mg 

7 

25 

24Cr 50 

25Mn 55 

26Fe 60 

27Co 60 

 

The second simulation set is the hypothetical full amorphisation of a 100 nm-thick plain silicon 

sample using inert elements (protons and noble gasses). The purpose is to compare the structural 

changes (mostly vacancy creation) of different sized ions as a basis for the implants performed 

for Chapter 4 (xenon samples). The outcomes are discussed in subsection 3.4.2. 

The third set involves synthesising silicides in thin-film (100 nm) samples using selected transi-

tion metals in SOI wafers, as a foundation for the investigation in Chapter 5 (iron). In this set, the 

implant energy selected is that which is required to achieve a peak concentration at 50 nm because 

it is the centre of the device layer. These wafers are made of a silicon device (100 nm), a silicon 

dioxide buried oxide (BOx) (200 nm), and a silicon handle (675 μm thick, but only simulated up 
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to 100 nm as it is not affected). The implant energy is selected (using generated IRTs similar to 

Table 3-7 as a starting point, then fine-tuning with QDC/FDC simulations) to ensure that the 

projected range is as comparable as possible between ion species (i.e. the energy level  

3.4 Simulation Results 

3.4.1 Implant Ion Beam Tilt 

For normal experimentation, silicon targets are implanted at a standard angle of 7° to avoid effects 

of ion channelling. The simulation has been set up to compare the effects of the beam tilt on the 

implantation of the species relevant to this study, iron and xenon, as well as a silicon self-implan-

tation (known as isovalent implantation). The overall effect due to the implant angle is expected 

to cause very little change to the simulation for two reasons; (i) the implant energy will be 99.3% 

that of the full incidence (using sin rule, Equation 3-12 and the vectors explaining this energy 

difference are shown schematically in Figure 3-6) and (ii) the TRIM package does not account 

for target crystallinity and hence does not simulate channelling effects. Nonetheless, as the tilt is 

being used in the experiment, it was considered important to simulate this in the case that some 

extra insights would be gained. 

Sin(α)

A⃗⃗ 
=

Sin(β)

B⃗⃗ 
  →   B⃗⃗ = A⃗⃗ 

Sin(β)

Sin(α)
 Equation 3-12 

 
Figure 3-6: Schematic representation of 7o implant with respect to perpendicular beam 

 

The simulation results, tabulated in Table 3-9 and represented graphically in Figure 3-7 (overleaf), 

show that the implant angle does not yield important ion distribution differences (the peak differ-

ence is not perceivable graphically) for implantations undertaken at 10 keV (for comparative pur-

poses). Despite this, the change in peak position is significantly greater than the theoretical cal-

culation, using the above sine rule, for both the isovalent and iron implantations. 

Table 3-9: Differences between perpendicular and 7° implant for Silicon, Iron, and Xenon 

 0o Tilt Peak Depth (nm) 7o Tilt Peak Depth (nm) Difference (%) 

Silicon (Si) 16.8 ± 0.20 15.6 ± 0.20 7.2 ± 2.2 

Iron (Fe) 12.8 ± 0.20 12.0 ± 0.20 6.3 ± 2.9 

Xenon (Xe) 12.0 ± 0.15 12.0 ± 0.15    0 ± 2.5 
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Table 3-9 shows the peak position and uncertainty of each simulation and the comparative differ-

ence between perpendicular and slanted implant. The isovalent implant peaks are found at 

16.8 nm and 15.6 nm for perpendicular and 7° implants respectively (a difference of 7.2%, much 

greater than the sine rule calculation of 0.7%) and similar results, percentage-wise, are found for 

the iron implant (6.3% difference). No statistical difference if found for the xenon implant, how-

ever, it is within the uncertainty range (2.5%). The explanation for this statistically significant 

difference in behaviour is likely due to the lateral scattering of the ions upon collision with the 

target atoms. Since the silicon and iron ions are much lighter than the xenon, and certainly are 

more comparable to the silicon target, the deflection upon collision is much greater and the effect 

of the initial slant of 7° is compounded. 

 
Figure 3-7: Differences between perpendicular (squares) and 7o (lines) implantation 

for Silicon, Iron, and Xenon at simulated at 10 keV 

 

The simulation does not account for the effects of dosage scaling (and outputs are always given 

free of any dosage information, hence the units of the y-axis). This is a significant simplification, 

as surface level amorphisation (also not simulated by TRIM since the initial target is already 

amorphous) caused by the initial part of the implant leads to a reduction in the channelling effects 

(acting like a ‘mask’ on the substrate) and this has effects on the rest of the implant (e.g. skewing 

ion distribution, potentially a slightly shallower implant, etc.). In comparison to other studies that 

have looked at the effects of beam tilt on the implantation process (these for boron and phospho-

rous as silicon dopants), these show similar results in peak position but a much sharper decline in 

relative concentration on the tail end of the implant (Bresolin et al., 1990; Raineri et al., 1990). 

Overall, the differences between the 7° tilt and perpendicular beam, as seen by these simulations 

and the available literature, are small enough to not affect the overall decision-making with re-

gards to implant energy and fluence considerations. As such, all subsequent simulation studies 
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are undertaken at the standard 7° as a matter of formality and consistency with the planned ex-

periments. If multiple implantations were to be used to create a thicker and more uniform film, 

perhaps in a future study, the tail-end changes and surface level amorphisation would necessarily 

be taken into account for a more accurate plan (consequently, adjustments to the simulation pack-

age will also be recommended). 

3.4.2 Inert ions for Structural Effects 

Introducing protons or noble gases in a silicon matrix is a well-studied phenomenon, even specif-

ically in the field of thermoelectrics. Studies such as Li et al. (2012), Lorenzi et al. (2014a), and 

Romano et al. (2009) have explored H+, He+, or Xe+ implantation for thermoelectric benefits. The 

implantation can result in controlled lattice damage, amorphisation, and/or creation of defect 

structures, such as dislocation loops, which aide in reducing thermal conductivity via effective 

phonon scattering. Another possibility is the formation of self-contained bubbles, an example 

being Gutierrez et al. (2014) with hydrogen and another is this research study with xenon (Chapter 

4). The simulations for this subsection have been based on a potential 1×1016 ions cm-2 Xe implant 

with a projected range of 100 nm (as shown in Figure 3-8) which is achieved with an implant 

energy of 240 keV (at a 7° tilt). The other simulations, with the lighter ions, have been tailored 

(implant energy and dosage) to achieve a profile which is as close as possible to that of the Xe 

simulation. In order to achieve this the implant conditions were; (a) H at 1.1×1016 ions cm-2 at 7 

keV, (b) He at 1.5×1016 ions cm-2 at 9 keV, (c) Ne at 1.4×1016 ions cm-2 at 45 keV, (d) Ar at 

1.2×1016 ions cm-2 at 90 keV, and (e) Kr at 1.1×1016 ions cm-2 at 170 keV. These doses are for 

illustrative and comparison purposes only, as they have been scaled to resemble the Xe profile in 

as close a way as possible, and it is different for the ion- and vacancy distributions. 

The general observed trend is that the heavier elements cause more distributed damage (broader 

peaks and distribution, Figure 3-8, overleaf) and an overall larger lattice displacement and va-

cancy creation (Figure 3-9, overleaf). From Figure 3-8 it can be seen that heavier elements tend 

to exhibit a smaller straggle and, therefore, require a compensation in dose in order to achieve the 

same peak concentration at the projected range (protons being the only an exception to this rule). 

The smaller straggle is likely due to the larger momentum of the heavier elements. 
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Figure 3-8: Simulated ion distribution of implanted gases in silicon (a) H at 1.1×1016 ions cm-2 at 7 keV, 

(b) He at 1.5×1016 ions cm-2 at 9 keV, (c) Ne at 1.4×1016 ions cm-2 at 45 keV, (d) Ar at 1.2×1016 ions cm-2 

at 90 keV, (e) Kr at 1.1×1016 ions cm-2 at 170 keV, and (f) Xe at 1.0×1016 ions cm-2 at 240 keV. 

 

The observed trends for the void density profile, Figure 3-9, show that the damage exerted by the 

higher-mass ions scales much more with dosage. Whilst the fluence scaling applied to the ion 

distribution would be feasible in experiment (they do not deviate significantly from the order of 

magnitude, ×1016) this cannot be said for the vacancy profile. The very light elements, helium and 

hydrogen, would require 50× and 400× the dose in order to achieve the same target damage whilst 

the damage from Ne to Xe is still somewhat comparable although the fluence differences are still 

larger than those observed in the ion distribution profile. The trend for the straggle of these im-

plants, as a function of the ion mass, shows an opposite relation than that observed with the ion 

distribution, namely, that these two variables are positively correlated (e.g. xenon implants dis-

play an order of magnitude higher than a hydrogen implant at the depth of 200 nm). This is likely 

due to the increased number of recoil cascades initiated by the Xe ion, as it is larger and with 

greater momentum. 

To comment on the accuracy and reliability of these results, whilst the ion- or void distribution 

profiles (shape-wise) may be correct the relative concentration of these, as outputted by TRIM, 

could be doubtful. The atomic density of silicon is 4.995×1022 at cm-3, whereas the peak void 

density for a Xe (1×1016 ions cm-2, a ‘regular’ fluence) is found to be 2 orders of magnitude higher 

(105% void density). This could be down to a unit conversion within TRIM. Positively, the peak 

ion concentration is ~3%, which is a plausible (yet high) amount. 
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Figure 3-9: Implant-induced vacancy distribution in silicon for different noble gases and hydrogen. 

Dosage scaled such that distributions are similar to 1×1016 ions cm-2 Xe implant 

 

Despite the small fluence differences to achieve implants with comparable profiles, the energy 

required increases rapidly as a function of the species mass (from 7 to 240 keV). If, however, high 

sample porosity is to be achieved the mass is an important parameter to consider as this can make 

the difference of around an order of magnitude and the lighter ions may not be realistic implants 

for such goals. These simulations stress the importance of ion mass if the objective is to engineer 

vacancies in the target, and Xe is a prime candidate to test in experimentation. 

3.4.3 Transition Metals for Silicide formation  

Silicides of magnesium, chromium, manganese, iron, and cobalt are some of the most highly 

performing silicon compounds for thermoelectrics. The objective of these simulations is to com-

pare how dosage and energy effect the implant profile and select an appropriate energy and dosage 

to achieve the required concentration at the appropriate depth for an SOI wafer with a device of 

100 nm thickness. These simulations were carried out prior to selecting the transition metal to be 

implanted and explored (iron, Fe). 

Aside from magnesium, all other high-performing elements are adjacent in the periodic table and 

therefore do not differ significantly in terms of implant energy required to engineer similar ion- 

and vacancy distribution profiles. The difference in mass between magnesium and the other ele-

ments is not sufficient to affect the vacancy creation is a significant way. The overall result of the 

ion distribution comparison (Figure 3-10) is that, as expected, the fluence and energy required is 

similar or the same.  
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Figure 3-10: Simulated ion distribution of implanted transition metals in SOI wafer (a) Mg at 25 keV, 

(b) Cr at 50 keV, (c) Mn at 55 keV, (d) Fe at 55 keV, and (e) Co at 60 keV (all dosed 1.0×1016 ions cm-2) 

 

A more in-depth analysis is carried out on iron as it was selected as its silicide (β-FeSi2) presents 

a high Seebeck coefficient (up to -750 μV K-1 in n-type samples, although with an equally high 

resistivity at 230 Ωcm, and up to 300 μV K-1 in p-type samples with 35 mΩcm), is chemically 

stable, and the cheapest to manufacture. Iron disilicide is also interesting to study because it is 

versatile in two ways; (i) it is a potential nanocomposite candidate, as it has been successfully 

combined with SiGi among other high-zT materials, and (ii) depending on the raw material dop-

ing it can exhibit both positive and negative Seebeck coefficient (Nozarisbmarz et al., 2017). 

As seen previously, in the iron-silicon phase diagram (a simplified version shown in Figure 2-8), 

β-FeSi2 is formed at approximately 30% relative atomic concentration of iron. As such, to achieve 

high amounts of nanoinclusions (NIs) in the lattice, a similar amount of peak-iron concentration 

should be present. The ion dose and variables for the iron implant were adjusted to explore how 

the peak concentration changed with each variable, as shown in Figure 3-11 (overleaf). 
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Figure 3-11: Simulated Fe-implant at 60, 120, and 250 keV dosed at 1×1016 & 1×1017 ions cm-2 

 

The simulations depicted show, expectedly, how as implant energy increases the peak concentra-

tion is more spread and shifts more deeply within the sample. A target peak concentration of 20% 

iron (see right vertical axis) was chosen as an appropriate amount to potentially synthesise NIs 

and this is achieved, for a projected range of 100 nm, by implanting Fe at 120 keV with a dose of 

1×1017 ion cm-2. 

3.5 Summary of Simulations and Conclusions 

The aim of the presented simulations was to understand how the implant parameters affect the 

outputs, most importantly ion- and void distribution, and the results have given insights in the 

implant process. The simulations were split into three main sets, aimed at investigating; (i) the 

effect of a slight beam angle on the implantation, (ii) the ion- and vacancy distribution compara-

bility for inert ions in silicon, and (iii) finding the correct input parameters for potential transition 

metals for silicide synthesis (and elaborate on the chosen one). 

The simulations show that the difference in depth and spread of the implant ions due to the beam 

angle of incidence is statistically higher than the energy vector predicted by the sine rule (<1%) 

but the deviations (2–7%) are small enough to be negligible for the purposes of the implant con-

ditions. It is important to note, however, that channelling effects are not simulated by the SRIM 

package because the target is assumed to be amorphous, and so the standard 7° incidence will be 

used for the implants. Secondly, the damage that an inert ion, proton or noble gas, can induce in 

the silicon lattice has been quantified although some doubts remain over the magnitude of void 

creation as a function of fluence applied (it is too high to be plausible). The effectiveness in which 

heavy elements can achieve amorphisation in comparison to light ones is confirmed, meaning that 

a much lower dosage will be required for heavy ions, such as xenon, to achieve the required 
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vacancy density. It is also established that for extremely light ions such protons of helium ions a 

void density comparable to that of xenon it is impractical or impossible to achieve and this is a 

limitation if a high level of damage, which may be required in thermoelectric applications, is 

required (“8-10% porosity is optimal”; Mori, 2018). Lastly, some high-performing transition met-

als were simulated of which iron was looked at in greater detail in preparation for an implant of 

an SOI wafer. In order to achieve a peak concentration of 20% in a 100 nm device layer Fe must 

be implanted at 120 keV with a dose of 1×1017 ion cm-2. This is a promising combination of inputs 

to synthesise, through post-implant annealing, β-FeSi2 NIs which are beneficial to the thermoe-

lectric properties of silicon. 

The main limitation of TRIM calculations is the availability of accurate physical property data, 

especially binding energies, which are parameters that are difficult to measure or know. This can, 

potentially, impact the simulations in significant ways (especially with regards to damage events). 

The other assumptions of the simulation package, aside from the above-mentioned amorphous 

target, include; (i) that the target temperature is assumed to be at absolute zero and, (ii) that suc-

cessive implanted ions are not affected by the physical changes (vacancies, interstitials, sputter-

ing, etc.) caused by previous ions. This means that vacancy calculations are less reliable, espe-

cially in scenarios where the dosage is increased, and that no thermal effects (beam-heating, re-

coil- or ion migrations, etc.) are assumed to take place. Overall, since the implants are to take at 

ambient temperature in a non-cooled environment, there may be small discrepancies between 

simulation and the experiment, however, these should not impact the conclusions drawn for the 

purposes of the experimentation that will follow. 

Finally, a better understanding of the dependence of the implant energy and dosage has been 

achieved and, hence, these can be more accurately selected for the coming experiments. The sim-

ulations can, in potential further iterative research, explore other aspects to improve and optimise 

the implantation process. One such example is the two-step implantation, see Lorenzi et al., 

(2014a) for helium, where an implant is followed by a shallower (less energetic) irradiation to the 

end of creating more uniform ion- and void concentration profiles.  
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4 Experimental Results I – Xenon Implantation 

4.1 Background and Definitions 

As previously discussed, implantation is the introduction of accelerated charged particles (here-

after ‘ion’, ‘species’ or ‘dopant’) into a, usually solid, target (or ‘substrate’). It is a useful method 

to modify the physical properties of a target material and a novel technique in the manufacturing 

of semiconductor electronics. In their review, He & Tritt (2017) identified ion-implantation as 

one of the main frontiers for thermoelectric research to be used as a method to synthesise (or be 

part of the process to synthesise) and embed nanoscopic compounds in a broader material. The 

resulting structural and compositional changes would then be beneficial to the TED/TEG perfor-

mance by adaptably tuning the physiochemical properties. In this context, specifically for silicon-

based thermoelectrics, implantation can be used in two ways; (i) to introduce inert ions (e.g. noble 

gasses or other non-reactive species) that act primarily on the thermal properties of the material 

or (ii) to engineer a new substance by doping it with another species (such as the transition metals) 

to form silicide compounds or nanoinclusions (NIs). The advantage of using a noble gas is that it 

possible to isolate the changes to the material thermal properties (due to structural and morpho-

logical changes alone) from the influence of the introduced species or the formation of other 

compounds or NIs. This is because the gas will either leave the structure after implantation or 

form gas pockets (sometimes solid nanoparticles). Amongst these inert species xenon is an attrac-

tive option as it has a large atomic radius, meaning that it will be very effective at damaging the 

silicon matrix even at lower doses and energy (this will speed up the implantation process, see 

Figure 4-1), and it studied comparatively less in silicon applications (Mica et al., 2014). The goal 

of this chapter is to explore experimentally the use of this heavy inert atom, xenon, and evaluate 

the thermal property changes due to this process and post-implant annealing. 

Xenon is the noble gas that is and, due to its comparative large mass and size, is a prime candidate 

for vacancy engineering. One advantage of using heavy ions in this research experiment is that it 

will generate a larger number of recoil cascades during passage (the target recoiled atoms will 

also cause further recoils, interstitials, and vacancies). This is likely because of the increased 

number of recoil cascades initiated by the Xe ion, as it is larger and with greater momentum, 

which, in turn, spread the damage at shallower depths (Xiao, 2012, p. 281-282). Recoil cascades 

have an angular momentum is on average more parallel to the surface than the irradiated ion (one 

can imagine that the travelling angle of a singular recoil atom will always be more skew than the 

ion because it scatters) which is an effect that is compounded by the recoils (successive recoils 

may travel in an even more comparatively surface-parallel path). Since the recoils have, on aver-

age, received more velocity (xenon is heavy, with respect to silicon) the defects will travel further 

longitudinally when compared to light ions, see Figure 4-1 (overleaf). This is advantageous for 

the nanoscale engineering of silicon if highly porous thin-film materials are to be made as it would 

be more suitable to the engineering of thinner samples. 
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Figure 4-1: Comparative damage for light- and heavy- ions implanted in silicon 

(adapted from Xiao, 2012, p. 281) 

 

Implantation is often accompanied by thermal treatment (‘annealing’) which causes an additional 

change in the substrate. Its main objective is to add sufficient thermal energy to bring the lattice 

to a more stable state by recrystallising the interstitialities and incorporate the dopant species (by 

chemically bonding it to the main matrix). The inputted energy can also cause further structural 

and material property changes depending on the element that was injected such as, for example, 

silicide nanoparticle inclusions (‘NIs’) synthesis. This occurs when the introduced species either 

reacts with the disrupted lattice to form any of many types of silicide crystals (covered in Chapter 

5, with iron) or, for unreactive species such as silver (Stepanov et al., 2015) or xenon (this chap-

ter), these can take the form of self-contained embedded nanoparticles. 

The silicide NIs or elemental nanoparticles have many effects on the properties of the substrate. 

The disruption of the regular lattice structure either through (i) crystal amorphisation (due to the 

impact of the implant species, see Figure 4-1) or, (ii) with species of different atomic size than 

silicon, introduced lattice strain, or (iii) the formation of a post-anneal polycrystalline structure 

(with many grains). All these processes increase phonon scattering. Phonons are vibrational 

waves that are transmitted through condensed matter (solids and liquids) and play an important 

part in affecting the thermal- and electrical transport properties of the substrate. Phonons are scat-

tered more effectively when there is the shortening of the mean-free-path length of a vibrational 

state that occurs when the crystal is no longer has complete structural integrity When phonons are 

scattered effectively (multiple damped frequencies) the vibrational energy transmission is dimin-

ished, and thus the thermal conductivity of the substrate are reduced, but a collateral effect is that 

electrical conductivity may also be negatively impacted (Bennett et al., 2015). With fine tuning 

of the implant and annealing process it is possible to increase the thermoelectric performance of 

a material by reducing thermal transport comparatively more than the electrical one (and Seebeck 

coefficient, although it usually increases with scattering). This has been reported by many studies, 

including Bennett et al. (2015), where the thermal conductivity of silicon nano-films is reduced 
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by a factor of 20 using silicon isovalent implantation and rapid thermal annealing (RTA) to induce 

high vacancy concentrations whilst electrical transport properties are almost intact (peak ZT 

~0.2). RTA is a high-temperature (~1000°C) low exposure (< 60 s) method used to repair the 

implant damage whilst avoiding other changes to the sample. Similar methods were used by Ne-

ophytou et al. (2013), demonstrating that high boron-doped silicon nanofilms can increase the 

power-factor by 5-fold, Tang et al. (2010), where nanoporous thin-silicon membranes were ren-

dered 35% porous and exhibited a ZT of ~0.4 at room temperature, and Zhao et al. (2017), where 

the irradiation of helium was used to modify the thermal conductivity of silicon nanowires to the 

plateau of the amorphous limit. Helium implantation was also used in the works of Lorenzi et al. 

(2014a) and Romano et al. (2009) to form nanovoid in silicon with good results. 

4.2 Experimental Plan and Methodology 

The xenon implantation experiments were conducted on two substrate types; the silicon-on-insu-

lator (SOI) wafers and on silicon lamellae made with a focussed ion beam (FIB). These were 

implanted at the University of Surrey and University of Huddersfield, respectively. Each of these 

substrate types has an advantage in being tested; (i) the SOI wafers were used specifically for 2ω 

thermal conductivity measurements and (ii) the FIB samples for real-time implant-anneal EFTEM 

monitoring and Raman method thermal conductivity measurements. Different methods are used 

because each is appropriate to the sample relative size (12 mm vs 5 μm, see Section 2.2). Table 

4-1 summarises the conditions for the SOI sample sets. 

Table 4-1: Implant information for Xe in SOI for thermal conductivity measurements 

Substrate Characteristics 

Material SOI Silicon <100> 

Doping p-type (5B), 14-22 Ω cm 

Device 100 nm with 200 nm BOx  

Thickness 675 μm (overall) 

Implanter Conditions 

Species Xenon (54Xe) 

Energy (keV) 150 

Angle (°) 7 

Temperature RT (no cooling) 

Ion and Thermal Treatment 

Fluence (ions cm-2) In situ annealing Temperatures 

Control sample    No anneal 

Set 1 

1×1012    No anneal 

1×1013    No anneal 

1×1014    No anneal 

1×1015    No anneal 

1×1016    No anneal 

3×1016    No anneal 

Set 2 3×1016 ✓ 300 to 700°C 
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The SOI wafers were used to produce two sets of implanted samples; Set 1 as ‘implant-only’ 

experiments and Set 2 based on the anneal of the highest dose sample (see Table 4-1) for in-situ 

annealing at an array of temperature-time combinations. The former set was used to find how the 

thermal conductivity changes as a function of the ion dose (amorphisation) by implanting an array 

of samples at increasing orders of magnitude (1012 to 1016 ions cm-2) versus a control sample 

whereas the latter set used duplicates of the highest dose (3×1016 ions cm-2) to observe the thermal 

conductivity changes due to annealing recrystallisation (combinations of 300°C to 700°C temper-

atures for 101 s to104 s). The highest dose of 3×1016 ions cm-2 was selected as being the highest 

reasonably practical peak concentration. The FIB samples were used as a complementary set to 

visualise and analyse the morphological changes whilst undergoing similar implant-anneal con-

ditions as the SOI sets (150 keV, 1- to 5×1016 ions cm-2, then up to 700°C) to then measure the 

thermal conductivity using the Raman method. For these samples, the annealing process was 

halted in stages between 200°C and 700°C to produce diffraction patterns and other analysis to 

triangulate the findings with morphology changes. The conditions are summarised in Table 4-2. 

The electrical properties (resistivity and Seebeck) were not measured for these samples for two 

main reasons; (i) a Xe-implanted SOI wafer was not expected to have electrical properties in the 

measurable range for the ECK, and (ii) FIB lamellae could not be measured with the ECK. 

Table 4-2: Implant information for Xe in Si Lamellae 

Substrate Characteristics 

Material Free Standing Silicon Lamellae 

Doping None 

Thickness 100 nm (overall) 

Implanter Conditions 

Species Xenon (54Xe) 

Energy (keV) 70 and 3× 150 

Angle (°) 0 

Temperature RT (no cooling) 

Ion and Thermal Treatment 

Fluence (ions cm-2) In situ annealing Temperatures 

Control sample    No anneal 

Sam. A 1×1016  ✓  200 to 700°C 

Sam. B 3×1016  ✓  700°C 

Sam. C 3×1016    No anneal 

Sam. D 5×1016    No anneal 

 

The experiments started with the basis of a 70 keV sample to be implanted at 1016 ions cm-2. This 

energy was selected to engineer a peak concentration of xenon in the central part of the FIB sam-

ple (~40 nm in depth on ~75 nm-thick FIB sample) and the dose is on the upper end of what is 

practical for this type of sample. The results showed that only a partial amorphisation was 

achieved, so this was changed to 150 keV from the second sample onward. This first sample was 

annealed from 200°C to 700°C (at increments of 100°C) for 15 minutes at each temperature to 
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observe if there is a critical temperature at which the morphology starts changing and at what rate 

these changes occur at different temperatures. At each stage the sample surface, observed with 

the Energy Filtered Transmission Electron Microscopy (EFTEM), was also analysed using Elec-

tron Loss Spectroscopy (EELS) to monitor structural changes and sample thickness and diffrac-

tion patterns and other on the spot image processing were also performed at regular intervals as 

an additional observation measure. These observations were noted to inform the next test(s) and, 

ultimately, three samples were implanted at 150 keV. Two of these at 3×1016 (one unannealed, 

the other annealed at 700°C) and a very high dose sample 5×1016 ions cm-2 (unannealed). 

The thermal conductivity of the unimplanted samples was measured, using the Raman method, 

prior to the experiments and a control sample was held as a reference. 

4.3 Xenon Implantation Results and Discussion 

4.3.1  Dose dependent amorphisation and thermal conductivity 

The main purpose of SOI sample Set 1, whose results are found in Table 4-3, is correlate the 

implant dose with amorphisation, and consequently thermal conductivity, of silicon in a thin-film 

sample. In a second instance, the highest dose sample is duplicated to be annealed at different 

temperatures for different lengths of time to explore how the thermal conductivity is affected by 

recrystallisation (Set 2). These samples were prepared in such a way to amorphise the device layer 

of the SOI wafer without disrupting the in-built buried oxide (150 keV creates a projected range 

at approximately 70 nm, with the device layer being 100 nm). The implant conditions used for 

these samples have been summarised previously (Table 4-1), whereas the detailed matrix of an-

nealing conditions for Set 2 can be viewed directly in the table of results, Table 4-4, p. 91.  

Table 4-3: Irradiation dependence of 2ω thermal conductivity of Xe implanted SOI sample 

  Thermal Conductivity (W m-1K-1) 

Im
p
la

n
t 

F
lu

en
ce

 (
io

n
s 

cm
-2

) Control 72.6 ± 8.0 

1×1012 22.3 ± 5.0 

1×1013 13.7 ± 4.0 

1×1014 1.4 ± 0.1 

1×1015 1.7 ± 0.1 

1×1016 1.3 ± 0.1 

3×1016 1.4 ± 0.1 

 

The results show a 50-fold reduction in thermal conductivity as a function of implant dose. This 

trend is a logarithmic correlation with a tapering off at 1014 ions cm-2 (see Figure 4-2, overleaf). 

The datapoint found at the dose 1×1015 is slightly outside the trend and must contains additional 

uncertainties, perhaps due to measurement discrepancies (these are not know, as TCN Inc. did not 

disclose intermediate data). The thin-film control sample conductivity starts at about half that of 

bulk silicon, still in the range of 60–140 W m-1K-1 depending on form, as predicted by the 

nanostructuring effects which reduce the phonon mean free path length (Regner et al., 2013) and, 
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interestingly, the trendline intercept in Figure 4-2 is 148 W m-1K-1 which is approximately the 

thermal conductivity of pristine silicon. Despite the trendline's ‘high-confidence’ (R2 = 0.9897), 

there are too few datapoints (3) to explain this, especially considering that the control sample does 

not fit the overall trend. A wider study with lower fluences is needed to determine if these initial 

observations are indicative of the thermal conductivity of silicon as a function of implant dose. 

 
Figure 4-2: Thermal conductivity of Si film in SOI sample as function of implant dose (Xe) 

 

The trend appears to reach an asymptote past 1014 ions cm-2 which can be attributed to the com-

plete amorphisation of the silicon. The comparison with the live-EFTEM performed on a separate 

set of silicon lamellae samples (Figure 4-3) confirms that the threshold between crystalline and 

amorphous limit is between 1013 and 1014 ions cm-2 (panel c and d, respectively). 

 

 
Figure 4-3: EFTEM of Xe-implanted Si lamella irradiated from (a) crystalline, to doses of; 

(b) 1012  ions cm-2, (c) 1013  ions cm-2, (d) 1014  ions cm-2, (e) 1015  ions cm-2, and (f) 1016 ions cm-2 
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The irradiation ion flux was 2×1013 ions cm-2 s-1, meaning panel (b) is taken after 1/20th s. This 

could explain the difficulty in distinguishing it from the crystalline sample (a) (for reference, (c) 

is taken after ½ s). Beyond 1014 ions cm-2, panels (d) to (f), no additional changes are observed, 

corroborating Figure 4-2, where the amorphous limit is reached at 1.4 W m-1K-1. The changing 

darker regions observed in panels (a) through (c) are bends in the sample which warp as the im-

plantation proceeds, whereas the semilunar shape at the bottom of all panels is the sample edge. 

The differences between (d) and (e) with (f) are due to image sharpness, as the focus was adjusted 

once the sample stopped warping. 

4.3.2 Thermal conductivity: Annealing recrystallisation 

The loss of crystallinity with ion-implantation has been shown to reduce thermal conductivity in 

the silicon samples. In the manufacture of thermoelectric modules, annealing is an important part 

in removing the residual stress in the silicon grains, for the migration of defects, integration of 

dopants, and/or synthesis of NIs. It is therefore important to understand the effects that thermal 

treatment can have on the recrystallisation of silicon and at what rates this occurs. This study was 

carried out to investigate the recovery of the thermal conductivity of amorphised silicon as a 

function of annealing conditions. 

The SOI sample set was implanted at 3×1016 ions cm-2 and annealed at 300°C, 500°C, and 700°C 

for time periods ranging from 10 s bursts up to 104 s. This fluence was chosen as it is the highest 

reasonably practical peak concentration that can be implanted into silicon and assures complete 

sample amorphisation. The selected combinations of annealing temperature and time (i.e. high 

temperatures and short times and low temperatures with long exposures) were confined to those 

which were expected to yield appreciable changes in thermal conductivity (Table 4-4) with a 

broad-enough range given for the limited sample available (10 tests). 

Table 4-4: Post-anneal thermal conductivity of Xe implanted SOI samples with fluence of 

3×1016 ions cm-2. Measurements taken at 25°C using TCN-2ω method. 

Annealing temperature (°C) 300 500 700 

A
n

n
ea

li
n

g
 t

im
e 

(s
) 

Control 1.4 ± 0.1* 1.4 ± 0.1* 1.4 ± 0.1* 

1×10 N/A N/A 14.6 ± 4.0 

1×102 N/A N/A 14.6 ± 4.0 

3×102 N/A 6.9 ± 1.0 15.9 ± 4.0 

1×103 1.8 ± 0.1 7.9 ± 1.0 18.4 ± 5.0 

3×103 1.8 ± 0.1 8.9 ± 1.0 N/A 

1×104 2.3 ± 0.1 N/A N/A 

*No annealing after implant at 3×1016 ions cm-2 

 

The results show that the thermal conductivity of the implanted sample started recovering once 

the lattice begins reforming into crystals and that recrystallisation velocity (judged by the increase 

in thermal conductivity) is, expectedly, positively correlated with both temperature and annealing 

time. It is unclear from this dataset if a plateau would be reached, especially for low temperatures 
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where slow changes are observed, given sufficient exposure time and how rapidly it might do so. 

Much like the changes occurring with amorphisation, the recovery of the sample conductivity is 

correlated seemingly linearly with the logarithm of the exposure time at constant temperature, 

better observed by graphical representation in Figure 4-4 (overleaf). It would be expected that 

these trendlines converge on the same point at the control (unannealed) sample, but this is not 

observed. This is possibly due to a non-linear behaviour at the initial stages of the anneal (fast 

changes on an amorphous sample). An extended study could shed light on this by looking at 

shorter times, perhaps with RTA, and a broader set of temperatures. It is worth nothing that two 

data points (300°C for 1×103s and 700°C for 1×10s) are identical to their adjacent point, indicat-

ing that there may be additional measurement uncertainties or that changes are small enough to 

be within this range. An uncertainty of ±5s is applied to the annealing time and is only appreciable 

on the first datapoint which is the only one that fits the trend with difficulty. 

 
Figure 4-4: Thermal conductivity of Si film in Xe implanted 3×1016 ions cm-2 dosed 

SOI sample as function of annealing treatments 

 

Based on these results, the best conditions would be those at lower temperatures as the thermal 

conductivity remains very low. Rapid annealing at higher temperatures can be useful in applica-

tion where NIs need to be synthesised but should be avoided unless necessary because the thermal 

conductivity rises rapidly at these temperatures. 

4.3.3 Additional qualitative analysis 

A complementary set of FIB lamellae samples were implanted, annealed, and analysed under 

Energy Filtered Transmission Electron Microscopy (EFTEM) and subsequently with Raman 

spectroscopy to observe qualitative changes occurring during implantation and annealing. The 

key purpose was to gain insights in the physical transitions in sample manufacturing at different 

stages (various doses and/or annealing temperatures). The Raman spectroscopy was also used to 
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estimate thermal conductivity using the method implemented by Wight et al. (2017) and was 

performed before and after implantation. Spectra were acquired for the five FIB lamellae using a 

85 mW 785 nm Ar laser, calibrated using a section of bulk monocrystalline silicon, at pre-set 

relative powers of 0.5%, 1%, 5%, 10%, and 50%. These power functions, default in the Wire 4.2 

software, could not be customised. Using 100% of the laser power caused a detachment of the 

micropillar from the holder (one sample is the unfortunate testimony to that, and another was 

partially severed and scorched as seen and indicated in Figure 4-6, overleaf). The averaged results 

for the functional data are shown in Figure 4-5 where the silicon peak position is plotted as a 

function of laser power. This is expected as the peak position is a function of temperature (Péri-

chon et al., 1999), and the laser power is the heat source. This information is then used to extract 

the sample thermal conductivity as outlined in the method discussed in subsection 2.5.3, p. 57. 

 
Figure 4-5: Raman shifts as a function of laser power for FIB samples (pre-implant) 

 

Using this method, the pre-implant (virgin material) thermal conductivity has been determined to 

be 2.17 ± 0.33 W m-1K-1, which is similar in magnitude to that found for the SOI samples dis-

cussed in Table 4-3 and Table 4-4 using the 2ω method. The discrepancy between the methods 

can be due to a few factors. One is the assumed laser spot size, a key parameter in the calculation, 

which could be larger than the sample size and thus tend to overestimate κ (Equation 2-8). Sec-

ondly, the sample can change during measurement due to the heat applied by the laser, causing 

recrystallisation, and hence change its properties. This is a real concern, as the heat applied by the 

laser was able to scorch or even detach the sample from the holder if 100% of the power was 

applied (see Figure 4-6, overleaf). The key recommendations given to future users of this tech-

nique would be to (i) check the power of the laser in advance, and (ii) to devise a method to ensure 

that a more granular approach to the power level can be found (and thus improve the data quality). 
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Figure 4-6: Virgin silicon lamellae showing a ‘burn’ caused by the Raman laser 

 

During the implantation for the lamellae a general observation was made, for all samples, is the 

change in crystallinity at each stage; (i) prior implantation, (ii) after implantation but before an-

nealing, and (iii) after annealing is completed. It is clear that the sample transitions from a mono-

crystalline phase to completely amorphous as a result of the implant and then into a partial poly-

crystalline and amorphous state in consequence to the repair induced by thermal treatment. As 

evidenced by the diffraction patterns shown in Figure 4-7, the regular crystalline structure ob-

served in panel (a) is completed disrupted and randomised after the implant, in (b).  

 
Figure 4-7: Diffraction patters of Xe-implanted silicon FIB lamella 

(a) pre-implantation, (b) post-implantation and pre-anneal, (c) post annealing 

 

The pattern, each representing the electron diffraction due to the silicon lattice, is consistent and 

of largest intensity in the middle (a circular blinder is placed in the vacuum chamber to improve 

focus on peripheral patters). Since the implant causes amorphisation, a disruption and randomi-

sation of the crystal orientation, these patters appear smeared (as if rotating the crystalline pattern 

about the depth axis) as concentric bands of different intensity. Annealing gives sufficient recrys-

tallisation energy and this is evidenced by the reappearance of the singular dots visible in (c). 

Since there is no singular locus for the initiation of recrystallisation, a multitude of grains grow 

in the substrate in different orientation. This leads to a polycrystalline state which appear as many 

(a) (b) (c) 
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different monocrystalline diffraction patterns, similar to (a), are in superposition. In the case of 

this sample, it is possible to identify some remaining amorphous material (concentric bands). 

In terms of the sample-specific conditions, initial implant was conducted at 70 keV and 

1×1016 ions cm-2. This was then heated progressively from 200 to 700°C, in increments of 100°C 

and held for 15 minutes, with images taken at 400°C and 700°C. Following the observations 

obtained and having discovered that the sample was not completely amorphised during the irra-

diation, the implant energy was increased from 70 to 150 keV (thus increasing the projected range 

peak from 40 nm to 70 nm) and the dose tripled to 3×1016 ions cm-2. 

 
Figure 4-8: Xenon implanted FIB sample at 3×1016 ions cm-2 showing 

solid Xe nanoparticles (white dots) and voids (black dots) 

 

The second sample, thanks to the increased visibility due to the amorphisation, revealed xenon 

bubbles at 1×1016 ions cm-2 which would sometimes migrate within the substrate (giving the ap-

pearance of air bubbles rising in water). This phenomenon was especially prominent when the 

bubbles were targeted with the EELS, which would make them disappear. It is speculated that the 

additional energy imparted by the electron beam would cause the bubbles to escape the substrate 

voids. Increasing the dose up to 2×1016 ions cm-2 revealed solid Xe nanoparticles (white dots) and 

large voids formed by the ion damage (black dots) as shown in Figure 4-8. This tendency for 

xenon to agglomerate in silicon has already been reported in literature such as Mica et al. (2014) 

as it is an element unlikely to form chemical bonds (thus forming self-contained nanoparticles). 

The irradiation continued until highest dose was reached, 3×1016 ions cm-2, and then the sample 

was annealed at 700°C. 

Similar observations were made on the third sample, where the dots became more intense with 

increasing dose. The final sample was very thick and displayed clear manufacturing issues. It was 

implanted to much higher doses for observation but did not reveal additional information. 
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A study conducted by Lorenzi et al., (2014b) demonstrated the importance of void formation in 

highly boron doped silicon using helium implantation and high temperature annealing (1050°C 

for 2 h). The authors reported an increase in power-factor in a polycrystalline film to up to 

22 mWK-1 which was attributed to the formation of silicon boride NIs (SiBx) ~5 nm in diameter. 

The study notes that this type of irradiation has excellent potential to improve thermoelectric 

properties, however, equally it finds that conflicting results have often been published (i.e. there 

is variability in its measured effectiveness) indicating that there is a sensitivity to the underlying 

variables (such as pore size distribution and structure). 

4.4 Summary of Xenon Implantation 

In this chapter xenon has been used as a primary method to amorphise silicon, both in the form 

of SOI wafers and FIB lamellae, to analyse the structural and thermal property changes due to the 

ion irradiation and post-implant annealing. The implant element was selected as it is both inert 

and of high atomic mass which causes shallow recoil cascades making it apt at isolating the ther-

mal property changes from other effects that may be present from the implantation of other ele-

ments. The results from this section show that (i) the silicon sample can undergo rapid amorphisa-

tion with the irradiation of xenon which results in the reduction of thermal conductivity by up to 

50-fold and (ii) the thermal conductivity is partially regained with annealing, where higher tem-

peratures and longer exposure times positively correlate with the measured outcome. The TEM 

shows that xenon bubbles are formed and this can be seen from the distinctive voids (black) and 

bubbles (white). These are also found to be a function of the implant dose, where higher fluences 

generated larger and more abundant defects. 

It was not possible to analyse the electrical conductivity and Seebeck coefficient of these samples 

as the techniques used to measure thermal conductivity and view morphology were destructive in 

nature. The overall thermoelectric performance was, therefore, not evaluated. 
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5 Experimental Results II – Iron Implantation 

5.1 Background 

As explored with the theory, reviewed literature, and experimentation with xenon; it was con-

firmed that disrupting the silicon lattice with ion irradiation reduces thermal conductivity. This 

alone, however, is not sufficient to enhance the overall thermoelectric performance of p- or n-

doped silicon to such degree to manufacture a viable TEG because the electrical characteristics 

also suffer as a result of the amorphisation. By changing the introduced species to an element with 

good electrical properties, such as iron, it is possible to mitigate or possibly counteract these im-

plant-induced negative effects with the formation of nanoparticle inclusions (NIs) which may 

improve PF or zT. Many studies have conjectured this from theory and simulations, such as Foster 

et al. (2017) or Vargiamidis et al. (2019), or shown to have practical energy filtering effects in 

studies such as Berland et al. (2016) and Gayner & Amouyal (2019). 

The improvement of the thermoelectric properties is not solely due to the iron itself but also to 

the resulting silicide crystals (e.g. β-FeSi2) formed within the lattice during heat treatment (an-

nealing) of the irradiated sample. This is not a sufficient condition, however, as the nano-level 

structure in which these are collocated is also important for the phonon scattering. The annealing 

process not only stimulates nucleation and growth of advantageous crystal structures (NIs) but 

also the recrystallisation of the silicon lattice which, consequently, counteracts the effects of ini-

tial irradiation (amorphisation and phonon scattering). Additionally, with sufficient heat and/or 

exposure time (e.g. between 103 and 104s at 550°C for 120 keV 1017 ions cm-2 implants, but crit-

ical conditions will vary depending on the sample preparation such as the implant conditions or 

annealing temperature), the NIs can grow and agglomerate to form sheets or otherwise nanostruc-

tures that could not be beneficial to the overall performance of the material. These must be 

avoided because the benefit of having lattice-disrupting particles would no longer be there. 

In order to effectively straddle the line between the benefits and drawbacks of the annealing pro-

cess, parameter optimisation is required with respect to both the temperature and time of the ther-

mal treatment. In this chapter an array of iron-implanted samples were prepared and analysed for 

the effect of temperature-, heating time-, and/or ion dose on their properties. These properties, 

namely electrical resistivity, Seebeck thermopower, and thermal conductivity, are required to be 

collected in order to assess the samples' thermoelectric viability as evaluated by the previously 

discussed Figure-of-Merit equation (Equation 1-20, p. 16). These samples are also examined vis-

ually using two different modes of TEM (XTEM, EFTEM) as the qualitative crystal growth is 

compared with Raman spectroscopy studies on the β-FeSi2 formation under different annealing 

conditions. The acquired qualitative (visual) and quantitative (amount of silicide formed) data is 

used to gain a better understanding of the fundamental principles of the experiment and, conse-

quently, samples are made with different purposes in mind, some which may overlap in their use; 

a) Standard, off-the-shelf, p-doped silicon wafers, implanted with various doses of Fe and 

treated thermally at conditions close to those already published in literature (500 to 600°C 
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for 102 to 105 s). These were analysed using XTEM and Raman spectroscopy to quantify 

the formation, distribution, and structure (e.g. nanoparticles, nanofilms, etc.) of β-FeSi2 

formed within a potential thin-film 

b) High-tech, off-the-shelf, p-doped silicon-on-insulator (SOI) wafers, implanted at an op-

timised dose and annealed at a wide array of conditions for the purpose of electrical- 

(resistivity, Seebeck thermopower) and thermal conductivity measurements (Raman 

method and 2ω thermal methods) 

c) Silicon lamellae samples, manufactured using the focussed ion beam (FIB) technique, 

undergoing live-EFTEM study for physical and visual changes. This experimentation is 

undertaken during sample implantation and, if specified, subsequently annealed at vari-

ous temperatures and exposures to track silicide formations 

 

5.2 Dose optimisation and XTEM (Prime Wafers) 

These samples were prepared in conditions similar to those published by Naito & Ishimaru (2009) 

as silicide nanoparticles were detected. As such samples were prepared using three separate wa-

fers in order to implant them at a low, medium, and high dose (1×1016, 5×1016, 1×1017 ions cm-2) 

and diced to create three sets. Each set included sample subsets annealed in air at 500°C, 550°C, 

and 600°C for exposure times between 102 and 105 s with particular emphasis between 102 and 

103 s because a rapid change in morphology is observed by Naito & Ishimaru (2009). The implant 

information is summarised in Table 5-1. 

Table 5-1: Implant information for Fe in Silicon Prime Wafers 

Substrate Characteristics 

Material Silicon <100> 

Doping p-type (5B), 1-5 Ω cm 

Thickness 280 μm (overall) 

Implanter Conditions 

Species Iron (26Fe) 

Energy (keV) 120 

Angle (°) 7 

Temperature RT (no cooling) 

Ion and Thermal Treatment 

Fluence (ions cm-2) In situ annealing Temperatures 

Set 1 1×1016     N/A  

Set 2 5×1016     N/A  

Set 3 1×1017     N/A  

 

The implanted samples were diced and sorted to be annealed in-house (PiTFu at NML). The 

choice to anneal the samples in air was taken because the temperature and exposure time are low 

enough for oxide layers to grow at a rate that is negligible for the purpose these samples were 

required for. A minimum threshold to see appreciable growth in oxide would be 700°C in pure 

oxygen, or if there is considerable moisture present (Massoud, 1995 and Lin, 2014). A matrix of 

anneals was performed at the fluences states for Set 1, Set 2, and Set 3 (Table 5-1) each at 1×102, 

3×102, 6×102, 9×102, 1×103, 1×104, 1×105 and temperatures of 500°C, 550°C, 600°C. The key 
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times involved are at increasing orders of magnitude from ~2 min to ~28 h, with particular atten-

tion to the period in between 2 min and 17 min. The rationale behind these exposure times was a 

way to (i) fully analyse the changes a sample can undergo from the start of the anneal to 105 s (a 

time where changes due to the annealing are likely to have slowed significantly, as seen in litera-

ture) and (ii) times between 102 and 103 s were looked at more closely due to the nanoparticle 

formation threshold seen in Naito & Ishimaru (2009). Times below 102 s would have been possi-

ble with a furnace capable of rapid thermal annealing (RTA) whose heating and cooling capabil-

ities would have allowed for an accurate execution of a 10 s anneal, but this was not the case. The 

chosen temperatures were also based on the work of Naito & Ishimaru (2009), where 550°C was 

identified as a key threshold to accelerate formation of silicide crystals. 

5.2.1 β-FeSi2 synthesis in wafer as a function of annealing conditions 

A comprehensive Raman spectroscopy study was performed, where the amount of β-FeSi2 formed 

was determined using the intensity ratio between the peaks for silicon (520 cm-1) and one of the 

characteristic peaks (the most intense) of the silicide (247 cm-1), as shown by Maeda et al. (2001). 

The general outcome of the experiments on these samples is summarised in Table 5-2. 

Table 5-2: β-FeSi2-Si intensity ratio of Fe-implanted (120 keV 1016 to 1017 ions cm-2) 

in prime silicon wafer samples as function of annealing conditions 

 Ann. 

Temp (°C) 

 Annealing exposure time (s) 

a.i. 1×102 3×102 6×102 9×102 1×103 1×104 1×105 

Io
n
 F

lu
en

ce
 (

×
1

0
1

6
 i

o
n
s 

cm
-2

) 

1.0 

500 

0.019 

0.155 0.143 0.138 0.142 0.161 0.177 0.198 

550 0.150 0.153 0.139 0.138 0.170 0.179 0.204 

600 0.133 0.148 0.152 0.164 0.167 0.189 0.186 

5.0 

500 

0.030 

0.196 0.167 0.159 0.164 0.166 0.171 0.245 

550 0.165 0.172 0.174 0.174 0.194 0.262 0.312 

600 0.188 0.221 0.228 0.257 0.232 0.275 0.233 

10 

500 

0.080 

0.561 0.535 0.522 0.532 0.536 0.562 0.588 

550 0.588 0.555 0.532 0.545 0.558 0.589 0.618 

600 0.570 0.611 0.637 0.648 0.657 0.845 0.700 

The relative error of the data is in the order of up to 4%, based on standard deviation of repeats 

 

It was found that the intensity ratio is correlated with all three independent variables involved; 

the dose, temperature, and exposure time (a graphical representation of this data is shown in Fig-

ure 5-1, overleaf). Higher dosed samples, as a general rule, detected larger amounts of β-FeSi2 

but this did not scale linearly with dose as the intensity ratios at higher doses are comparatively 

lower than expected. The high dose (1017 ions cm-2) intensity ratios (excluding as implanted sam-

ples) would be in the order of 1.5 to 2 if linearly correlated with the low dose (1016 ions cm-2) and, 

using the same treatment, the medium dose samples (5×1016 ions cm-2) at 0.75 to 1. It is possible 

that the sample becomes locally saturated with iron and is unable to form silicide as quickly or at 

all in that region (limited by the amount of silicon atoms) when compared to lower dosage. 
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Figure 5-1: Graphical representation of Table 5-2; β-FeSi2-Si intensity ratio of Fe-implanted 

(120 keV 1016 to 1017 ions cm-2) in prime silicon wafer samples as function of annealing conditions 

 

Higher temperature and longer exposure were generally beneficial for β-FeSi2 synthesis, although 

550°C seems to be an optimum temperature at lower exposure times (intensity ratios are compar-

atively higher). The increase was more pronounced between 103 and 104 s for 600°C samples 

(possibly an outlier) and between 104 and 105 s for the other temperatures, indicating that there 

could be a critical energy input that triggers the formation of silicide. 

Silicide detection seems to plateau (i.e. longer expositions do not yield more silicide) for all sam-

ples. This occurs at 104 s for low and medium doses and at 105 s for high dosed samples. The 

plateau intensity values are ~0.20, ~0.31, and ~0.70 (equivalent to ~17%, ~24%, and ~41%) for 

the low, medium, and high dose respectively, although a relative maximum is observed at 600°C 

at 104 s for all doses studied (this is corroborated with a follow-up experiment, see Table 5-4, p. 

105). In all cases the as-implanted intensity ratio is close to the plateau value and drops within the 

first 100 s of the anneal. This can be explained as a consequence of the implant amorphisation, 

which (temporarily) reduces the relative amount of crystalline silicon present in the sample. As 

the silicide peak is in relation to the crystal peak, in this instance (prior to recrystallisation due to 

the anneal) the silicide looks much larger by comparison. A clear transition is observed between 

the 550°C and 600°C sample sets. The intensity ratios observed at 600°C are clearly higher than 

those at 500°C and 550°C which at similar amounts. This transition is likely to do with physical 

changes within the sample, a conjecture which is consistent with TEM images published by Naito 

& Ishimaru (2009), and was the basis for the further analysis of samples at 550°C. 
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5.2.2 Morphological changes during anneal of prime wafer 

Samples implanted at the highest dose (1017 ions cm-2) and annealed at the transition/critical tem-

perature (550°C) were analysed using XTEM (cross-sectional view). These samples were chosen 

because of the interesting results observed in the Raman study and previous indications from the 

work of Naito & Ishumaru (2009). As the sample is viewed as a cross-section, it can be interpreted 

as a side-view where the sample surface is just below the gold (Au) and platinum (Pt) sputtered 

coating. The coatings are required to protect the surface situated above the area of interest from 

damage that can be caused by the ion-beam used in the FIB process (Kwong & Zhang, 2005). 

The XTEM technique shows the transition the samples undergo as annealing progresses and is 

particularly apt for viewing the various layers formed during implantation and the thermal treat-

ment. The micrograph of the ‘as implanted’ sample, Figure 5-2, serves as a good baseline for what 

zones or layers to expect and how each of these evolve. The key strata to examine are marked as 

(a) the oxide layer, (b) the iron-rich amorphised region, (c) a silicon boundary between the amor-

phised- and the still-crystalline region of the wafer, and (d) the remainder of the wafer (crystalline 

region). One can also notice a sub-implantation of the gold protective layer into the top part of 

the surface oxide as a result of the sputtering deposition (this is most visible in Figure 5-3 (c) and 

(d) as a black-dotted (gold) white line (oxide) present above oxide layer). This does not affect the 

results as it only influences the top layer of the oxide. 

 
Figure 5-2: XTEM of 120 keV 5×1016 ions cm-2 Fe-implanted samples prior to anneal 

 

The amorphised zone (lighter region with darker dotted band, b) is roughly 90 nm thick and is 

covered by a 2 nm oxide (white line, a). This is normal as a 1.5 to 2 nm native oxide is to be 

expected on polished silicon wafers (Massoud, 1995). The concentration of iron and iron silicide 

(a) 

(c) 

(b) 

(d) 
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particles is found mostly in the middle of the amorphised zone, marked as b, in an approximately 

gaussian in distribution and manifesting as a dotted darker region ~45 nm in depth (from the sur-

face). These particles are mostly in the 3 to 6 nm range, although the more concentrated region 

may hold larger particles that have already agglomerated. One can observe a 15 nm thick bound-

ary region (c) between the amorphised (b) and the crystalline zones (d) consisting of accumulated 

silicon. This is likely due to the cascades induced by the implantation process which create a band 

with a higher density of silicon. The slightly darker and deepest region (marked as d) is the intact 

silicon wafer crystal. This is where no ion irradiation reached the sample (the beam energy dissi-

pated sooner), giving an overall, expected, 100 nm top layer (a, b, and c) and an unaffected region. 

This region extends for the entire thickness of the wafer (approximately 280 μm). 

Figure 5-3 shows the evolution of the sample after (a) 102 s, (b) 103 s, (c) 104 s, and (d) 105 s of 

the 550°C anneal. For reference, the time elapsed is approximately (a) 2 min, (b) 17 min, 

(c) 2 h 45, and (d) 28 h. 

 
Figure 5-3: XTEM of Fe-implanted 120 keV 5×1016 ions cm-2 samples 

annealed at 550°C for (a) 102 s (b) 103 s (c) 104 s (d) 105 s 

It can be observed that the surface oxide grows from the initial 2 nm to (a) 3 nm, (b) 4 nm, (c) 

8 nm, and finally (d) 17 nm. Additionally, by the end of the last anneal the oxide is no longer 

uniform in thickness and has been disrupted the iron silicide in the, previously amorphous, silicon 

layer (d1). This contributes to a gradual roughening of the sample surface. When compared to the 

experimental data of Lin (2014), the oxide growth on these samples is much higher than expected 

(the 550°C air conditions are comparable to the 700°C pure dry oxygen conditions shown in the 

paper, where at these conditions an oxide is expected to be approximately 18 nm after 1×105 s). 

This can probably be attributed to the natural moisture in the laboratory air that greatly quickens 

(a2) 

(d1) 

(a3) 

(d3) 

(c2) 

(b3) 

(c3) 

(d2) 
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up the oxidation rate. Oxidation is not a problem with these samples as they were not designed 

for electrical and thermal tests (the top film not electrically isolated from handle) and only for 

preliminary morphological studies. These results informed the next set of experiments, using elec-

trically isolated SOI wafers (see next section), to be annealed in an inert (dry, N2) atmosphere and 

with it the modification of the thermal treatment apparatus. 

The annealing process introduces the energy required for the amorphous silicon to recrystallise 

and for the iron (where present) to form silicide crystals. After approximately 2 minutes (102 s) it 

is already possible to observe the growth and initial agglomeration of the silicide nanoparticles 

(darker dots, marked a2) within the amorphised zone (compared to Figure 5-2) which have now 

grown to the 5 to 7 nm size range. The accumulated silicon at the edge of the amorphous-crystal 

boundary started to migrate and spreads to a more uniform concentration which is what drives the 

reduction in darkness in that region (a3, b3, c3,). As the anneal proceeds the amorphous region 

starts crystallising and is progressively less discernible from the still-crystalline handle of the 

wafer to the point where a clear separation is present between the iron rich region and the silicon 

crystal region (d3). The nanoparticles in (c) have grown to up to 13 nm, although it is apparent 

that the larger particles that were already formed have fully agglomerate to form an initial sheet 

about 10 nm thick (although it is not uniform nor planar) (c2). The zone which previously did not 

present any nanoparticles now shows areas with them in a 3 to 5 nm range (layer above c2). 

Within the end of the annealing process (105 s, 28 h) the β-FeSi2 has formed a sheet around the 

top of the sample surface approximately 50 nm thick (d2), after which the remaining silicon is 

completely recrystallised. It is expected that any further thermal treatment would contribute to 

more surface oxidation and roughening, albeit at logarithmic rates, and a complete agglomeration 

of all iron nanoparticles into a singular, planar, sheet of silicide. This state is already beyond what 

could be considered useful in terms of thermoelectric performance and has little flexibility for 

further nanoengineering. 

In terms of thermoelectric applications, the results show us that the best conditions are most likely 

to be around 103 s exposure, close in appearance to (a) and (b) in Figure 5-3 above. This is because 

nanoparticle inclusions embedded in a more general silicon structure are expected to be more 

beneficial than completed sheets of silicide. 

5.3 Optimisation of annealing conditions and electrical measurements (SOI Wafers) 

Following the study performed on prime wafers in the previous Section, the highest fluence of 

1×1017 ions cm-2 was deemed to be the best for continued testing because (i) it yields higher 

amounts of silicide and (ii) the peak concentration of iron in silicon is approximately 20% at 

100 nm in depth (see Figure 3-11). On the latter criterion, these are expected to be beneficial 

conditions to form silicide by balancing the concentration level to high enough to form silicide 

without saturating the crystal (thus avoiding excessive agglomeration of the particles). For this 

experiment set, the annealing conditions were expanded to include a larger range of temperature 
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conditions (300 to 1000°C) with a similar exposure time range as previously (103 and 105 s). The 

temperatures tested were all multiples of 100°C from 300 to 1000°C and included the critical 

temperature of 550°C as identified from both previous experimentation and literature presented 

from Naito & Ishimaru (2009). The annealing times below 103 s were not included this time as 

the time frame was deemed too short and only of specific relevance to 500–600°C. 

These samples, known as Silicon-on-Insulator (SOI), contain a buried oxide (BOx) that electri-

cally isolates top film (device) from the rest of the wafer (handle). The implant information is 

summarised in Table 5-3 and those of the anneals in, below. 

Table 5-3: Implant information for Fe in SOI Wafer 

Substrate Characteristics 

Material SOI Silicon <100> 

Doping p-type (5B), 14-22 Ω cm 

Device 100 nm with 200 nm BOx  

Thickness 675μm (overall) 

Implanter Conditions 

Species Iron (26Fe) 

Energy (keV) 120 

Angle (°) 7 

Temperature RT (no cooling) 

Ion and Thermal Treatment 
Fluence (ions cm-2) In situ annealing Temperatures 

Set 4 1×1017     N/A  

 

These samples were characterised (equipment described in Chapter 2) for the amount of β-FeSi2 

(intensity ratio), electrical resistivity (including the stability of the sample over time), Seebeck 

coefficient, and thermal conductivity (using Raman spectroscopy and the 2ω method). 

5.3.1 β-FeSi2 synthesis in SOI wafer as a function of annealing conditions 

Using the Raman peak intensity ratios, the dimensionless ratio between the characteristic peaks 

for silicon and β-FeSi2, indicates the amount of β-FeSi2 formed in the wafer sample. As shown in 

Table 5-4 (data) and Figure 5-5 (graphical), below this is a function of both annealing time and 

annealing temperature. It is apparent that, as a general trend, higher temperatures and longer an-

nealing periods are more conducive to a larger formation of the silicide. There is a critical tem-

perature at 550°C where the amount of silicide formed is at a local maximum (indicated on Figure 

5-5). This will then be important when analysing the electrical properties of the material. It is also 

relevant to point out that unannealed samples also present a small amount of silicide formed, in 

agreement with the previous tests, which indicates a local heating due to the ion accelerating into 

the wafer. The localised temperature (derived by impact energy of the ion in the substrate) reached 

in the sample during implantation is estimated to be between 50°C and 75°C, as the samples are 

very stable at 50°C but do exhibit slow changes at 75°C (thermal stability is covered later, p. 112). 

Figure 5-4, below, shows examples of sacked Raman spectra. In this case, samples annealed at 

600°C (at progressive orders of magnitude) are compared to a crystalline silicon sample (c-Si). 
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The intensity ratio is the quotient between of the main characteristic peak for β-FeSi2 (247 cm-1) 

and the one for crystalline silicon (520 cm-1), both indicated with the arrows. In the spectra it is 

also possible to see the second-order silicon peaks at 301 cm-1 and 950 cm-1 (broad). 

 
Figure 5-4: Raman spectra for 600°C annealed samples compared to c-Si as illustration of intensity ratios 

 

Using this methodology, the intensity ratios are extracted for all samples and the standard error 

(for three separate repeats) is used as the uncertainty. This data is used to construct Table 5-4 and, 

in turn, the graphical representation of Figure 5-5. 

Table 5-4: β-FeSi2 formed in 120 keV 1017 ions cm-2 sample based on annealing conditions 

Raman 

Intensity 

Ratio (rel.) 

Annealing time (s) 

1×103 1×104 1×105 

A
n

n
ea

li
n

g
 T

em
p
er

at
u
re

 °
C

 

300 0.084 ± 0.001 0.086 ± 0.005 0.083 ± 0.007 

400 0.091 ± 0.003 0.080 ± 0.005 0.099 ± 0.004 

500 0.101 ± 0.004 0.116 ± 0.013 0.132 ± 0.008 

550 0.146 ± 0.005 0.159 ± 0.006 0.147 ± 0.004 

600 0.136 ± 0.014 0.148 ± 0.005 0.142 ± 0.002 

700 0.206 ± 0.004 0.195 ± 0.011 0.189 ± 0.006 

800 0.196 ± 0.011 0.193 ± 0.003 0.327 ± 0.004 

900 0.277 ± 0.006 0.277 ± 0.017 0.480 ± 0.010 

1000 0.028 ± 0.003 0.015 ± 0.001 0.009 ± 0.005 

As implanted 0.070 ± 0.003 

Not implanted 0.001 ± 0.001 
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As expected by the iron-silicon phase diagram (Figure 5-6, overleaf), temperatures above 937°C 

are forming α-FeSi2 or, in any case, a breakdown of the β-phase which is not detected by the 

Raman spectroscopy (hence the blue band to the right of the ). Consequently, the most β-FeSi2 

was found to be formed at the 900°C tests under all exposure times, with maximum peak at the 

longest exposure time of 105 s. Further techniques to quantify other crystal phases should be ex-

amined (possibly non-destructive or invasive, such as Raman spectroscopy) in order to better 

understand the evolution of the sample with regards to the other silicide phases. 

 
Figure 5-5: Graphical representation of Table 5-4 data for β-FeSi2 formed in 1×1017 ions cm-2 samples as 

function of annealing conditions (arrow indicates relative maximum) 

 

The indicated local maximum shows that there are annealing conditions that have a good for-

mation of β-FeSi2 at lower temperatures. The sample treated at 550°C for 105 s has these special 

properties that also, as is triangulated with the TEM (see Figure 5-3) and the temperature-depend-

ant electrical properties of the sample (see Figure 5-9), are the optimal conditions to form nano-

particles that correlate with highest thermoelectric performance. 

The crystal phase and composition of these nanoinclusions will depend on the implant dosage 

(e.g. changing the relative abundance of the elements can be the difference between AB2 and A2B 

kinds of crystals, see Figure 5-6 for the Fe-Si phase diagram as an example) and the annealing 

conditions (specific crystal phases are stable at a certain temperature range, beyond which they 

will transition). Figure 5-6 is the phase diagram for a binary mixture of iron and silicon, meaning 

that it maps what orientation and composition a crystal unit cell will take depending on the relative 

amounts of the two elements and the temperature the mixture is heated to. The lines on this dia-

gram represent the different crystal phases that can be formed from the binary mixtures and the 

spaces (polygons) between the phase lines will exist as a linear mixture of the two phases found 
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to the left and right of the point examined (e.g. 60% Si at 800°C will contain partial amounts of 

ε-FeSi and β-FeSi2). The region of interest for this experiment (highlighted) is that at 67% Si and 

between 500°C and 937°C which is where β-FeSi2 is stable.  

 
Figure 5-6: Fe-Si Binary Phase Diagram. β-FeSi2 indicated as ζβ at 67% Si, <937℃ (highlighted) 

(von Goldbeck, 1982) 

 

The implication of the diagram is that there can be many forms of silicide that may be formed and 

therefore contribute to the material especially as the concentration of iron has a gradient in the 

material. It is difficult to know which phases are being formed from inspection or Raman spec-

troscopy alone, which is where the difficulties arise. 

5.3.2 Resistivity of SOI wafer samples 

One of the core parameters measured of these samples is the electrical conductivity (reciprocal of 

resistivity). High electrical conductivity is fundamental for the viability of the sample and, as 

such, a low resistivity is the preferred outcome. All measurable samples have their data summa-

rised in Figure 5-7, overleaf.  
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Figure 5-7: Temperature dependant resistivity of Fe-implanted samples (120 keV 1017 ions cm-2) 

 

The resistivity of all samples is inversely correlated with the temperature of the sample, a log-lin 

trend that is also observed for nanostructured FeSi2, by Nozariasbmarz et al. (2016a), Mn-doped 

β-FeSi2 synthesised by Nogi & Kita (2000), and β-FeSi2 in Kloc et al. (1995). This counter intu-

itive property seems to be characteristic of non-degenerate Mg2Si and FeSi2 (Nozariasbmarz et 

al., 2016a). The doping level of these samples was not measured, however, Hall mobility tests 

were ran on similar samples which showed a carrier concentration of 1019-1020 cm-3. 

The second observed trend is that the higher temperature anneals result in much higher resistivity. 

The work by Hiehata et al. (2012) sees the same trend in the analogous annealing temperature, 

with similar increase in order of magnitude, and explains it as the additional formation of β-phase 

silicide over the ε-phase (binary FeSi) which has a much higher resistivity. The observation that 

the resistivity is directly related to the β-phase silicide is confirmed by data triangulated with the 

Raman spectroscopy (Figure 5-9). 

The samples annealed above 700°C have resistivities far in excess of 104 mΩcm which are beyond 

the measuring capabilities of the equipment. The sample annealed at 600°C 1×105 s was able to 

be measured at temperatures above 300°C as the resistivity had decreased to a measurable level. 

Interestingly, there at least two regimes visible from this graph. The lower temperature (300°C 

and 400°C anneals) are between 10 and 40 whereas the higher temperature (500°C to 600°C) are 

an both order of magnitude higher in resistivity and also have a much steeper drop. The as-im-

planted samples seem to be in a similar regime in terms of order of magnitude and slope of the 

curve, the gap can be filled by hypothetical samples annealed at 100°C and 200°C. 
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The slopes are the same for low temperature anneal samples as well as the as implanted and shows 

that they are in the same regime. The 300°C samples do not change appreciably between 104 s 

and 105 s, indicating that the time range could be limit for changes and plateaus. 

   

   
Figure 5-8: Resistivity as a function of measurement temperature (°C) and annealing time (s) of 

120 keV 1017 ions cm-2 Fe-implanted samples annealed at (a) 300°C (b) 400°C (c) 500°C (d) 600°C 

(arrows indicating ridge of relative maximum at constant temperature) 

 

The resistivity data in Figure 5-7, above, can also be visualised using Figure 5-8 (annealing tem-

peratures from 300 to 600°C). The data is grouped by annealing temperature and visualises the 

measured resistivity (mΩcm) as a function of annealing time (s) and sample temperature (°C). 

The graphs show the same trends, namely that resistivity will drop rapidly with temperature and 

longer annealing times will increase the resistivity of the sample quite rapidly. Data from the top 

corner of (d) is unavailable as the sample could not be measured at low temperature (resistivity 

much above 104 mΩcm). 

The visualisation make is easier to spot (i) the change in regime between 104 s and 105 s of the 

400°C samples (panel b), (ii) higher annealing temperatures correlate with an increase in resistiv-

ity (from a to d, scale increase), and (iii) spot the two local maxima found at 103 s on (a) 300°C 

and (c) 500°C samples. These points are unfavourable as they represent a high resistivity point 

within the lower regime. The optimum condition for this sample to operate is not present in this 

space. 

(b) (a) 

(c) (d) Out of Measured Range 
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Correlations between resistivity and amounts of detected β-FeSi2 

The major difference in result between annealing conditions is the amount and form (shape) of 

the β-FeSi2. This in turn controls the electrical (and thermal) properties of the sample. Using the 

data of the previous subsections, the resistivity measured at 25°C and associated Raman intensity 

ratio can be correlated as shown in Table 5-5 (data. below) and Figure 5-9 (graphical representa-

tion, overleaf). Figure 5-9 clearly indicates that there are two regimes of operation (favourable 

and unfavourable) and a loose, upward, correlation between the resistivity and amount of β-FeSi2 

detected with the Raman spectroscopy. The data is collated from the measurements at 25°C. 

Table 5-5: Sample resistivity at 25°C as a function of relative amount of β-FeSi2 

Anneal cond. (°C / s) Resistivity (mΩcm) β-FeSi2 (rel.) 

N/A As implanted 15.55 ± 0.84 0.070 ± 0.003 

3
0

0
°C

 1×103 26.09 ± 0.12 0.084 ± 0.001 

1×104 28.09 ± 0.13 0.086 ± 0.005 

1×105 28.49 ± 0.01 0.083 ± 0.007 

4
0
0
°C

 1×103 34.12 ± 0.08 0.091 ± 0.003 

1×104 37.92 ± 0.35 0.080 ± 0.005 

1×105 1021.3 ± 23.9 0.099 ± 0.004 

5
0
0
°C

 1×103 742.59 ± 16.9 0.101 ± 0.004 

1×104 1206.8 ± 24.5 0.116 ± 0.013 

1×105 551.53 ± 24.4 0.132 ± 0.008 

5
5
0
°C

 1×103 1584.5 ± 15.7 0.146 ± 0.005 

1×104 2147.4 ± 24.3 0.159 ± 0.006 

1×105 1363.8 ± 49.1 0.147 ± 0.004 

6
0
0
°C

 

1×103 1955.0 ± 82.9 0.136 ± 0.014 

1×104 2680.4 ± 8.58 0.148 ± 0.005 

 

The two regimes are separated by a critical amount of β-FeSi2, around 9%, beyond which the 

resistivity increases suddenly by two orders of magnitude. This is most likely due to the agglom-

eration of nanoparticles into sheets or other larger structures, which are less favourable than the 

silicide NIs, most likely due to the grain-boundary resistances acquired (rather than scattered NIs 

in a ‘sea’ of silicon) during annealing. Within each regime there is also a positive trend between 

formed amount and resistivity, an observation also made by Hiehata et al. (2012), however, these 

are only broad correlations with low statistical significance for all samples and shows a general 

positive trend within the two regimes. These trends are less clear if a different measuring temper-

ature is chosen, rather than 25°C, and so they cannot be interpreted as being statistically signifi-

cant to make predictions (see information on graph). However, the trends do delineate a consistent 

and important shift between regimes (and a general tendency within the regimes) which can be 

interpreted as the negative effects of NI agglomeration. 
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The amount of silicide detected is an indication of how many particles have formed and/or how 

much they have grown in size, however, particle growth also leads to agglomeration and thus the 

formation of sheets and the detection of these is identical to a high amount of smaller particles. 

In both cases but it is apparent (from the data presented in Figure 5-9) that once a threshold of 9-

10% β-FeSi2 is reached there is a drastic drop in performance. Formation of nanoparticles in the 

matrix is advantage due to the exalted phonon scattering whilst still acting as a dopant, however, 

agglomeration of these particles into large structures (of which it is possible that ~10% be the 

critical amount) negates this advantage, possibly also due to grain boundary formation or simply 

a regression to the properties of β-FeSi2 on its own rather than a silicon matrix with silicide NIs. 

It is this combination that leads to increased performance (He et al., 2018) or the form (crystal 

type, etc.) or embedded particle size that affects the resistivity. The trends shown on the graph do 

not improve in terms of predictability with a change in the selection of the analysis temperature 

(e.g. 100°C or 250°C) and this is inherent to the data set. The resistivity is dependent on multiple 

other variables (for these samples it is the annealing temperature, time, and measurement temper-

ature) and some of these samples have properties that transition into the favourable regime as they 

heat up, consequently drastically reducing their resistivity (e.g. samples annealed at 550°C). As 

such, reducing the correlation to just relative amount of silicide is quite reductive.  

 
Figure 5-9: Sample resistivity at 25°C as a function of relative amount of β-FeSi2 

 

The advantage of some samples in the unfavourable regime (samples at 500°C for 105s and 550°C 

for 104s) is that they transition to having excellent electrical properties (comparable to favourable 

regime samples) at high temperature. This is compounded by the added benefit of being much 

more thermally stable than samples annealed at the lower temperatures (see next subsection) and 

can be of interest for further study. 
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Thermal stability of samples 

The main purpose of TEGs and TEDs is to be used in an environment with a temperature differ-

ence to generate electrical power and thus, by its nature, the operation of a thermoelectric material 

is exposure to heat. The measurement of the samples properties and annealing used in sample 

processing are both thermal process that also apply heat to the sample. Intuitively, the samples 

should be stable below the temperature at which they were annealed with a progressive decrease 

in stability the closer the annealing temperature is approached. This has been observed to an ex-

tent, however the changes in properties were found at temperatures below those of the anneal. For 

example, a sample annealed at 300°C for 103s will show moderate changes when heated to 200°C 

and 250°C where the resistivity increase by 1.0% and 12% respectively over the course of 24 

hours (see Figure 5-10). 

 
Figure 5-10: Electrical resistivity changes of Fe-implanted sample annealed at 

 300°C for 103s heated to (a) 200°C, (b) 250°C, and (c) 300°C for 24 hours 

 

Similar trends are observed with as-implanted samples that were cycled from 25°C to 150°C and 

200°C and held for 5 minutes (Figure 5-11, overleaf) where the sample was heated progressively 

and measured in two cycles which cause a permanent change in it electrical resistivity. More 

copies of these as-implanted samples were tested at colder temperatures from 50°C to 250°C (seen 

in Figure 5-12, overleaf) over the course of 24 h to gather insights. Interestingly, these were found 

to be stable at 50°C despite the implant being carried out at room temperature (and chamber bulk 

conditions never rising above 35°C) and retain some degree of stability at 100°C (~20 min). This 

indicates that the local temperature, inside the wafer, could reach above 50°C (although lower 

than 100°C) if an implant is carried out at room temperature.  

Heated 

Cooled 

Held 

24 h 
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Figure 5-11: Electrical resistivity changes of Fe-implanted sample with no prior annealing 

heated to (a) 150°C and (b) 200°C for 5 minutes 

 

Figure 5-12 shows the evolution of the resistivity over the course of 24 h and could be interpreted 

as a slow-annealing of sorts (as seen previously, resistivity is inversely correlated with tempera-

ture hence curves shown). The rate at which these changes take place can be mathematically 

defined with great consistency in logarithmic equations derived in Appendix C. 

 
Figure 5-12: Evolution of electrical resistivity of Fe-implanted sample with no prior annealing over the 

course of 24 hours for (a) 50°C, (b) 100°C, (c) 150°C, (d) 200°C, and (e) 250°C 
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Overall, the resistivity of the samples changes as a function of time once a critical temperature 

(~50-100°C for as-implanted, ~200-250°C for 300°C / 105s sample) is reached and, even though 

this temperature is related to the sample anneal conditions, changes occur sooner than expected. 

All samples maintain a good stability up until 50 to 100°C below the annealing temperature, after 

which they slowly continue annealing. The effects are only appreciable over a 24-hour period, 

however, and only if the temperature is close to or surpassing the annealing conditions. 

5.3.3 Seebeck voltage of SOI wafer samples 

In a similar fashion to the resistivity measurements, the Seebeck coefficient was measured using 

the Electrical Characterisation Kit (ECK). The heating mechanism was unable to reach as high a 

temperature and, as such, the machine was maxed at ~120°C average temperature (although most 

highly reliable results are below 75°C). This was because the thermocouple system was too large 

to allow the stage enclosure to be shut and thus minimise temperature losses. 

The methodology used for the calculation of the Seebeck coefficient has been done according to 

the formula derived in de Boor & Müeller (2013) (Equation 2-5, p. 56). The thermocouples are 

used as both a temperature measurement and thermovoltage measurement using the positive- and 

negative wire pairs to extract Upos and Uneg respectively. These are the thermal voltages extracted 

from the positive and negative junctions of the used thermocouples. 

S(T̅) =
STC(T̅)

1 −
∂Upos

∂Uneg

+ Sneg(T̅) 
Equation 2-5 

STC(T̅) and Sneg(T̅) are the Seebeck contribution of the thermocouple and the negative junctions 

of the thermocouples at the average system temperature respectively which are available from the 

manufacturer data sheets or references such as Bentley (1998, p. 32). The measured voltages from 

the positive- and negative junctions of the thermocouples, Upos and Uneg, are graphed and the 

gradient used to calculate the Seebeck coefficient of the material at the stated temperature (plug-

ging all values into the above equation). 

In order to achieve a measurement, the sample was heated on both ends with a slight temperature 

gradient (starting at ~5 to 10°C) and the hot end slowly reduced to allow the temperatures to 

equilibrate as the voltage acquisition was underway (see Figure 5-13 for an example where the 

hot side heater is turned off, allowing the two ends of the sample to slowly reach the same tem-

perature). The resulting voltages were plotted, see Figure 5-14 (overleaf) for an example, and the 

gradient used in Equation 2-5 to yield the results shown in Table 5-6 (graphically represented in 

Figure 5-15). 
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Figure 5-13: Graph of hot- and cold side temperatures on Seebeck sample whose associated thermo-

voltage data is used in Figure 5-14. The data acquisition has been truncated to (i) minimise temperature 

uncertainty and (ii) ensure a minimum temperature difference is maintained as voltages vary as ΔT → 0) 

 

The figures above and below show the data that is acquired in one set. The positive- and negative 

junction thermal voltages for both thermocouples are acquired and processed as the temperature 

(singular thermocouple, both junctions) and overall positive/negative junction voltage (e.g. sum 

of both negative junctions is Uneg). Successive measurements are taken at an arbitrary time interval 

(hence the abscissa is labelled as a sequential number, not as time). 

 
Figure 5-14: Upos and Uneg of sample annealed at 300°C for 104s evaluated at 59.1 ± 0.9°C 
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Table 5-6: Summary of temperature dependent calculated Seebeck coeff. for samples annealed at 300°C 

 Temperature 

°C 

STC(T̅) 
μV K-1 

Sneg(T̅) 

μV K-1 

∂Upos

∂Uneg
 

Seebeck 

μV K-1 

3
0

0
°C

 1
0

3
s 

  16.9 ± 0.6 36.8 -14.9 0.4995 58.7 ± 0.7 

  26.3 ± 0.7 37.1 -15.1 0.6764 99.7 ± 2.4 

  41.3 ± 0.8 37.6 -15.4 0.7917 165 ± 6.6 

  55.6 ± 0.8 38.1 -15.8 0.8456 231 ± 13 

  75.4 ± 0.8 38.7 -16.2 0.8957 355 ± 29 

3
0

0
°C

 1
0

4
s   21.3 ± 0.3 37.0 -15.0 0.1654 29.3 ± 0.1 

  31.0 ± 0.5 37.3 -15.2 0.3479 42.0 ± 0.3 

  51.9 ± 0.5 38.0 -15.7 0.7360 128 ± 3.9 

  59.1 ± 0.9 38.2 -15.8 0.8034 178 ± 7.6 

3
0
0
°C

 1
0

5
s 

  24.5 ± 0.4 37.1 -15.1 -0.4484 10.6 ± 0.1 

  45.4 ± 0.5 37.8 -15.5 0.1773 30.4 ± 0.1 

  74.7 ± 1.1 38.7 -16.2 0.6945 110 ± 2.8 

106.7 ± 2.2 39.7 -16.9 0.8269 213 ± 10 

118.8 ± 1.6 40.1 -17.2 0.8494 249 ± 14 
 

What can be seen is strong positive correlations with temperature, which is unusual for most 

thermoelectric materials but similar results have been recorded in studies such as Nozariasbmarz 

et al. (2016a) (n-type standalone β-FeSi2 Seebeck values increase from ~170-230 μV K-1 between 

0-600°C, before dropping again), Nozariasbmarz et al. (2016b) (n-type 5% FeSi2-doped SiGe, 

~100-280 μV K-1 between 0-1000°C), and Nogi & Kata (2012) (where values are ~200 μV K-1 

with a slight negative trend 300-1000 K). These orders of magnitude are also corroborated by 

many studies cited in the review by Nozariasbmarz et al. (2017), showing Seebeck values of 

~200-300 μV K-1 at ~300 K for different doped β-FeSi2 (which also confirm the unusual positive 

correlation with temperature) and a check was made with the Pissarenko plot, found in Sapara-

madu et al. (2017) (Hall mobility measurements was carried out on similar prime-wafer samples, 

estimating the carrier density at ~1019-1020 cm-3) meaning the Seebeck could feasibly by 100-

300 μV K-1. 

Due to the nature of the apparatus, the probes would have ideally been developed as spring-loaded 

bent needles as in the resistivity measurement, two major difficulties were encountered in the 

measurement of these samples; (i) the contact and (ii) the open-stage. It was very difficult to 

acquire data for the samples as the contact between the heaters & the sample and the sample & 

the thermocouple was not always stable, it is speculated that many of the other samples (higher 

temperature anneals) would display a measurable Seebeck coefficient given the right circum-

stance. The second limitation is regarding the temperature limit of the measurement. Since the 

bulky thermocouples would not allow the stage to close, heat losses did not permit the sample 

from reaching higher than ~125°C whereas a theoretical ~250°C should easily be achieved with 

this apparatus. These heat losses could have also affected the measurement itself, as the central 
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part of the sample is not heated and may be of lower temperature than either extremity (e.g. if a 

measurement is carried out at 100°C where hot- and cold-side are at 105°C and 95°C, it could be 

that due to convective cooling the central part is at 60°C). It is suspected that this is also a reason 

why many results above 60-75°C have been discarded (indeed, only one sample was reliably 

measured above 100°C) due to strange correlations. 

 
Figure 5-15: Summary of temperature dependent Seebeck coeff. for samples; (a) unimplanted (green), 

(b) as-implanted (black), (c) annealed at 300°C for 103s (blue), (d) 104s (orange), and (e) 105s (red)  

 

The data in Table 5-6 is represented in Figure 5-15. 

5.3.4 Thermal conductivity of SOI and FIB samples 

Raman method for FIB samples 

Two Fe-implanted FIB samples were measured using the Raman method, in the same way as 

Figure 4-5, it was found that their thermal conductivity was 5.14 W m-1K-1 and 7.93 W m-1K-1 

respectively, with samples annealed at 950°C and 900°C (of 6.54 ±1.40 W m-1K-1). No FIB sam-

ples were annealed at conditions comparable to any of the electrical measurements, however these 

results are similar to that found in Nogi & Kata (2012) for standalone β-FeSi2 at 6-8 W m-1K-1 

between 400-1000 K. 

Thermal cycling of a SOI sample 

An additional SOI silicon sample was made with the same conditions as those previously analysed 

(p-type wafer 14-22 Ω cm, implanted with 26Fe at 120 keV 1017 ions cm-2, etc. as outlined in Table 

5-3, previously) for the purpose of measuring the thermal conductivity of the sample using the 

2ω method. The as-implanted samples were measured at 25°C and subsequently annealed for 15 

minutes at temperatures in increments of 25°C (up to 250°C) with a re-measurement at 25°C. The 
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results of this analysis are reported in Table 5-7 where it can be noted that there is a negative 

correlation between the anneal temperature and the thermal conductivity as measured at 25°C. 

Table 5-7: Thermal conductivity (at 25°C) of Xe implanted SOI sample as a function 

 of maximum annealing temperature for 15 min. Measured using the 2ω method (France) 

  Thermal Conductivity (W m-1K-1) 

1
5
 m

in
 a

n
n

ea
l 

te
m

p
er

at
u
re

 (
°C

) 

Control 1.9 ± 0.3 

50 1.9 ± 0.3 

75 1.8 ± 0.3 

100 1.6 ± 0.3 

125 1.6 ± 0.3 

150 1.7 ± 0.3 

175 1.6 ± 0.3 

200 1.4 ± 0.3 

225 1.4 ± 0.3 

250 1.3 ± 0.3 

 

Whilst the expected trend with annealing is that the recrystallisation will lead to a recovery in the 

thermal conductivity, as observed with xenon-implanted samples in subsection 4.3.2, the presence 

of iron in these samples can lead to effects that can continue to reduce the thermal transport prop-

erties. As reported by Chen et al. (2012), the formation of nanoparticles together with a polycrys-

talline arrangement (where many grains are present) of the lattice is beneficial to phonon scatter-

ing and this leads to a decrease in thermal conductivity. This is corroborated by He et al. (2018). 

Oxidation on the sample surface could also result in a reduced measured thermal conductivity, 

however this effect is unlikely as the temperatures are low the exposure time minimal. 

It is also possible that the thermal cycling the material underwent during these measurement could 

have yielded additional benefits. This is because the measurement process can be regarded as an 

annealing of the sample in what would normally be a preparation procedure. Ren et al. (2009) 

reports of a shelled-core formation in a polycrystalline formation which leads to thermoelectric 

nanoinclusions form in materials undergoing thermal cycles. This, however, is unlikely for this 

experiment as the mechanism cited in one of preferential liquefaction of one of the elements in 

the compound. Shaygen et al. (2014) reported a similar phenomenon for ZnTe nanowires, where 

annealing at 250°C and 400°C reduced thermal conductivity, an effect most likely attributed to 

phonon scattering due to the development of polycrystallinity and other heterogeneities from gran 

boundaries, additional compositional phases, or atomic rearrangement. 

In conclusion, Fe-implanted SOI wafers were heated to stated temperature for 15 minutes and 

measured using the 2ω thermal conductivity method at 25°C. This data can give us an idea of how 

the thermal conductivity can change as the sample is annealed, but cannot give us information on 

how the sample behaves at the desired operational temperature. 
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5.3.5 Thermoelectric Figure of Mertiy (zT) of SOI samples 

The data collected for these samples; Seebeck coefficient, electrical resistivity, and thermal con-

ductivity, can be combined to form a hypothetical zT for a leg of a thermoelectric device manu-

factured using this methodology. The zT remains hypothetical as the thermal conductivity used 

to construct the graph is for out-of-plane measurements from an SOI as-implanted sample (data 

in Table 5-7) whereas the resistivity and Seebeck are in-plane measurements. The thermal con-

ductivity taken conservatively as it is likely to be an overestimation as it is slightly inversely 

correlated with temperature, as the data trend suggests in this work and others such as LaLonde 

et al. (2011). The order of magnitude should, however, be comparable and a fair estimation at 

least for the best performing sample (103s is 15 minutes, which is the same as the thermal meas-

urement annealing time). The data is show in Figure 5-16 (data in Table 5-8, overleaf) and finds 

that the highest zT was found to be 0.154 ± 0.050 found at a temperature of 75.4 ± 0.8°C for the 

Fe-implanted sample annealed at 300°C for 103s, which is in line with what is expected for iron 

silicides and composites. It should be noted that the uncertainty bars represent a worst-case, and 

that with great probability the results are found at half these values. 

 
Figure 5-16: Predicted zT for samples 

 

The simultaneous increase in Seebeck and electrical conductivity for this NI infused silicon ma-

trix is interesting and exciting. From the previously cited literature it would be expected that this 

trend should continue with increasing temperature until a plateau or maximum is reached (possi-

bly at 500°C, however these particular samples would not be stable at they were annealed at 

300°C). The work by Neophytou et al. (2013) reports similar concurrent improvements in See-

beck and conductivity which is attributed to the increase in carrier filtering. This is explained as 
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energy barriers occurring at the grain boundaries, driven by a non-uniformity of the lattice be-

tween the grains and grain boundaries, that improve the material Seebeck properties and a higher 

Fermi level occurring in the grain, compared to the bulk material at the same carrier concentration, 

which boosts electrical conductivity. Further study in these samples would be interesting and po-

tential for further improvements in zT are possible if the appropriate manufacturing- and opera-

tional conditions are found / optimised. 

The uncertainty of the zT is strongly dominated by thermal conductivity measurement (± 16 on a 

small number) and the sensitivity to the Seebeck coefficient (which is to the second power in the 

calculation of zT). The resistivity uncertainty was found to only ± 1.5% and highly repeatable 

spanning many measurements at different times. The Seebeck coefficient uncertainty is strongly 

dependant on the slope of the voltages acquired (Upos vs. Uneg) which approach unity as the See-

beck value increases. The consequence in the equations used for the de Boor & Müller method 

are that an estimated 1% uncertainty on this slope leads to a change in the Seebeck of up to 15% 

for higher values. The reported uncertainty of zT represents a worst-case scenario where Seebeck 

is minimised when electrical resistivity and thermal conductivity are maximised (and vice versa) 

so these values are reported with great confidence. 

Table 5-8: Summary of temperature dependent S, ρ, k and calculated zT for measured sample 

 Temperature 

°C 

Seebeck 

μV K-1 

Resistivity 

mΩcm 

Thermal Cond. 

W m-1K-1 

ZT 

- 

UI   28.2 ± 0.6 438 ± 24 3000 ± 2000 2.17 ± 0.3 0.001 ± 0.002 

A
s 

Im
p
l.

   22.9 ± 0.4 28.4 ± 0.1 15.7 ± 0.2 1.93 ± 0.3 0.001 ± 0.000 

  30.3 ± 0.5 38.0 ± 0.5 15.3 ± 0.2 1.91 ± 0.3 0.002 ± 0.000 

  41.0 ± 0.5 56.1 ± 0.7 14.7 ± 0.2 1.88 ± 0.3 0.004 ± 0.001 

  52.8 ± 0.8 86.8 ± 2.0 14.0 ± 0.2 1.85 ± 0.3 0.009 ± 0.002 

3
0
0
°C

 1
0

3
s 

  16.9 ± 0.6 58.7 ± 0.7 27.2 ± 0.4 1.3 ± 0.3 0.003 ± 0.001 

  26.3 ± 0.7 99.7 ± 2.4 26.3 ± 0.4 1.3 ± 0.3 0.009 ± 0.002 

  41.3 ± 0.8 165 ± 6.6 24.8 ± 0.4 1.3 ± 0.3 0.027 ± 0.007 

  55.6 ± 0.8 231 ± 13 23.5 ± 0.4 1.3 ± 0.3 0.057 ± 0.016 

  75.4 ± 0.8 355 ± 29 21.9 ± 0.3 1.3 ± 0.3 0.154 ± 0.050 

3
0

0
°C

 1
0

4
s   21.3 ± 0.3 29.3 ± 0.1 28.4 ± 0.4 1.3 ± 0.3 0.001 ± 0.000 

  31.0 ± 0.5 42.0 ± 0.3 27.3 ± 0.4 1.3 ± 0.3 0.002 ± 0.000 

  51.9 ± 0.5 128 ± 3.9 25.0 ± 0.4 1.3 ± 0.3 0.016 ± 0.004 

  59.1 ± 0.9 178 ± 7.6 24.3 ± 0.4 1.3 ± 0.3 0.033 ± 0.009 

3
0
0

°C
 1

0
5
s 

  24.5 ± 0.4 10.6 ± 0.1 28.5 ± 0.4 1.3 ± 0.3 0.000 ± 0.000 

  45.4 ± 0.5 30.4 ± 0.1 26.2 ± 0.4 1.3 ± 0.3 0.001 ± 0.000 

  74.7 ± 1.1 110 ± 2.8 23.4 ± 0.4 1.3 ± 0.3 0.014 ± 0.004 

106.7 ± 2.2 213 ± 11 20.6 ± 0.3 1.3 ± 0.3 0.064 ± 0.019 

118.8 ± 1.6 249 ± 14 19.6 ± 0.3 1.3 ± 0.3 0.095 ± 0.029 
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5.4 Summary 

In conclusion, change in the characteristics of p-doped silicon with the implantation of iron are 

reported. The annealing process showed that longer and higher temperature thermal treatments 

were more conducive for the synthesis of β-FeSi2 and resulted in larger overall nanoparticles. 

Although the nanoinclusions were beneficial to the performance of the material with respect to 

bulk silicon, the performance did not positively correlate with amount of silicide formed. The 

highest performing set of samples were those annealed the lowest temperature of 300°C and, of 

those, the shortest anneal (103s) performed best with a zT of 0.15 ± 0.05 at 75°C. These samples 

displayed a simultenous increase in electrical conductivity and Seebeck, as well as a likely slight 

decrease in thermal conductivity, as a function of temperature which is an interesting and exciting 

prospect that is also backed by similar literature. The uncertainties are strongly linked to Seebeck 

coefficient and thermal conductivity measurements and these have been conservatively estimated. 

In terms of electrical resistivity, the best samples were found to be in the as-implanted category, 

however these did not show good Seebeck coefficient which leads to the conclusion that optimal 

conditions may be present at a lower annealing temperature. The thermal conductivity for as-

implanted samples was found to decrease with progressive anneals of 15 minutes at higher tem-

peratures, likely due to the formation of nanoinclusions and polycrystallinity that contributed to 

an enhanced phonon scattering. 
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6 Conclusions and Future Work 

6.1 Discussion / Conclusions 

Thermoelectric materials have been developed as an alternative technology for electricity gener-

ation and exhibit niche advantages such as portability and a predicable design-life. Industrial and 

consumer applications reject a large amount of low-grade heat, the majority of which at low tem-

peratures (< 100°C), which is a largely unused and cost-free resource that could be exploited by 

TEG technologies. A wide range of material classes have been developed over the years as well 

as methodologies to structure these in optimal ways and tune their competing physical properties 

(i.e. electrical vs. thermal or Seebeck vs. conductance) simultaneously. The material composition 

and manufacturing methodology must work in tandem in order to maximise the electrical 

transport properties whilst minimising the thermal ones and so optimise both efficiency and power 

generation of the TEG to achieve a breakthrough to wider applications. As of present, the use of 

TEGs is restricted to space exploration and military applications, where reliability and portability 

surpass economic considerations. The most promising consumer and industrial markets consist 

of micro-generators or energy recovery devices, as these are looking for new- and less CO2-in-

tensive applications, and low-power wireless sensor-actuators prospectively employed in Internet 

of Things (Probst et al., 2017; Narducci, 2019). The parallel developments made in electronic 

circuits and sensors technologies are beneficial to the thermoelectric field, as these are comple-

mentary markets, and form the foundation for new possibilities and investment in alternative, 

miniaturised, power generation technologies with a long and predictable design-life. 

Silicon is one element that has inherent advantages when compared to the more established ther-

moelectric materials (Bi2Te3, PbTe, SiGe, CoAs3, etc.) in that it is of low-cost, already high in 

technological readiness, and versatile to modification with various types of doping. These con-

siderations make it a good base material to develop for wider manufacturing and sales. In terms 

of thermoelectric properties highly doped silicon has already demonstrated high power-factors 

but it is still penalised in its efficiency (zT) by its high thermal conductivity. Efforts have been 

made to find the best ways to maintain its electrical advantages whilst reducing the thermal 

transport properties such as different kinds of defect engineering (targeted vacancies, dislocation 

loops, nanostructuring, nanoinclusions, etc.) as a means of disrupting the travelling phonons 

which drive thermal conductivity. A lot of these attempts have shown to be successful in making 

porous silicon, nanowires, and various nanocomposites with great improvements over the bulk 

properties. These have brought silicon-based thermoelectrics close to being on par with some 

state-of-the-art materials. 

This research has shown that (i) implantation of xenon or iron in p-doped silicon leads to amor-

phisation of the material and a drastic reduction of thermal conductivity from 148 Wm-1K-1 for 

the bulk material to the 1-15 Wm-1K-1 range depending on post-implant annealing conditions, and 

(ii) iron implantation, combined with a well-guided annealing process, leads to positive changes 

in all thermoelectric properties (ρ, S, κ) with respect to virgin silicon alone. The combination of 
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nano-level structures (thin SOI wafer devices or FIB lamellae in the order of 100 nm) and the ion-

implantation drastically reduces the thermal conductivity of the material to close to the amorphous 

limit, therefore confirming the trends observed in literature. The synthesis of iron disilicide (β-

FeSi2) nanoinclusions using the ion beam and subsequent thermal processing can be positive ef-

fects on the Seebeck coefficient and electrical conductivity of the device, however annealing must 

be tuned optimally in order to maximise the gains made on this front and would benefit from 

further and more granular exploration on this front. It is likely that in this research the doping 

levels were too high to achieve optimal nanoinclusions and the tendency was to form silicide 

sheets and a layered material. The most thermoelectrically performing sample, an SOI wafer an-

nealed at 300°C for 103 s, was found to exhibit a zT increase of two orders of magnitude with 

respect to bulk silicon to 0.15 ± 0.05 at 75°C. 

Regarding the main objectives, these were to (i) demonstrate, develop, and optimise the manu-

facturing methods, (ii) mature a technical and methodological approach to the manufacturing and 

in-house characterisation techniques, and (iii) targeted the project to address the interests of the 

research community. Firstly, the methodology demonstrated that it is possible to reliably and re-

peatably manufacture silicon thin-film thermoelectric materials with silicide nanoinclusions using 

ion beam technologies and thermal annealing. This has been demonstrated by the qualitative anal-

ysis, such as XTEM, EFTEM, and Raman spectroscopy, as well as quantitative analysis of the 

thermoelectric properties with van der Pauw resistivity, Seebeck measurements, and 2ω thermal 

conductivity. The combination of these have shown that the sample preparation techniques do 

indeed produce specimens with the predicted qualities (reduced thermal conductivity, improved 

Seebeck coefficient, etc.) although further investigation, with a wider scope, is required to fully 

understand how the input conditions can influence the measured properties. The initial optimisa-

tion study has demonstrated that there is scope to find the ideal conditions for maximised zT with 

focus on low temperatures (state-space below 600°C, optimal results probably in the 300 to 400°C 

range) as these tend to maintain a much lower electrical resistivity in the ‘favourable regime’. 

This favourable regime also suggests that a lower implant dose would be useful to study. Sec-

ondly, throughout the research important equipment along with associated methodologies and 

know-how has been developed for repeated manufacture and testing of similar samples. A robust 

process has been developed to produce, modify, and characterise samples and safeguards in place 

to ensure excellent repeatability (quality assurance). An attempt has been made to spread this 

experience via this thesis, a detailed operations and maintenance manual, and peer-review publi-

cations. Thirdly, the experimentation and analysis was functional to understanding the link be-

tween the physical changes in the material (amorphisation, nanoparticle growth, etc.) and the re-

lation to the displayed thermoelectric properties. The formation of β-FeSi2 using ion-implantation 

has been confirmed, monitored its evolution during annealing with Raman spectroscopy and 

TEMs, and triangulated this with physical property changes such as electrical resistivity.  
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In conclusion, modern techniques and emerging nanotechnologies have provided a boost in the 

development of thermoelectric materials and these have been applied in this study to improve off-

the-shelf silicon wafers into a potentially viable thermoelectric material. An important consider-

ation for the advancement of this field is that the materials developed need to be in line with the 

appropriate manufacturing technique and conditions, and that the two must be thought of as a 

tandem if scalable implementation is to be achieved. This is an important focus to maintain during 

research if the field is to remain application-driven and the resulting devices accessible and safe 

for wider consumer use. Ion-implantation is a versatile technique that is already used in silicon 

applications for doping and other applications which makes it natural to be used in silicon-based 

thermoelectric development. The results of this study have shown that it is possible to manufac-

ture and characterise a thin-film material with thermoelectric properties and that further explora-

tion is recommended with different silicides and more targeted optimisation of manufacturing 

conditions. 

6.2 Future Work 

The results of this research have given new insights in the possibilities that the technologies (ion-

implantation) and the materials (silicides) can deliver. With this new-found knowledge further 

questions can be raised to gain a more nuanced understanding of the underlying principles to the 

improvements made. Throughout the experimentation a lot of avenues were necessarily precluded 

to constrain the scope and maintain focus on one main aspect of the research. From the already 

collected data interesting possibilities for further investigation arise such as the transition of prop-

erties from a clear favourable to unfavourable condition and optimisation of the implant-annealing 

conditions. In addition to the work most closely related to that of this thesis, the manufacturing 

method (implantation) and the use of different ions or co-implantation of new combinations of 

ions. A greater amount of data needs to be gathered regarding crystal phases (e.g. α- and ε- sili-

cides) which, although not expected to be in the sample, are not Raman active. More extensive 

XRD analysis might help under this aspect for the detection of these phases. Further information 

and details should be gathered regarding the nanoinclusion optimal size distribution, with a more 

conscious synthesis and methods to evaluate the correlations between size distribution and per-

formance. These NIs do not necessarily have to be iron, and the most power-effective elements 

should be selected to create silicides and other NIs. Should researchers decide to follow these 

intuitions we can look forward to with great curiosity to the outcomes they will bring, in the hopes 

that this area continues to be explored. 

6.2.1 550°C: a critical annealing temperature? 

In addition to the multiples of 100°C (from 300°C to 1000°C) Fe-implanted SOI samples were 

also annealed at 550°C. This was identified as an important transition temperature in the work 

published by Naito & Ishimaru (2009) where their TEM images showed that β-FeSi2 was forming 

and growing at a good pace and in the form of interesting nanoparticles. During the resistivity 

measurements it became apparent that these samples exhibited a very rapid drop in resistivity as 
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a function of temperature (shown in Figure 6-1). Two of these tests are comparable with runs 

performed at adjacent temperature: 550°C for 104 s vs. 500°C for 105 s has a linear correlation of 

0.8006 (R2 = 0.9987) and 550°C for 105 s vs. 600°C for 103 s of 0.7650 (R2 = 0.9952). Both of 

the samples annealed at 550°C have steeper curves than their comparable counterparts and this is 

positive for higher temperature operation which, if the trends in Seebeck and thermal conductivity 

are comparable to the data collected, could result in even better zT values. If solely examining the 

resistivity trend these are the samples with the best properties as their temperature dependence is 

very steep (note how one 550°C for 104 s reaches a resistivity of ~5 mΩcm at 400°C) which out-

performs all other samples at 350 to 400°C. 

 
Figure 6-1: Critical temperature (550°C) anneals compared to adjacent conditions 

 

The sample annealed at 550°C for 103 s does not seem to have reached this property (rapid drop 

in resistivity with temperature) that the longer exposure anneal samples have, as it has a slope 

more in line with the low temperature anneals. It is not an optimal sample because of this reason 

and it does not reach as low a resistivity at high temperatures (crossing both the 550°C 104 s and 

500°C 105 s line) but also exhibits too high a resistivity at low temperature to compete with the 

samples annealed at 300°C and 400°C. 

Much like Figure 5-8, the resistivity data collected for the 550°C samples can be visualised in 

Figure 6-2. This figure shows the same general trends as all other anneals (i.e. correlation with 

longer anneals and higher resistivity, and a drop in resistivity with increasing operating tempera-

ture) but also displays a local minimum in resistivity (indicated with the arrow) which is the op-

posite of the local maxima found in the other anneals. 
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Figure 6-2: Resistivity Fe-implanted samples (120 keV 1017 ions cm-2) annealed at 550℃ as a function of 

temperature and annealing time (arrow indicates favourable minimum) 

 

In Figure 6-2, the samples annealed at 104 s at this critical temperature of 550°C show this opti-

mum point past 300°C in operating temperature (this happens at the crossing over happening in 

Figure 6-1, also indicated). This is extremely favourable because the resistivity of the sample is 

better than those annealed for longer and shorter durations. 

We could speculate that a 550°C anneal exposed between 103 s and 104 s could be a critical tran-

sition point which could be interesting for further investigation. The main objectives would be; 

• To perform anneals at 450°C and at other intermediate times to further examine the critical 

threshold(s) required to transition from the favourable to the unfavourable regime 

• It could be possible to perform the anneals directly on the heated plate of the van der Pauw 

stage to monitor this change in real-time. 

• Once a good indication of when and how these transitions occur, it could be that a variety of 

temperature-time combinations could be applicable here, these could be examined in live-

EFTEM to triangulate with possible morphological changes. 

• Measurement of the Seebeck coefficient and thermal conductivity is paramount to under-

standing the viability of these samples 
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6.2.2 Implantation Conditions and Optimisation 

The ion-implantation technique can be used to experiment with a vast range of variables, as has 

been covered in the methodological and simulation chapters. There are multiple avenues for fur-

ther exploration in the realms of; (i) the Fe-dosage to optimise the material performance, or (ii) a 

staged implantation to generate a more uniform ion distribution, or (iii) co-implantation of differ-

ent element combinations, etc. 

A list of interesting ideas is found below; 

a) Using the techniques of this research to form other silicides, such as magnesium (Mg) and 

manganese (Mn) which show promising efficiencies (Burkov, 2018), and characterise them 

comprehensively. Care should be taken to match the p- or n-type doping of the wafer, a slight 

limitation of this project, or explore if both TEG legs can be manufactured with this element 

combination and technique. The use of Scanning Transmission Electron Microscopy 

(STEM) should be considered to better observe crystal growth, as resolution seemed to be a 

limiting factor in observing these changes. 

b) The use of multiple, overlapping, implantations of the same element to engineer the concen-

tration of implanted ions and their distribution in the material more precisely. A high-energy 

implant followed by a medium- and low-energy implant (e.g. 120 keV, 60 keV, 30 keV) can 

aide in making a wider active region with similar dopant concentration. This method could 

also be used to optimise the vacancy/defect distribution and, therefore, sample lattice thermal 

conductivity. Good analysis methods should be sought to assess the vacancy distribution, as 

this was a limiting technique in this research. 

c) Multiple, overlapping, implantations of different elements; one of an electrically active com-

ponent (e.g. Cr, Mn, Co, Mg) and one of an inert gas (e.g. He, Ne, Ar, Xe), for example, to 

engineer the vacancies and thermal conductivity of the samples with more precision. The 

possibility of using co-implantation at MIAMI-2, with He and a transition metal, could be 

an interesting avenue to explore in this respect. This would form the basis of microstructure 

design as envisioned by Neophytou et al. (2019), with an energy filtering approach 

(grain/grain-boundary engineering) and nanocomposite / superlattice structuring. 

d) Implantation at varied temperatures, most likely at 300°C or less, rather than cold-implanta-

tion with subsequent annealing is a possibility that could be explored. This can test if the 

microstructure and crystals formed in the silicon matrix are similar and more or less as stable 

as annealed samples. A single-step manufacturing technique could be developed to minimise 

sample handling and, ultimately, have the device leave the clean-room ready for applications. 

e) From the EFTEM observations and the changes measured in the electrical properties in the 

as implanted samples it becomes apparent that the most performing form of the sample is 

creating nanoparticles too small to be detectable with the EFTEM. It could be beneficial to 

observe these changes under a STEM which has a larger resolution and better signal-to-noise 

ratio (S/N) as it has a much smaller beam. Element mapping is also possible on STEM, which 

could aide in seeing if silicides are formed at such small diameters and at which location in 

the sample. 
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Appendix A – Piping & Instrumentation Diagram of PiTFu Unit 

 
Figure A-1 Piping and Instrumentation Diagram for the Post-implant Tubular Furnace (PiTFu). 
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Appendix B – Furnace profiles for calibration and fidelity testing 

Depth 

(mm) 

Nominal 300℃  Nominal 500℃ 

Test 1 Test 2 Test 3 Mean, SD Err  Test 1 Test 2 Test 3 Mean, SD Err 

-250 26.6 25.8 25.9 26.1 ± 0.4  27.5 27.5 27.0 27.3 ± 0.3 

-200 31.2 31.3 32.2 31.6 ± 0.6  34.4 36.8 35.2 35.5 ± 1.2 

-150 35.5 36.9 36.9 36.4 ± 0.8  40.8 42.9 42.0 41.9 ± 1.1 

-100 45.8 45.2 45.1 45.4 ± 0.4  56.9 53.3 55.1 55.1 ± 1.8 

-50 66.4 62.8 60.6 63.3 ± 2.9  80.6 78.8 80.8 80.1 ± 1.1 

0 102.0 97.0 91.9 97.0 ± 5.1  139.7 135.4 137.7 137.6 ± 2.2 

50 162.1 164.0 159.5 161.9 ± 2.3  275 268 267 270.0 ± 4.4 

100 229 228 227 228.0 ± 1.0  399 389 385 391.0 ± 7.2 

150 270 271 269 270.0 ± 1.0  464 456 457 459.0 ± 4.4 

200 295 293 292 293.3 ± 1.5  492 488 488 489.3 ± 2.3 

250 297 295 295 295.7 ± 1.2  495 493 493 493.7 ± 1.2 
 

 

Depth 

(mm) 

Nominal 700℃  Nominal 900℃ 

Test 1 Test 2 Test 3 Mean, SD Err  Test 1 Test 2 Test 3 Mean, SD Err 

-250 25.9 22.8 23.0 23.9 ± 1.7  23.3 24.1 23.4 23.6 ± 0.4 

-200 36.3 30.1 29.5 32.0 ± 3.8  32.4 32.1 32.1 32.2 ± 0.2 

-150 40.1 37.7 37.4 38.4 ± 1.5  42.5 41.5 41.9 42.0 ± 0.5 

-100 57.2 55.4 55.3 56.0 ± 1.1  62.8 62.6 63.2 62.9 ± 0.3 

-50 99.3 94.6 95.0 96.3 ± 2.6  122.0 116.0 128.2 122.1 ± 6.1 

0 203 194.4 195.6 197.7 ± 4.7  263 261 262 262.0 ± 1.0 

50 428 416 397 413.7 ± 15.6  585 568 565 572.7 ± 10.8 

100 589 568 566 574.3 ± 12.7  765 756 754 758.3 ± 5.9 

150 659 652 649 653.3 ± 5.1  851 847 845 847.7 ± 3.1 

200 690 687 686 687.7 ± 2.1  888 888 888 888.0 ± 0.0 

250 695 691 691 692.3 ± 2.3  890 891 891 890.7 ± 0.6 
 

 

Depth 

(mm) 

Nominal 1100℃   

Test 1 Test 2 Test 3 Mean, SD Err      

-250 27.2 27.3 26.3 26.9 ± 0.6      

-200 38.4 35.6 36.5 36.8 ± 1.4      

-150 48.6 48.0 48.4 48.3 ± 0.3      

-100 74.5 74.4 75.9 74.9 ± 0.8      

-50 138.3 140.6 139.7 139.5 ± 1.2      

0 327 332 339 332.7 ± 6.0      

50 719 733 747 733.0 ± 14.0      

100 951 952 956 953.0 ± 2.6      

150 1051 1045 1049 1048.3 ± 3.1      

200 1082 1088 1088 1086.0 ± 3.5      

250 1089 1089 1091 1089.7 ± 1.2      
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Figure B-1: Graphical representation of furnace temperature profile at different PID set points 

 

 

 

Figure B-2: Heat map of furnace temperature profile at different PID set points 
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Appendix C – Derivations 

C.1 Derivation of theoretical model for evolution of resistivity under thermal conditions 

The resistivity over time of the as-implanted sample, when exposed to a sufficiently high temper-

ature, has a trend of the form (left) – whose derivative is (right); 

 

 

 

 

 

 

 

These can be modelled as 

ρ(t) = aln(t) + c 

Where a, c, t ϵ ℝ+ 

and/or 

dρ

dt
(t) = Atb 

Where A, t ϵ ℝ+ and b ϵ ℝ− 

The latter form is most useful for analysis. Separating variables and integrating between t1 and t 

∫ dρ = A∫ dt
t

t1

ρ(t)

ρt1

 

ρ(t) − ρ(t1) =
A

(1 + b)
t(1+b)|

t1

t

 

Evaluating RHS 

ρ(t) − ρ(t1) =
A

(1 + b)
t(1+b) −

A

(1 + b)
t1
(1+b)

 

Tidying 

ρ(t) =
A

(1 + b)
t(1+b) + [−

A

(1 + b)
t1
(1+b)

+ ρ(t1)] 

Which is in the form 

ρ(t) = k1t
k2 + c  

Where k1, k2, c ϵ ℝ 

 

ρ 

t 

dρ

dt
 

t 
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C.2 Derivation of furnace cooling for experimental planning 

This is the overall objective of this model; create an equation to describe the temperature changes 

of the system when allowed to cool. The following is a derivation from first principles of this 

model to find the temperature variable as a function of initial system-temperature, external tem-

perature, and the time elapsed that satisfies Equation A-1, below. 

T = f(T0, TE, t) Equation A-1 

 

Table C-1 Nomenclature for cooling formula derivation 

Symbol Meaning Units 

Q  Enthalpy kJ 

t  Time elapsed variable min 

U  Overall heat transfer coefficient kJ min-1 m-2 K-1 

A  Heat transfer surface area m2  

TE  External temperature (environment) ℃  

T0  Initial system temperature ℃  

T Temperature variable ℃  

 

This ultimately rests on the two heat transfer equations, Equation A-2 and Equation A-3, below, 

which in turn describe the heat transfer from the hot system to the cooler environment and the 

energy contained within the system with these specified characteristics respectively. 

dQ

dt
= UAΔT Equation A-2 

dQ = mcpdT Equation A-3 

In this model it is assumed that coefficients U, A, m and cp vary negligibly as a function of system 

temperature, time, and that no other external events are influencing these variables. 

The temperature driving force in Equation A-2 is the difference between the system temperature 

and the surrounding environment, as described in Equation 1-2 below. 

ΔT = (T − TE) Equation A-4 

Combining the aforementioned equations, Equation A-5 is obtained 

mcpdT

dt
= UA(T − TE) Equation A-5 

This can now be rearranged to allow the pertinent variables to be placed with the respective dif-

ferentials as shown in Equation A-6 below 

dT

(T − TE)
=

UA

mcp
dt Equation A-6 

The Initial- and Time Conditions of the system are described by Equation A-7 and Equation A-8 

below 
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T(t = 0) = T0 Equation A-7 

T(t = t) = T Equation A-8 

Therefore Equation A-6 becomes 

∫
dT

(T − TE)

T

T0

=
UA

mcp
∫ dt

t

0

 Equation A-9 

 

This then integrates to Equation A-10 

ln (
T − TE

T0 − TE
) =

UA

mcp
t Equation A-10 

Which can be rearranged as Equation A-11 

T = TE + (T0 − TE) exp (
UA

mcp
t) Equation A-11 

Which meets our initial requirements of Equation A-1 

 

The figure below, compares the model developed by Equation A-11 (dotted lines) with experi-

mental data (scatter points with trendlines). 

 

 
Figure C-1 Furnace Cooling Curves: Model and Experiment Comparison 

 

The models are based on TE = 15℃, as is usual in the laboratory, however effects of this variable 

are negligible in the entire realistic range of TE. 
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C.3 Derivation of Seebeck Coefficient formula by de Boor & Müller (2013) 

The sample measuring method involves inducing a variable and controllable temperature gradient 

across the sample created using two heaters at either end of said sample. The thermocouples, 

arranged and wired as shown in Figure 2-13 (p.56), produce two temperature signals (T1 and T2) 

and two thermal voltages (Upos and Uneg) which are fed to a Keithley 2700 digital multimeter. 

These are all that is required in the Seebeck calculation, as illustrated by the final Equation. This 

is derived as follows: 

The voltage measured across the negative pair of wires Uneg is given by the equation below 

Uneg = −∫ [S(T) − Sneg(T)]dT ≅ −(T2 − T1) × [S(T̅) − Sneg(T̅)]
T2

T1

  

Where; 

• S is the Seebeck coefficient of the measured sample 

• Sneg is the Seebeck coefficient of thermocouple negative leg [material dependent, can be 

calculated from tables such as those in Bentley (1998, p. 32) or manufacturer datasheets]. 

• T̅ is the average temperature (T1 and T2), assuming the temperature difference is small 

Similarly for the positive voltages; 

Upos = −∫ [S(T) − Spos(T)]dT ≅ −(T2 − T1) × [S(T̅) − Spos(T̅)]
T2

T1

  

Explicitating for the sample Seebeck coefficient for both equations and combining them yields 

(LHS ≡ RHS) 

S = −
Uneg

T2 − T1
+ Sneg(T̅) = −

Upos

T2 − T1
+ Spos(T̅) 

Combining like terms yields; 

Upos − Uneg

T2 − T1
+ Sneg(T̅) = Spos(T̅) 

Other useful equivalences are (i) derived from the first equation, and (ii) the definition of thermocouple 

Seebeck coefficient; 

(T2 − T1) = −
Uneg

[S(T̅) − Sneg(T̅)]
 

STC(T̅) = Spos(T̅) − Sneg(T̅) 

Therefore, substituting (T2 − T1) yields; 

[S(T̅) − Sneg(T̅)]
Uneg − Upos

Uneg
+ Sneg(T̅) = Spos(T̅) 

Substituting for STC(T̅) yields; 

[S(T̅) − Sneg(T̅)]
Uneg − Upos

Uneg
= STC(T̅) 
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Rearranging to explicitate S(T̅) 

S(T̅) =
Uneg

Uneg − Upos
STC(T̅) + Sneg(T̅) 

Which is equivalent to (and recognising that voltages are a potential difference) 

S(T̅) =
STC(T̅)

1 −
∂Upos

∂Uneg

+ Sneg(T̅) 

Which is the sought-after equation, quod erat demonstrandum 

This equation is not dependent on temperature measurements (which could be slightly inaccurate) 

to calculate the Seebeck coefficient. Importantly, however, the equipment will still be able to 

output temperature readings to form a ‘complete’ measurement. The equation is also not depend-

ent on any ‘spurious voltages’ (stray, undesirable fluctuation) as these effects will be dulled by 

the use of a linear-fit trendline (partial derivative approximation). 
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C.4 Derivation of Magic Formula 

The Magic Formula calculates the scattering angle, in centre-of-mass frame, between implanted 

ion and target atom. This is based on the triangle constructed on top of the particle trajectories as 

seen below. 

 
Figure C-2: Schematic representation of particle approach in COM frame with constructed triangle 

 

The particle trajectories are represented in the COM frame where M1 and M2 are, respectively, 

the mass of the ion and atom which display localised radii of curvature at the point of closest 

approach, r0, of ρ1 and ρ2. The offset between the two trajectories is the impact parameter, p. For 

notational consistency with previous figures (since the textbook authors did not bother), r0 is 

shown as rmin. Since the formula is based on the definition of the cosine around the angle at the 

top vertex small corrections (δ1 and δ2) to the adjacent cathetus are applied in order to complete 

the equation. 

Definition of Cosine 

COS =
ADJ

HYP
 

The hypotenuse is found to be 

HYP = ρ1 + rmin + ρ2 

The cathetus adjacent to the angle at the top vertex is 

ADJ = ρ1 + δ1 + 𝐩 + δ2 + ρ2 

The radii of curvature and correction factors are combined as 

ρ = ρ1 + ρ2 

δ = δ1 + δ2 
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The overall equation is therefore 

cos (
Θ

2
) =

ρ + 𝐩 + δ

ρ + rmin
 

This equation is then normalised with respect to the screening length, which is a parameter that 

quantifies the radial spread of electronic charge around the nucleus (see textbook, p. 2-19). The 

Universal Screening Length, a, has been founds based on four models (Thomas-Fermi, Moliere, 

Lenz-Jensen, Bohr) and is defined as  

a =
0.4683

Z1
 2/3

+ Z2
 2/3

 

The normalised variables are therefore defined as 

Ip ≡
𝐩

a
   ;    P ≡

ρ

a
   ;    Δ =

δ

a
   ;    R ≡

rmin 

a
 

Therefore, the Magic Formula is 

cos (
Θ

2
) =

P + I𝐩 + Δ

P + Rmin
 

The correction factor is then modelled using various fitting parameters as described in the text-

book (see p. 7-5 onward) 


