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ABSTRACT 

 Hydrogenated microcrystalline silicon thin films (µc-Si: H) deposited by plasma-

enhanced chemical vapour deposition represent a relatively low cost material to process 

at commercial scale in mature sectors, i.e. photovoltaics and thin film transistors. This, 

accompanied by  low intrinsic thermal conductivity (k) (~ 1W/m K)  [1] and the ability 

to control the microstructure and doping, make µc-Si: H  a promising candidate for 

thermoelectric (TE) applications. Hence, this study reports on a comprehensive 

evaluation and optimisation via thermal annealing of the TE properties of p- and n-doped 

films deposited on rigid and flexible substrates (glass and Kapton). 

 The initial focus is on the behaviour of TE properties with annealing of n-doped 

films. An increase of the thermoelectric power factor (PF) up to 2.08 × 10-4 W/m K2 at 

500 °C for rigid, and up to 8.6 × 10-5 W/m K2 at 200 °C for flexible samples was achieved, 

along with a reduction of the thermal conductivity (k) down to 2.9 ±0.4 W/m K in rigid 

samples. Then, the same study was performed for p-doped samples finding an increase in 

PF up to ~3 × 10-4 W/m K2 at 500 °C for rigid, and up to 1.2 × 10-4 W/m K2 at 350 °C for 

flexible samples, with a decrease of k to 1.5 ±0.4 W/mK in rigid samples. Irrespective of 

the doping type, samples deposited on Kapton substrates demonstrated to have a lower 

thermal stability.  

Subsequently and for the first time, the behaviour of µc-Si: H’s TE properties as 

a function of uniaxial mechanical strain, and its combined effect with temperature are 

presented. Due to compensation effects between the electrical conductivity and the 

Seebeck coefficient, the PF was not enhanced, but overall was largely preserved.  

Finally, a thermoelectric generator design was proposed to illustrate the suitability 

of the deposition method for direct translation into practical device. It consists of twelve 

thermocouples with dimensions (n: 20 x 10; p: 20 x 9)mm, electrically connected in series 

in a lateral/lateral configuration to provide a power output of 1.04 µW, and a voltage ~ 

0.15 V under a temperature difference of 60 °C. These findings demonstrate a means of 

optimising thermoelectric performance, provide an insight into the physics at work, and 

underline the clear potential for application of µc-Si: H thin films in thermoelectric 

generators. 
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Chapter 1 – Introduction 

The inverse correlation between energy demand and oil reserves along with its 

associated environmental issues possess significant challenges in sustainable energy 

supply for future generations. To tackle these challenges, an increasing share of 

renewable energy sources in the transport and energy generation sector is necessary. 

Amongst the available technologies, thermoelectric devices (TEDs) appear as a 

promising alternative for energy harvesting due to the direct conversion of heat into 

electricity. Unlike other conventional engines for waste-heat recovery like organic 

Rankine cycles, or thermogalvanics, TEDs are solid state with high reliability, small size 

and are maintenance-free. In spite of these intrinsic advantages, thermoelectrics has not 

been able to broaden its scope beyond niche applications. 

Since its discovery, thermoelectric (TE) technology has undergone periods of 

rapid evolution characterised by new discoveries, i.e. semiconductors and low 

dimensional structure (LDS), followed by periods of marked stagnation in thermoelectric 

performance. This fluctuation is certainly due to the low efficiency, the use of expensive 

and environmentally unfriendly materials, and complex material processing. However, it 

is also true that with time, the research efforts have shifted from device level to material 

science leaving behind important issues that have not been able to be resolved. According 

to the research intensity [2], the vast majority of material developments has not been able 

to translate into practical TEDs. As an example, the best TE materials with a 

thermoelectric-figure-of merit (ZT) of 3.5 [3], and 2.4  [4], produced in the laboratory, 

have not been produced in commercial quantities nor have been used in practical TEDs. 

Hence, if the course of technological development continues as today, the risk of another 

period of stagnation seems imminent. This risk urges the research community to explore 

low-cost, non-toxic materials, with mature material processing to enable a direct 

translation into practical devices. 

In this context, Silicon (Si), considered the cornerstone in the semiconductor 

technology, is widely known for its good functionality, thermal and chemical stability, 

appears an alternative on which to base thermoelectrics. In addition, its processing 

technology is fully compatible with the most advanced microelectronics, which is an 

emerging field of initially poor TE application due to the requirements for low power, 

cooling and thermal management. The one-day poor TE performance of Si has achieved 
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an impressive improvement in the last decades thanks to new strategies to reduce the 

thermal conductivity and to increase the power factor (PF), i.e. Si nanowires. However, 

the issues for translating into practical TEDs seems to persist.  

This thesis reports on the attempt to use low-cost thin films, namely hydrogenated 

microcrystalline silicon (µc-Si: H), for direct translation into practical devices along with 

a reasonable TE performance. Given its intrinsic low thermal conductivity (~ 1W/m K) 

[1], low cost and non-toxicity of this material system, this approach focuses on the 

improvement of the PF, which becomes important for waste-heat recovery applications. 

Therefore, if operational service can be assured in the first instance, it would be possible 

to enhance the TE properties drawing on the well-known strategies to enhance the PF.  

This material has widely been used in the solar sector due to its improved 

resistance to light-induced degradation when used as an absorber, and increased 

conductivity when used as a doped layer. The most suitable technique to fabricate these 

thin films is based on the expertise of plasma enhanced chemical vapour deposition 

(PECVD), and IEK-5 Photovoltaik, Forschungszentrum Jüllich from Germany. This 

deposition method allows a good control of the microstructure and doping level, which 

plays a key role in tuning the TE properties. Additionally, other founded expectations to 

investigate this material are related to the content of a large density of grain boundaries 

and quantum confinement effects that might occur for films of small thickness. Up to 

date, only one research group in the world, Loureiro et al. [5] [6], has attempted to produce 

“optimised” films of this type for TE applications. However, such results show a large 

fluctuation and their fabrication was in a short range of temperature. Therefore, achieving 

a functional material with relatively good TE properties looks promising for µc-Si: H thin 

films, but requires further investigation. 

An approach that has not been explored to date is the production of µc-Si: H thin 

films on flexible substrates for TE applications. This is emphasized in this work as well 

as addressing new challenges related to characterisation. Herein, unlike other studies in 

Si for thermoelectrics that addressed theoretically and/or experimentally applying low 

strain levels, the TE characterisation is carried out with the sample under large strain with 

the simultaneous effect of temperature. 
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This investigation demonstrates that it is possible to optimise the TE properties of 

as-grown samples to achieve higher PF in both n- and p-type samples, and that the PF 

remains largely unchanged under the effect of uniaxial strain and temperature. 

1.1 Objectives 

The contribution of this thesis to the field of thermoelectrics has three main 

objectives. 

1) To demonstrate the suitability of the PECVD technique to produce robust µc-

Si: H thin films with controllable doping, crystallinity and grain size suitable 

for application in TEGs. 

2) To demonstrate that TE properties can be further enhanced from the as-grown 

state via thermal annealing in both films deposited on rigid and flexible 

substrates.  

3) To explore the combined effect of uniaxial-strain and temperature on µc-Si: 

H thin films deposited on flexible substrates. 

1.2 Structure of the Thesis 

To address these objectives, this thesis is broken down into the following chapters: 

Chapter 1: Introduction  

In this chapter, a general review of the main hurdles faced by the field of 

thermoelectrics is presented, along with the main reasons leading to the exploration of 

low-cost-thin films as an alternative. The three objectives of this thesis are specified.  

Chapter 2: Literature review  

This chapter first presents a review of the common strategies used to address the 

low thermoelectric efficiency along with the most successful achievements. It highlights 

the increasing technological mismatch occurring between the development of materials 

and practical devices and the main reasons behind this gap. The later part of this chapter 

reviews the approaches of silicon for thermoelectrics and introduces the foundations to 

explore the suitability of µc-Si: H thin films for thermoelectric applications.  
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Chapter 3: Experimental Techniques 

This chapter provides a description of the experimental techniques employed in 

the characterisation of the morphology, electrical conductivity, Seebeck coefficient, 

thermal conductivity, and strain, based on the background theory and procedures adopted. 

Chapter 4: Evaluation and optimisation of N-type µc-Si: H thin films  

In this chapter, the characterisation of the thermoelectric performance of as-grown 

n-type microcrystalline silicon thin films deposited on rigid glass and flexible substrates 

is first presented. Subsequently, the variation of these properties with strategic thermal 

annealing is investigated and supported by a morphological study. 

  Chapter 5: Evaluation and optimisation of P-type silicon thin films 

The same study carried out in chapter 4 is replicated, now for p-type samples. 

Chapter 6: Thermoelectric properties under uniaxial mechanical strain and temperature 

In sequence with the study, in this chapter the flexible samples with optimised 

thermoelectric properties realised in chapters 4 and 5 are subjected to the combined effect 

of uniaxial strain and elevated temperature to evaluate the variation of electrical 

conductivity and Seebeck coefficient. Qualitative results of the power factor are provided 

within the strain range of mechanical integrity of each sample. 

Chapter 7: Conclusions and Future Work 

This chapter presents a discussion to determine the extent to which the stated 

objectives have been met. Additionally, further research avenues highlighted by the 

present research are identified.     
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Chapter 2-Literature Review 

2.1 Introduction to thermoelectrics 

Thermoelectricity, the phenomenon by which thermal energy is directly converted 

into electricity and vice versa, was initially observed back in the XVIII century [7]. There 

is not absolute agreement in the literature on the first discoverer of this phenomenon, as 

at least two authors are identified [8] [9] before Seebeck had erroneously ascribed it to 

thermomagnetism in 1821 [10]. Although today this same effect is known as the Seebeck 

effect, it is quite probable that the first experiments were carried out by Alessandro Volta, 

based on the discovery honour granted by the International Thermoelectric Academy in 

2005 [11]. 

Since its discovery, an intensive research activity took place in trying to 

understand the origins of the Seebeck effect, which resulted in the fabrication of the first 

thermoelectric piles and led to the discovery of other associated effects. In 1834 Charles 

Peltier [12] demonstrated the heating or cooling of a junction formed by dissimilar 

materials when a current was forced to pass through it. Both these effects were not 

connected until William Thomson in 1854 extensively described these effects based on 

the two laws of thermodynamics, whose analysis resulted in the discovery of a third 

thermoelectric effect, the so-called “Thomson effect” [13]. During this time a number of 

devices devoted to electricity generation were produced with modest performance, using 

materials selected based on empirical experience, until an efficiency correlation was 

developed by Altenkirch. In 1909 he developed a relationship for the maximum efficiency 

of a generator, and later in 1922 he also defined the coefficient of performance for Peltier 

coolers [14]. These achievements established that good TE materials require a high 

Seebeck coefficient and electrical conductivity, accompanied by a low thermal 

conductivity.  

A noticeable breakthrough in thermoelectrics occurred with the advent of 

semiconductor technology in the 1950s. Abram Ioffe [15], based on Altenkirch´s work, 

established the efficiency relationship for energy conversion in a thermoelectric generator 

(TEG) with the introduction of the dimensionless thermocouple figure of merit, which 

later derived the material figure of merit that correlates the Seebeck coefficient, electrical 
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conductivity and thermal conductivity of the material. In the subsequent decade, 

traditional TE materials were investigated, reaching a ZT~ 1. Various TEDs were 

fabricated using these materials [16], showing a low conversion efficiency ≤ 5%, which 

led the research community to presume that the upper limit of ZT was practically 

constrained to unity. As a result, the research activity decreased leaving the state-of-the 

art focused on niche applications only.  

The research activity gained momentum again with the appearance of LDS in the 

1990s, with the pioneering works carried out by Hicks and Dresselhaus [17] [18]. They 

achieved a leap with respect to the previous demonstrations in the electrical properties, 

along with an unprecedented reduction in thermal transport. Although, the conversion 

efficiencies achieved to date are still not high enough to compete with conventional 

engines, the search for new-engineered materials continues, being stimulated by the 

appearance of new applications - especially in microelectronics, or in combination with 

primary energy sources to increase the energy efficiency. 

2.2 Thermoelectric effects 

2.2.1 Seebeck effect 

Based on figure 2.1, the Seebeck effect can be defined as the generation of a 

potential difference in the free ends (c, d) of two dissimilar electrically conducting 

materials (A, B) connected electrically in series, whose junctions (a, b) are maintained at 

different temperatures. This effect is expressed by the following relationship [10]. 

𝑉 = 𝛼𝐴𝐵(𝑇1 − 𝑇2)                                                            (2.1) 

 

Figure 2.1 Basic thermocouple circuit for the explanation of the Seebeck and Peltier 

effects. It is composed of two dissimilar materials electrically connected in series with 

the junctions (a, b) maintained at different temperatures.   
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where T1 and T2 (T1 >T2) are the temperatures at the junctions a, and b, respectively. And, 

𝛼𝐴𝐵 represents the relative Seebeck coefficient in units of V/K, which results from𝛼𝐴𝐵 =

𝛼𝐵 − 𝛼𝐴, where 𝛼𝐵, 𝛼𝐴 represent the absolute Seebeck coefficients of conductors B and 

A, respectively. 

2.2.2 Peltier effect  

As opposed to the Seebeck effect, the Peltier effect, based on figure 2.1, is defined 

as the heating or cooling of one of the junctions (a, b) formed by the connection of two 

dissimilar conductors (A, B) when a current is forced across them. The relative Peltier 

coefficient is defined as the ratio of heating or cooling at each junction to the external 

current applied [12].  

𝛱𝐴𝐵 =
𝑞

𝐼
                                                                         (2.2) 

 𝛱𝐴𝐵, q and I represent the differential Peltier coefficient ( 𝛱𝐴𝐵= 𝛱𝐵 − 𝛱𝐴), the heating or 

cooling at each junction, and the external current applied, respectively. 𝛱𝐵, 𝛱𝐴 represent 

the absolute Peltier coefficients of conductor B and A, respectively. 

2.2.3 Thomson effect 

The Thomson effect (𝜏) consists in the release or absorption of thermal energy (𝑞) 

in a conductor that is under a temperature gradient (∆𝑇) through which a current (𝐼) is 

passed. The rate of heat produced is proportional to both the electric current and 

temperature gradient, and is defined by the Thomson coefficient as [13] 

𝜏 =
𝑞

𝐼 ∗ ∆𝑇
                                                                         (2.3) 

Thomson demonstrated that the three thermoelectric effects are correlated one to 

the other by the following relationships.  

𝛱𝐴𝐵 = 𝛼𝐴𝐵𝑇                                                                      (2.4) 

   𝜏𝐴𝐵 = 𝑇
𝑑𝛼𝐴𝐵

𝑑𝑇
                                                                    (2.5) 
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2.3 Thermoelectric performance 

The conversion efficiency of a TED is evaluated based on the material´s 

dimensionless figure-of-merit, which embodies the electrical and thermal transport 

properties of the material in the following relationships [15] 

𝑍𝑇 =
𝛼2𝜎𝑇

𝑘
=

𝛼2𝜎𝑇

𝑘𝑒 + 𝑘𝑙
                                                  (2.6) 

where  𝛼, 𝜎, T represent the Seebeck coefficient, the electrical conductivity, and absolute 

temperature, respectively, while the total thermal conductivity (𝑘) is made up of an 

electronic (𝑘𝑒) and lattice contribution (𝑘𝑙). Consequently, a high ZT requires a large 𝛼 

and 𝜎 accompanied by a low 𝑘; however, achieving a good compromise between these 

parameters is challenging because they are mutually interdependent. 

The term 𝛼2𝜎, named PF, is a parameter that gains comparable relevance as the 

ZT when the heat source is unlimited or essentially free for power generation applications. 

It reaches a maximum because of the opposing trends between 𝛼 and 𝜎 with carrier 

concentration as observed in figure 2.2. In fact, according to the Mott´s equation (2.8) 

[19] a high carrier concentration (n) in a semiconductor results in a lower 𝛼 , while the 

electrical conductivity (𝜎) is concurrently increased obeying the conductivity correlation 

2.7. Accordingly, there must be an optimum carrier concentration where the trade-off 

between these parameters enables the maximisation of ZT. For degenerate 

semiconductors, Ioffe identified this optimum in the range 1018- 1020 cm-3 [15].  For the 

equations, 𝑘𝐵 is the Boltzmann constant, e is the carrier charge, h is the Planck´s constant, 

m is the effective mass, and µ represents the carrier mobility.  

 

𝜎 = 𝑛𝑒𝜇                                                                     (2.7) 

 

𝛼 =
8𝜋2𝑘𝐵

2𝑇

3𝑒ℎ2
𝑚 ∗ (

𝜋

3𝑛
)

2
3

                                                 ( 2.8) 
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Figure 2.2 Schematic of the typical dependence of TE parameters with carrier 

concentration in semiconductors [20]. Both the electrical conductivity and the electronic 

component of the thermal conductivity increase while the Seebeck coefficient decreases 

with carrier concentration. 

Likewise, it is evident from figure 2.2 that both σ and k have a direct relationship 

through the carrier concentration. Both parameters follow the behaviour dictated by the 

Wiedemann-Franz relationship (2.9) [21] that establishes that the ratio of 𝑘𝑒 to σ is 

proportional to the temperature (T), with L as the Lorentz number. It could also be inferred 

in figure 2.2 that due to the competing effect between electrical and thermal transport, ZT 

would maximise at a lower carrier concentration than the PF.   

𝑘𝑒

𝜎
= 𝐿𝑇                                                           (2.9) 

TE parameters also show a temperature dependent behaviour. From Mott´s 

equation, for a given 𝑛 the 𝛼 increases with temperature until a bipolar conduction is 

reached. Likewise, both 𝜎 and 𝑘𝑙  are temperature dependent properties through the 

equations 2.10 and 2.11 [22], respectively, due to a thermally excited conduction across 

the band gap (𝐸𝐺) in the former, and increase of lattice vibration in the latter, with 𝐶𝑣 as 

the volume heat capacity, 𝜈 as the velocity of sound, and 𝜆 as the phonon mean free path. 

For temperatures over ~300 K, the temperature-dependence of 𝑘𝑙, although not shown 

 
Lattice 
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explicitly in equation 2.11, is ruled by the variation of 𝜆 with temperature, given that 𝐶𝑣 

and 𝜈 become temperature-independent parameters in semiconductors [22]. Thus, an 

inverse correlation between 𝑘𝑙 and temperature is expected due to the inverse correlation 

of 𝜆 with temperature as reported in [23].  

𝜎 = 𝜎0𝑒𝑥𝑝 [
𝐸𝐺

2𝑘𝐵𝑇
]                                               (2.10) 

𝑘𝑙 =
1

3
𝐶𝑣𝜈𝜆                                                (2.11) 

With these considerations, the efficiency (𝜂) of a TEG is approximated described 

through the material´s dimensionless figure-of-merit as [20] 

 

𝜂 =
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
[

√1 + 𝑍𝑇𝑀 − 1

√1 + 𝑍𝑇𝑀 +
𝑇𝐶

𝑇𝐻

]                                       (2.12) 

where 𝑇𝐻, 𝑇𝐶, and  𝑇𝑀 represent the temperatures at the hot, cold junctions, and the 

average temperature, and ZTM is the resulting average in the range 𝑇𝐶  to 𝑇𝐻. 

In spite of the extended use of ZTM, some accuracy limitations persist derived 

from idealizations assumed, such as thermal and electric contacts, small temperature 

difference between junctions, and invariable thermoelectric properties with temperature 

and time. In light of these constraints, new methods have been developed for a more 

accurate determination of efficiency, that, in general, have attempted to tackle the 

temperature-dependence of 𝛼, 𝜎, and 𝑘 by including the Thomson effect in sophisticated 

computer calculations [20] [24] [25].  

2.4 Materials and strategies to enhance ZT 

TE materials were developed in line with the appearance of new approaches 

starting with highly doped semiconductors, followed by materials with a phonon glass-

electronic crystal behaviour, and more recently, LDS. Each approach initially dealt with 

the improvement of specific TE parameters, very often targeting either the k or the PF, 

however, in the last years it is noticeable that these approaches have been merging in 
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order to simultaneously tackle both thermal and electrical transport properties. This 

section aims to provide an overview of the state-of-the art in the development of TE 

materials with focus on those works that have received the most attention.  

2.4.1 Traditional thermoelectric materials 

Most of the materials currently used in commercial TEDs were developed based 

on highly doped semiconductors, and have predominantly been used for more than three 

decades. As these materials show their best performance in some specific ranges of 

temperature, as illustrated in figure 2.3, they can be grouped in the following way. 

 

Figure 2.3 Conversion efficiency of conventional thermoelectric materials as a function 

of temperature of operation [20]. Bismuth telluride, lead and tellurium, and Si-Ge 

based-alloys dominated the applications at room temperature, intermediate (850 K) and 

high temperature (1300 K), respectively.   

Firstly, in the low temperature range up to 450K, alloys based on Bi2Te3, Bi2Se3, 

and Sb2Te3 have been dominating the room temperature applications reaching ZTs ~1, 

[26]. Amongst the main drawbacks in this group is the thermal and chemical stability of 

Bi, and the high cost and toxicity of tellurium. Second, in the intermediate temperature 

range up to about 850K, it is noticeable that alloys based on lead and tellurium provide 

the best performance combined with a good temperature stability. These structures have 

a very low ZT at room temperature, but at intermediate temperatures theses value surpass 

those corresponding to Bi2Te3. Finally, in the high temperature range up to 1300 K, Si-

Ge alloys show the best efficiency with ZT approaching the unity accompanied by a good 
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thermal stability. However, the inclusion of Ge to reduce k, has increased the cost of 

material [27] narrowing down their scope to niche applications like the radioisotope 

generators for space exploration [28]. 

2.4.2 Phonon glass-electronic crystal materials 

This strategy is based on the ability to introduce guest atoms or molecules in the 

atomic cages of a crystalline material with the purpose of increasing the phonon scattering 

without severely affecting the electronic transport. Skutterudites and clathrates have 

received the most attention within this group [22]. 

Within skutterudites different approaches have been employed to enhance ZT. The 

guest atoms (rattlers) when introduced in the cages, apart from reducing k, are able to 

transfer electrons to the crystalline structure to modify the carrier concentration. This 

attribute was first realized in CoSb3 reaching a ZT of 0.52 at 873 K after heavily electron-

doping [29]. It was also found that the introduction of doping elements favourably affects 

k. The highest ZT achieved by n-type doping on one of the sites, in unfilled skutterudites, 

is 1.6 at 773 K for CoSb2.75Si0.075Te0.175 in a porous structure [30], while for doping on 

both Co and Sb sites, the highest reported ZT is 1.1 at 725 K [31]. The use of rattlers in 

addition to doping gave a boost to ZT reaching values in the order of 1.2 at about 800 K 

for one guest atom [32]. Later, this approach was reinforced when Yang et al., proposed 

that more phonon modes could be scattered if two or more guest atoms with different 

masses and sizes are introduced, pushing the best ZT to 1.7 at 850K using three distinct 

atoms [33]. In general, these materials in a device-like configuration are providing 

comparable efficiencies as those built from Bi2Te3 at the lab-level, however, some hurdles 

like the high difference in the thermal expansion coefficient between n and p-type 

material, and the oxidation tendency at high temperatures still need to be resolved.    

The clathrates are open framework materials in whose cages guest atoms or 

molecules can be introduced. The favourable low k found in these materials is related to 

the rattling effect produced when a smaller guest atom is introduced in a cage with larger 

radius. The great chemical flexibility shown in the arrangement of atoms has made it 

possible the development of a large number of distinct demonstrations, which includes 

the management of electrical transport properties. The first demonstration with 

thermoelectric purposes reported a ZT of 0.25 at room temperature achieved in a ternary 

clathrate type I showing a very low k (~1 W/m K) [34]. Motivated by this, Kuznetsov et 
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al. [35] attained an improvement reaching ZT above 0.8 at high temperatures . Regardless 

of the intensive research in the last years, the fundamentals of the conspicuous low k, and 

even more about the variability of k among similar compounds, is yet to be fully 

understood. However, it seems to be established that thermal transport can be handled 

through structure and chemical bonding. From figure 2.4 it can be observed that the best 

ZTs achieved correspond to the Sn and Ge-based clathrates reaching values about 1.5 and 

~1.2, respectively.  

 

Figure 2.4 Efficiency vs temperature for the best clathrates demonstrations. Sn and Ge-

based clathrates provide the highest ZTs with 1.5, and ~1.2, respectively [28].  

2.4.3 Half- Heusler  

Despite their lower thermoelectric performance, half-Heusler alloys have 

attracted increasing attention for TE applications due to their better mechanical properties 

and higher thermal stability in comparison with skutterudites. This material structure 

consists of three interlaced face centred cubic sub-lattices each of one can be substituted 

with different elements to optimise the TE performance [28]. The most investigated 

materials within this group are the MNiSn for n-type and MCoSb for p-type with M =Ti, 

Zr, Hf.  Approaches to reduce the relative high k (10 W/m K) of this system includes the 

work of Hohl et al. [36] who introduced disorder in the X-sites achieving a 3-fold 

reduction attributed to the enhanced phonon scattering. Some substitution elements have 

been used in different sites including Sb, and Pd given ZTs in the range 0.7-0.9 [37] [38] 
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[39]. The most prominent achievements comprise the ZT of 1.5 at 700 K reported by 

Toshiba, [40] and the 1.2 reproduced Schwall et al. [41] ascribed to the intrinsic phase 

separation. Regarding the second group, by doping with iron and tin a maximum ZT of 

0.42 at 743 K [42] and 0.45 at 958 K [43] was attained, respectively. Nanostructuring 

provided a higher ZT ~ 0.8 at 973 K in a p-type thanks to an increase of α along with a 

notable reduction of k [44]. Most recently, based on the concepts of intrinsic phase 

separation and optimisation of carrier concentration a highest ZT of 1.2 at 983 K was 

reported in p type Co-based material, ascribed to an increasing phonon scattering and 

enhanced electrical properties [45]. Although significant improvements have been 

attained, further reduction of k in half-Heuslers could be possible if phonon with different 

wavelengths could be scattered using, for example, a hierarchical approach. 

2.4.4 Chalcogenides 

This material system is amongst the most investigated for TE applications. Apart 

from the traditional TE materials described in previous sections, tin, and copper selenide 

appeared as new candidates for TE application owing to their low toxicity, and low cost. 

A notable work in this line represents the ZT of 2.6 at 973 K achieved by Zhao et al. [46] 

in single crystal SnSe attributed to a substantial reduction of k down to 0.23 W/m K at the 

same temperature. Subsequently, the same author demonstrated an exceptional PF of 4 

m W/m K2 measured at room temperature in the same material at low temperatures by 

doping with Na [47]. For n-type SnSe, the highest ZT of 2.8 at 773 K was achieved by 

doping with bromine obtaining an increase of carrier mobility while α remained 

unchanged [48]. In spite of these good results, reproducibility remains a concern amongst 

the research community. In the copper selenide group, the most notably achievements are 

the ZT of 1.5 at 1000 K produced by Liu et al.[49] thanks to a strong decrease of kl, and 

the 2.6 at 850 K reported by Olvera et al. [50] attributed to an increase of carrier mobility 

along with a decay of k. These approaches have contributed to the understanding of the 

thermal transport in fast ion conductors, but there is still uncertainty about their 

application in thermoelectrics. 

There are a number of other material approaches including oxides, intermetallics, 

metal silicides, which achieved ZTs over unity, but additionally, some of them show lack 

of reproducibility, and challenges in manufacturing/synthesis.  
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2.4.5 Low dimensional structures  

With the appearance of nanoscience, two new approaches for the enhancement of 

ZT were unveiled. First, enhancement of PF produced via quantum confinement effects, 

and second, a reduction of thermal conductivity due to increased phonon scattering with 

respect to their bulk counterparts.   

LDS - improved PF 

The first theoretical predictions of increased ZT were reported by Hicks and 

Dresselhaus [18] in a Bi2Te3- based quantum-well superlattice and later in a square 

quantum wire [17]. They ascribed such increase to a notable reduction of k along with a 

negligible change on carrier mobility. An enhancement of PF could not be proved despite 

a large number of attempts [51] [52] [53] until the PbTe and Si/SiGe quantum well 

superlattices were introduced achieving a ZT of 2 and 0.1 at 300K [54] [55], respectively, 

with convenient assumptions of k. These improvements were driven by two material 

concepts, namely quantum confinement, and carrier pocket engineering, respectively. 

The application of quantum confinement to enhance the PF (𝛼2𝜎) → (𝛼2𝑛)𝑒𝜇 

takes places owing to an increase of 𝛼, and is effective if the magnitude of the density of 

states (DOS) is increased as to be larger than that in its bulk version, along with an almost 

invariable carrier mobility. With that consideration, it is noticeable that the quantity 

(𝛼2𝑛) is the one primarily affected by the variation of the DOS. It has been found that 

the DOS increases as the 3D material reduces to 2D, and 1D dimensions due to the energy 

dependence of the DOS [17], and the inverse relationship with the thickness in the 

confined direction. Thus, given a fixed carrier concentration and temperature in a 

degenerate semiconductor, it can be inferred that in order to satisfy equation 2.13, an 

increase in the DOS 𝑔(𝐸) due to confinement likely reduces the Fermi energy (𝐸𝐹) which 

is contained in the electron distribution function 𝑓0(𝐸). This reduced 𝐸𝐹 is in turn linked 

to the Seebeck coefficient by the Mott equation expresses as in 2.14 [19], through the 

reduced Fermi energy shown in 2.15, with r  as the scattering constant, D as the 

dimensionality factor, and 𝐸0 as the ground state energy level [56]. From the position of 

𝜂 in the Mott equation, it can be concluded that a reduction in the 𝐸𝐹 translates into an 

increase of 𝛼, which maximises the PF. The graphical description of quantum 

confinement effects on the DOS, 𝐸𝐹 and α is sketched in figure 2.5.  
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𝑛 = ∫ 𝑔(𝐸)𝑓0(𝐸)𝑑𝐸
+∞

𝐸0

                                        (2.13) 

 

𝛼 =
𝜋2𝑘𝐵

3𝑒𝜂
(𝑟 +

𝐷

2
)                                         (2.14) 

𝜂 =
𝐸𝐹−𝐸0

𝑘𝐵𝑇
                                                        (2.15)                

Another material concept derived from quantum confinement to increase the PF 

is so-called carrier pocket engineering. This approach emerged with the proposal to use 

the X and L valleys in GaAs/AlAs superlattice of 2 nm thickness achieving a ZT of 0.4 at 

300 K [57]. Then, in anticipation of these results Koga et. al. [58] engineered a 

superlattice based on Si/Ge reaching a ZT of 0.96 at 300K attributing additional 

improving effects to the strain generated in the microstructure. This enhancement was 

ascribed to the energetically convergence of different conduction valleys, i.e. X and L 

valleys promoted by the different confinement energy experienced as a function of their 

principal effective masses and length scale. In this way, previously inactive carrier 

pockets are included in the conduction producing a net increase in the global DOS in 

addition to the local increase of DOS produced in the X and L pockets due to confinement. 

Figure 2.6 illustrates the evolution of the carrier pocket configuration due to quantum 

confinement. 

 

Figure 2. 5 Schematic of the effect of quantum confinement on the DOS, 𝐸𝐹, and α. The 

magnitude of the DOS is proportional to the degeneracy factor (N), the principal 

effective mass (m) and the confinement thickness (a) [56].  

α3D< α2D< α1D n3D< n2D< n1D EF,3D< EF,2D < 

EF,1D   

α3D 
α2D 

α1D 
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Figure 2.6 Evolution of the carrier pocket configuration due to quantum confinement in 

Si/Ge multilayer structure. Electrons occupying only the Si pockets in bulk Si/Ge in a) 

are allowed to occupy also Ge pockets in b) due to quantum confinements effects [56]. 

The PF has also been reported to enhance by means of carrier energy filtering [59] 

[60] [61]. This approach is based on the proportionality of 𝛼 with respect to the difference 

between the average energy of electrons 𝐸  and the Fermi energy 𝐸𝐹. The purpose is to 

increase 𝐸 by preventing carriers with energy lower than 𝐸𝐹 passing through the 

interfaces. This low-carrier energy blocking effect is realised by introducing energy 

barriers at the interfaces of a material structure so that the reduction of 𝜎 is 

overcompensated by a larger increase of 𝛼, thus increasing PF. So far, a number of barrier 

types have been attempted, including nanostructures, grain boundaries, and nano-

inclusions, to increase scattering of charge carriers evidencing theoretically and 

experimentally the energy filtering effect [61]. However, it still remains complicated to 

accurately isolate the effect of energy filtering on the 𝛼 as other transport coefficients like 

carrier concentration and mobility might be influencing the final improvement. Figure 2.7 

shows the overall effect achieved on PF by various approaches including energy filtering. 

It can be observed that the present approach allows a higher factor of improvement with 

respect to other approaches, but the absolute values are still below those ones.  

α=α0 α>α0 
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Figure 2.7 Effect on the PF of the different approaches commonly used to enhance the 

TE performance [62]. The energy filtering approach provides the largest relative 

enhancement, but the net value is still below the other approaches. The data correspond 

to (PbTe-SrTe) for hierarchical structures, (PbTe1-xSex) for band convergence, 

(Ag0.8Pb22.5SbTe20) for nanostructuring, (Tl:PbTe) for band engineering, half Heusler 

alloy for energy filtering. 

LDS - enhanced k 

So far, the majority of demonstrations reporting the highest ZTs has been ascribed 

to a substantial reduction of the lattice thermal conductivity [63]. The proof-of-principle 

of the reduction of k motivated by an increased phonon scattering in LDS was 

experimentally demonstrated by Venkatasubramanian et al. [4] in a Bi2Te3/Sb2Te3 

superlattice achieving a ZT of 2.4 at 300 K driven mainly by a substantial reduction of 

𝑘𝑙~ 0.22 W/m K in the cross plane direction. Previously, the reduction of 𝑘𝑙 in quantum 

well superlattices was theoretically predicted by the Dresselhaus group [18] based on the 

scattering of phonons produced at the interfaces between layers. Later on, Balandin et al. 

[64] theoretically argued that the reduction of the in-plane 𝑘𝑙 in a  single quantum well 

differs from that in superlattice structures in that the acoustic phonon dispersion is altered 

via spatial confinement. This variation in phonon dispersion, in turn, reduces the group 

velocity reinforcing certain scattering mechanisms such as umklapp and impurity 

scattering, thus, reducing𝑘𝑙. This prediction was in agreement with reported trends in [65] 

and [66] using different models.  In general, it has been found that confinement starts 
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affecting 𝑘𝑙 when the wire thickness is smaller than 𝜆, for a given 𝐶𝑣, and 𝜈. Later on, 

Harman et, al.[3] reported a high ZT ~3.5 at 570 K driven by the simultaneous increase 

of PF and 𝑘𝑙 in a quantum-dot superlattice based on PbSe0.98Te0.02 , suggesting a quasi-

independent decoupling. Subsequently, Yang et al. [67] theoretically modelled the 

phonon transport in nanocomposites predicting a reduction of 𝑘𝑙 similar to the one 

obtained in superlattices, suggesting that periodic structures are not the only way to 

significantly reduce 𝑘𝑙. This motivated the research interest in nanocomposites to tackle 

some of the persistent hurdles still present in superlattices like scalability and material 

synthesis. 

Nanocomposites is a material system that results from the merging of the best 

thermoelectric attributes demonstrated in bulk materials, and LDS [56] [63] . It  permits 

the easy fabrication of bulk materials at low cost, that with the suitable introduction of 

nanoconstituents in the host matrix, enables a faster reduction of 𝑘𝑙 with respect to 𝜎, 

accompanied by an increase of 𝛼 that exceeds the reduction of 𝜎, leading to a net increase 

of PF and ultimately to an enhancement of the ZT. The cornerstone to engineer this 

material structure is the cautious selection of processing parameters, and modelling has 

certainly played a key role in determining the dependence of 𝑘𝑙 on the particle size, 

orientation and distribution. In fact, simulations carried out based on Monte Carlo 

techniques [63] [68], have established that, in order to achieve a low 𝑘𝑙, the interface 

density is more decisive than an ordered structure, thus opening a window for the self-

assembled nanocomposites. A number of attempts have been realised using suitable 

conventional bulk materials such as PbTe and Bi2Te3. For instance, both a contraction of 

𝑘𝑙 along with an increase of 𝛼 was obtained in AgPbmSbnTe2+m giving a ZT ~2.2 at 800 

K [69]. Along the same line, a ZT of 1.7 was reached in Na1-xPbmSbyTem+2 at 650 K with 

a 𝑘𝑙 of 0.85 W/m K [70]. A lower relative improvement of ZT to 1.4 at 373 K was 

achieved in Bi0.5Sb1.5Te3 due to a reduction of ~21% in 𝑘𝑙 [71]. 

2.5 Current thermoelectric devices 

A TED for energy conversion usually consists of a number of thermocouples 

formed by an n- and p-type semiconductor materials connected electrically in series and 

thermally in parallel as shown in figure 2.8. The same arrangement can be used as a heat 

pump for cooling if the input is an electrical power instead of a temperature difference. 

In spite of well-known technical and economic barriers of TEDs to compete with 
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conventional engines, some of their performance features are highly regarded when 

efficiency and cost need to be sacrificed in situations of remote applications that require 

a long lifetime. Some of these features are: no moving parts, high reliability with 

minimum maintenance, and scalability [20, 28, 72]. These characteristics have limited 

their application to niche areas like space missions, biomedical, localised cooling, and 

recovery of waste heat for higher energy efficiency. 

 

Figure 2.8 General arrangement of a TED consisting of n and p type semiconductors 

connected electrically in series and thermally in parallel, re-drawn from [73]. 

Amongst the first TEDs fabricated based on traditional TE materials are: the 

power generator developed by Telkes [16] based on PbS and ZnSb which produced an 

experimental efficiency above 5 %. Commercially, the first TED was created in the USSR 

based on ZnSb and constantan to power radio receivers in 1948 [74]. Later on, in 1954 

H. J. Goldsmid [75] used Bi2Te3 to produce a cooling device which demonstrate the 

feasibility of cooling down to 0 °C. The low conversion efficiency achieved by these 

works was not enough to cover a market broader than special applications such as the 

radioisotopes generators for space missions [76], or as pacemaker [77]. More recently, 

Bi2Te3-based TEDs have been attempted in the automotive sector to recover heat from 

the exhaust stream [78] and for cooling [72]. Technical and economic issues have 

prevented these devices to penetrate into a broader market, for example, at higher 

temperatures bismuth deteriorates its performance due to its semimetal nature. In 

addition, bismuth, tellurium and germanium are considered rare and/or toxic materials, 

which makes their use at industrial scale potentially risky. [27].  

The next generation of TE materials resulting from nano-science brought a large 

number of new materials systems, however, only some of them have enabled the 
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fabrication of practical devices. In an attempt to increase the efficiency and electrical 

power density, skutterudites segmented thermoelectric unicouples have been used instead 

of SiGe for the fabrication of radioisotopes generators [79] [80]. Also, segmented legs of 

skutterudites with Bi2Te3 have been employed for the fabrication of high efficiency TEG 

for vehicles [81].  On the other side, TEGs have been considered as useful alternative for 

low power generation like remote sensing where miniaturised modules are required, thin 

film-based µTEGs then becoming an alternative solution. Kim [82] fabricated a thin film 

microwatt TEG based on (Bi,Sb)2 (Te,Se)3 formed by only 15 couples. Then, the packing 

density of legs was substantially improved up to ~8000/cm2 drawing on the micropelt 

technology for fabrication of Bi2Te3–based thin film generators [83]. 

Venkatasubramanian et al., [4] based on an complex fabrication process developed a 

thermoelectric cooler based on thin-films (Bi2Te3/Sb2Te3) with a superior performance 

with respect to Bi2Te3 alloys. Other attempts at research level have fabricated based on 

PbSeTe quantum dot superlattice [84]  and SiGe nanowires [85]. Due to the low scale 

power, typical issues to optimise in these thin film-based TEDs are the parasitic effects, 

interfacial effects, and electric contacts. Lately, new candidates for thermoelectric 

applications are organic-based TEDs. Although they outperform the inorganic ones in the 

use of abundant materials, mechanical flexibility, and capacity for scale production, their 

thermoelectric performance is still well below the inorganic based approaches [86]. 

From the state-of-the art of TEDs, a marked disparity can be noted with respect 

to the development of thermoelectric materials. In the first instance, the 

development/fabrication of TEDs started in line with the establishment of the first 

conventional thermoelectric materials, successfully translating their efficiencies at device 

level. However, it is noticeable that in spite of the large number of new engineered 

thermoelectric materials reflected in the more than 2000 annual publications to date [2], 

some of them with ZT exceeding 2, only a few of them have been used for the fabrication 

of TEDs, most of them at research level. This apparent mismatch suggests that not all the 

new advances in thermoelectric materials have the fundamentals requirements for 

incorporation into a cost-efficient TED for commercial applications, which imposes new 

challenges. 

2.5.1 Future challenges/opportunities for TEDs 

Improving ZT in TE materials seems an obvious challenge to address in the 

penetration of TEDs into a broader market, but it is noticeable that only a low portion of 
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all promising materials developed have been translated into practical devices with 

potential commercialisation. This deficiency is certainly related to the low conversion 

efficiency, lack of thermochemical stability and costly material processing, but it is also 

undeniable that thermoelectric technology has shifted the research efforts from device-

development to material-related works leaving behind important improvements still to be 

resolved at device level, without which, thermoelectrics will not gain access to broader 

applications. 

TEDs for power generation at large-scale face various challenges, including the 

increase of efficiency, stability and reliability, and cost. Firstly, efficiency has been 

addressed mainly through enhancing ZT at material level. Most material works usually 

report a maximised ZT at a narrow temperature range, however, it has been verified that 

ZT drastically reduces for temperature outside of this range. This anomaly was 

experienced for example in SnSe where a high ZT of 2.6 was achieved at 923 K, and 

declined to 0.12 at room temperature [46], or Bi2Te3 alloys [87] for temperatures over 

400 K. This typical behaviour encourages the use of an average ZT defined in the 

operating temperature range of the device, instead of the peak ZT, for a more accurate 

prediction of power generation and conversion efficiency at device-level. Thus, it is 

essential to engineer materials able to provide a high ZT over a wider range of temperature 

to enhance the conversion efficiency at device level. 

The reduction of kl has been the main strategy to increase ZT in most TE materials, 

in particular nanostructured materials, however, recently, it has been reported that an 

excessively low kl can be detrimental for reliability of TEGs due to the generation of a 

higher internal stress that can lead to mechanical failure [88]. Therefore, keeping the focus 

on the performance at device level, it is important to emphasize in the improvement of 

the PF along with a tailored kl, which would be suitable for applications that do not 

prioritize the fuel cost, but the output power density. Half-Heusler compounds and nano- 

crystalline silicon have been identified as suitable materials for this approach [89] [90]. 

Although enhancement of PF has been predicted through certain approaches, the 

fundamental mechanism is not fully understood. Thus, new sophisticated modelling 

corroborated with strong experimental evidence is needed to progress in the field. 
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Other additional factors such as thermal and electric resistance, interconnects, 

device architecture including heat exchangers strongly affect the efficiency at device 

level, but a detailed review of these factors is beyond the scope of this work [91]. 

 Achieving a high ZT or PF does not guarantee the development of practical 

TEDs, stability and reliability need to progress to assure functionality. These issues have 

been observed even in well-known traditional TE materials such as PbTe where 

mechanical properties are not suitable for the fabrication of commercial TEDs [2], or in 

skutterudites where the presence of sublimation effects at ~873 K degrade the TE 

performance and mechanical strength [92]. Regarding the mechanical properties, it is 

necessary to have TE materials with high strength to prevent failure during leg cutting 

and to allow further miniaturization for microgenerators. Various approaches to enhance 

the mechanical strength are available including the introduction of nanoparticles or 

nanowires, however, it is important to keep a balance as it has been reported to cause a 

reduction on ZT [93].  High toughness is another important requirement if the purpose is 

to recover waste heat from automobiles as they are under the effect of high thermal and 

mechanical loads. In fact, even in the commercially consolidated Bi2Te3, a degrading 

effect of thermal cycling on the output power has been reported [94]. Finally, thermal and 

chemical stability of materials are highly desirable to mitigate the reduction of life-time 

of TEDs. While the former reduces the cross section of TE legs through sublimation, the 

latter reduces the TE performance via reaction with the oxygen and nitrogen from the air. 

Although these deficiencies have been alleviated with the use of coating materials or 

argon atmosphere, better approaches are necessary to extend the overall performance of 

TEDs.  

To force a deeper market penetration of TEDs, it is essential to reduce the cost of 

electricity generation. It can be realised in first instance from the reduction of material 

and environmental cost. The constrained widespread of TEDs based on traditional TE 

materials has been in part due to the ubiquitous presence of the expensive tellurium and 

Germanium along with its toxicity. A practical index to select a material which has a good 

compromise between these costs and power output is the cost payback time (CPT) 

reported in [95]. Accordingly, new TE materials should be based on the most abundant, 

low cost, non-toxic elements, i.e. Si, Al, Fe in the Earths ´crust which show a 

comparatively lower CPT (<0.25 years) than Bi2Te3 (1.2 years) [95]. Material processing 

cost is another aspect to tackle for a reduced $/W. It still remains difficult to produce 
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Bi2Te3 material in commercial quantities, and the complexity increases when going to 

low dimensional structures due to the processing techniques employed. As an example, 

superlattice and nanowires which demonstrated very high ZTs, are not yet suitable for 

large scale production because they are built up using MBE and microfabrication process, 

respectively, which have a higher manufacturing cost than bulk material [27]. Hence, new 

processing methods are required which could come from other maturing sectors such as 

the solar cell industry, or 3D printing.  Lately, further economic gains can be obtained 

from device fabrication/assembly, which is currently carried out manually. New 

manufacturing techniques such as robotic assembly, additive manufacturing, and reel to 

reel could be an option for faster throughput [96].   

Lately, due to fast technological advances in miniaturization and integration of 

electronics, new opportunities for the application for TEGs appeared, but along with it, 

the necessity for flexible devices capable of fitting in curved, and complicated surfaces 

became an emerging challenge for thermoelectrics.   

2.5.2 Flexible thermoelectrics 

This new field of application was encouraged mainly by increasing demand for 

implantable and wearable electronics, which is anticipated to increase up to $ 51 billion 

for the former, and up to $ 115.8 billion for the latter in the coming years, as can be 

observed in figure 2.9 [97] [98]. 

 

Figure 2.9 Demand predictions for implantable and wearable electronics in the coming 

years whose energy requirements can be met by TEGs [97] [98]. A sustainable increase 

can be observed  since 2014, with the medical implants showing the highest rise in 

2020. 
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Batteries, widely used in personal electronic devices, can be an option for reliable 

energy feeding of these micro-devices, but their requirements for periodic recharging and 

eventually replacement make a costly and unsuitable solution in the case of implantable 

electronics, TEGs then becoming a natural alternative to enable the expansion in the scope 

of application. Amongst other impediments, the lack of flexibility of bulk TEGs to cope 

with curve surfaces like that from human skin has intensified the search for flexible 

thermoelectric materials. Flexible TEGs out-perform the rigid ones in the higher degree 

of conformability, lighter weight, thinner profile, portability, and capacity to cover a large 

surface area. Accordingly, the most frequent approaches for flexible TEGs are based on 

organic, inorganic, and hybrid materials [99] [100] [101].  

Organic materials have been investigated for TE applications owing to their 

biocompatibility, intrinsically low k and ease for tuning the electrical conductivity along 

with their low cost, flexibility and direct processing into versatile forms. Although their 

TE performance is still below the inorganic counterparts, they can be used in low power 

requirements at room temperature where the functionality is prioritised. Amongst them, 

using poly (3,4 ethylenedioxythiophene) (PEDOT) appears as the most successful 

approach, due to its doping flexibility. Within p-type, Bubnova et al. [102] achieved a 

significant enhancement of ZT up to 0.25 by a high control of oxidation level 

accompanied with a very low k= 0.37 W/m K. Likewise, Kim et al. [103] demonstrated 

that the reduction of unionized counter-ions, which reduce carrier mobility, using 

polystyrene sulfonate is an effective way to enhance ZT achieving the highest value for 

organic materials (0.4) at about 300 K. However, this achievement is under discussion in 

literature due to the fact that σ and k were measured in two different sets of samples. 

Validation measurements carried out by other authors [104] [105] found that the 

electronic contribution of k could be higher over certain values of σ which can alter the 

final ZT. Although significant advances have been attained in n-type materials, their 

inherent instability in air and difficult doping have prevented them from being used in 

practical TEGs. The state-of-the art of this group is based on organo-metallic coordination 

polymers with the best approach showing PFs over 400 µW/ m K2 and a ZT about 0.3 

near room temperature [96]. 

Another approach to engineer low cost flexible TE materials is the formation of 

composites of inorganic nanostructure fillers into an organic matrix, usually PEDOTs. 

The purpose is to benefit from the low k and tunable σ from the PEDOTs, and the well-
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known high σ and α from inorganic materials such as Bi-Te, Sn-Se based alloys, carbon 

nanotubes (CNT) and graphene [100]. The most prominent results in this group have been 

reported for composites using carbon nanotubes and graphene as fillers. In this respect, 

Wang, et al. [106] achieved a high ZT ~ 0.5 in a hybrid of n-type CNT/PEDOT favoured 

by the high electron mobility of the CNT and the low k of 0.67 W/ m K. Likewise, Kim 

et al. [107] achieved a ZT of 0.32 at room temperature in SnSe/PEDOT playing with the 

filler concentration up to 20 wt% noticing an increase of PF accompanied by a less 

pronounced increase of k. Other hybrid approaches have been carried out using non-

conductive polymer instead of conductive ones (PEDOT), but their ZT values are lower 

[108] [109].  In spite of the significant advances in hybrid composites, there are still some 

degrading effects that need to be optimised such as the mismatch in the Fermi level 

between both phases [110], and appropriate selection of fillers. 

As can be noticed, the TE performance of organic-based and hybrid composites 

is still lower than their inorganic counterparts. In anticipation of this, a new emerging 

research area aiming to couple high performance inorganic TE materials into flexible 

structures has been reported. The general idea to achieve this consists in depositing such 

material in the form of thin films onto a flexible organic substrate drawing on a number 

of deposition techniques such as magnetron sputtering, co-evaporation, spin coating, and 

screen printing [100]. In this line, Fan et al.[111] deposited zinc antimonide thin films, 

via magnetron sputtering, onto a flexible polyimide substrate achieving a PF of 2350 

µW/m K2 at 533 K after annealing. Nonetheless, this approach demonstrated to be 

feasible only for depositions temperatures below the glass transition temperature of the 

organic substrate as it becomes unstable for higher values. To overcome this temperature 

issues, various efforts to deposit the TE material directly onto the substrate in the form of 

solution or powder appeared as an alternative. Kim et al. [112] fabricated n and p-type 

material from Bi2Te3 powders onto a polyethylene terephthalate (PET) substrate drawing 

on a printed method. In another development, the B. Cho group [113] fabricated a flexible 

TEG based on n-type Bi2Te3 and p-type Sb2Te3 using screen printing obtaining a PF of 

~1200 µW/m K2, and ZT ~ 0.3 for both materials. Overall, it can be appreciated that the 

TE performance of these thin films degrades when they are deposited on organic flexible 

substrates, probably due to their response to temperature effects. Hence, a careful 

selection of deposition temperature and/or post annealing is crucial to achieve optimised 

TE properties. 
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In summary, fabrication of high-performing, and reliable TEDs at a competitive 

cost requires the concurrence of a high ZT and/or high PF along with a good thermal and 

chemical stability, a good balance of mechanical properties, all of this in abundant and 

non-toxic materials with capacity to be produced at large scale by means of mature 

manufacturing techniques. In addition, for low-power applications like wearable and 

medical implants, TE materials need to be flexible to produce an effective contact in 

curved surfaces so that the power output is maximised. Finding materials that 

simultaneously accomplish all of these requirements is challenging. However, if service 

operation is guaranteed in first instance, it would be possible to play with efficiency and 

volumetric cost to obtain a lower $/W. Silicon, with proven service operation in the 

semiconductor industry and proven flexibility in the solar cell sector, might provide room 

for a good compromise between efficiency/power output and cost, in light of the recent 

improvements obtained with low dimensional structures. 

2.6 Silicon as a candidate for thermoelectrics  

Silicon rapidly became the base material in the semiconductor industry mainly 

due to its excellent chemical and mechanical stability accompanied by its exceptional 

manufacturing control in terms of doping and physical properties. This versatility has 

permitted to tailor suitable properties for Si to provide cost-efficient service in 

microelectronics and photovoltaics [61]. However, the performance history of Si in 

thermoelectrics has not been that encouraging until recently. In fact, with the exception 

of SiGe alloys, most Si-based structures were early abandoned in the 1950s as an option 

for thermoelectrics in spite of its high PF (50 µW/cm K2) when Geballe measured a low 

ZT ~ 0.01, all at room temperature, attributed to its high k~150 W/m K [114] [115]. It was 

not until the appearance of nanostructure technology that the notion of Si as a useless 

candidate for TE started to be doubted based on the high ZT~1 at 200-300 K achieved in 

Si nanowires, ascribed to a substantial reduction of kl [116] [117]. In light of these 

features, Si appears as an alternative for replacement of the traditional TE materials, 

which usually contain rare-earth, and expensive chemical elements.  

Si seems to provide alternative solutions for some of the most crucial barriers that 

prevent TEDs from gaining market penetration in specific areas. Si, unlike most 

conventional TE materials, is a non-toxic, low cost, and abundant material contender on 

which to base new technologies. Furthermore, Si has accumulated a large infrastructure 
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and know-how in the electronic semiconductor industry, in particular growing thin films, 

nanopowders and crystals, that this processing technology should be some orders of 

magnitude better than that commonly used for (Bi,Sb)2 (Te, Se)3 in a $/W basis [118]. In 

addition, processing techniques like PECVD,  and hot wire chemical vapour deposition 

(HWCVD) have succeeded in depositing Si thin films onto cheap flexible substrates along 

with a good control in creating n and p type material in the photovoltaics industry [119] 

which translated into thermoelectrics, would simplify the fabrication process of TEDs.  

Recent advances in microelectronics’ urge for increased cooling, thermal 

management and microwatt power, which can hardly be provided by conventional TE 

materials due to their incompatibility with Si-based integrated circuit microelectronics. 

Instead, Si processing material methods are compatible with CMOS, microprocessors, 

optoelectronic devices, transistors amongst others [28].  

Expectations for achieving increasingly higher efficiencies and power output in 

Si are well-funded in the new approaches based on LDS. In fact, a number works has 

reported relative high values using nanostructured and nano-bulk structures [63].   

2.7 Current approaches on Silicon for TEDs 

None of the improvements made on Si up to date surpass those realised using 

conventional TE materials based on the most successful approaches. However, compared 

to the poor performance in the early stages, the improvement of ~ 100 times in its 

conversion efficiency in the last few years has encouraged the thermoelectric community 

to be “desperately seeking for silicon” [120] as a candidate for large-scale TE 

applications. As a result, a number of Si-based developments have been published 

showing relative improvements relying on alloys, nano-bulk structures, LDS, amongst 

others. 

2.7.1 Si-based alloys 

The first attempts to enhance ZT in Si dates back to the end of the 1950s when it 

was alloyed with Ge resulting in a strong reduction of thermal conductivity. Further 

reduction of k was later achieved by varying the concentration of Ge up to 30% which 

was attributed to mass fluctuation and raise of phonon-phonon scattering [121] [122]. 

Later in 1964, a high ZT of 0.8 and 1 was attained by means of doping with boron and 

phosphorous, respectively, at 1200 K due to a strong scattering of phonons by free carriers 
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[123] in SiGe alloys. These approaches successfully pushed down k to a minimum of 4.6 

W/m K, but further reduction of k was only possible with the strong phonon scattering 

produced at grain boundaries in nano-bulk structures. A number of experiments were 

carried out to determine the effect of grain size on the suppression of k in doped-SiGe 

alloys finding a direct correlation, but the simultaneous scattering of free carriers impeded 

to enhance the overall ZT [124] [125] [126]. Subsequently, Wang et al. in n-type and Joshi 

et al. in p-type demonstrated an improvement of ZT up to 1.3 and 1 at 900 K, respectively 

using smaller particle sizes [127] [128]. This increase was ascribed to a stronger scattering 

of phonons than free carriers as a result of the different mean free paths. However, this 

explanation differs from the results reported by Vining who found that, irrespective of 

grain size, both phonons and free carriers are scattered with the same intensity. Figure 2. 

10 shows the best values attained in the bulk and nano-bulk version of Si80Ge20 alloys to 

date [119]. 

 

Figure 2.10 ZT vs temperature for bulk and nano-bulk version of n and p type Si80Ge20 

alloys [119]. ZT has drastically improved due mainly to a reduction of the thermal 

conductivity reaching a maximum of 1.3 at 900 K using small particle sizes to increase 

the phonon scattering.  

2.7.2 Si-nanowires 

The highest reported values were achieved by Hochbaum et al. and Boukai et al. 

in Si-nanowires with a ZT of 0.6 at 300 K, and 1 at 200 K, respectively [116] [117]. These 

unprecedented improvements were possible due to the drastic suppression of k at levels 
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approaching the amorphous limit determined for Si (~1W/m K) [129]. Based on previous 

measurements of k in Si nanowires [130] such decrease was attributed to an enhanced 

phonon scattering at grain boundaries. Also, it was proposed that a variation of the phonon 

dispersion was responsible for such reduction of k [89]. This lack of consensus generated 

a critical discussion in the research community leading to an intensive research focused 

on the mechanism behind the reduction of k. The actual mechanism was progressively 

unveiled first theoretically by a number models [131] [132] [133], and experimentally 

demonstrated by Lim et al. [134] through the quantification of roughness in Si nanowires 

based on TEM analysis. It was concluded that the surface roughness of Si nanowires 

exerts a stronger effect on k compared to the diameter.  

In spite of the promising figures shown by Si nanowires, there are still some 

barriers to tackle before they can be considered an effective TE material. Characterisation 

of all TE properties in the same nanowire is still challenging, which complicates any 

evaluation against similar structures realised by other growth techniques. In addition, 

fabrication of practical TEDs based on Si nanowires can hardly be realised without 

production of TE material at commercial quantities. In pursuit of this, an attempt to 

fabricate Si nanowire arrays is noticeable, but the area (30 x 30 mm2) is not sufficient yet, 

and the ZT did not reach predicted values [135]. Hence, further efforts are needed to 

develop advanced characterization techniques to validate the reproducibility of these 

structures. 

2.7.3 Nano porous bulk Si 

This approach originated from the well-known reduction of k in bulk materials 

attributed to the large phonon scattering produced by a large density of pores contained 

in the microstructure [136]. Further studies on Si experimentally found an exceptional 

drop of k ~ three to five orders of magnitude smaller than that measured in bulk Si, which 

is even smaller than k values measured in Si nanowires [137]. These findings encouraged 

the study of porous Si for TE applications. In 1998 Mathur et al. carried out one of the 

first investigations on the TE properties of porous Si providing insight about the electronic 

transport, but a ZT was not defined [138]. Later, the general trend of PF and kl was 

theoretically predicted by Lee et al. [139] before Tang et al. [140] experimentally 

demonstrated the enhancement of ZT to 0.4 at 300 K in thin silicon membranes decorated 

with a high density of nanoscopic holes “holey silicon”. This improvement was ascribed 

to a strong reduction of kl (1.7 W/m K) along with a moderate reduction of the PF. Similar 
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results were reported when the pattern, unlike holey, is ordered in Si thin films with a kl 

(17 W/m K) [141]. Figure 2.11 shows the effect of the inclusion of porosity in the 

thermoelectric performance. 

 

Figure 2.11 Evolution of ZT with temperature for holey and non-holey silicon [140]. A 

noticeable increase of ZT at about 0.4 at 300 K can be reached if the Si microstructure is 

decorated with a high density of pores.  

This material structure might outperform Si nanowires in the fabrication process 

for the random holey-like with good mechanical strength using spin coating or sputtering 

[142], but the realisation of the high precision ordered pattern requires of technologies 

that are not yet scalable for integration in TEDs like nanolithography [89].    

2.7.4 Si based nano-bulk structures  

The expectation of this material is that, due to the inherent high density of 

interfaces within its microstructure, both thermal and electrical transport properties can 

be tuned to achieve a high ZT. The first experimental demonstration of the effects on the 

TE properties of interfaces was carried out by Rowe et al. [143] in SiGe alloys where kl 

and ZT was found to reduce ~28-35 %, and increase ~22%, respectively with respect to 

the single crystal. Subsequent works dedicated to clarify the phonon scattering 

mechanism focusing on the phonon frequency dependence [144] and alteration of phonon 

dispersion relation [145] predicting a ZT ~1 if a grain size of 10 nm can be reached [146]. 

Bux et al. [90] achieved a remarkably high ZT ~07 at 1200 K in highly doped n type 

nanocrystalline bulk silicon by ball milling and hot pressing. This improvement was 
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possibly thanks to a large reduction of kl (3 W/m K) accompanied by a moderate reduction 

in its electrical mobility. More recently, Zhu reported a similar increase of ZT~0.6 at 1125 

K in heavily doped bulk Si driven mainly by 36% reduction in kl [147]. 

Apart from the reduction of kl, grain boundary effects can also influence the PF 

due to the possible enhancement of α through the creation of energy barriers as pointed 

in [63] [148]. The role of these energy barriers would be to prevent low energy electrons 

from participating in the transport, thus, raising the average heat transported by carriers 

to increase α. However, an increase of α via energy filtering does not assure an 

improvement of PF, as an excessive barrier height can adversely affect σ. Accordingly, 

raising PF strongly depends on an optimum barrier high formed at grain boundaries which 

is difficult to estimate at the moment. Based on this concept, PF improvements in 

nanocrystalline Si is summarised by Narducci et al. [61].  

In spite of the promising ZT numbers, this material structure presents some 

hurdles to be resolved. The fabrication process of nano-bulk structures, namely ball 

milling, allows the introduction of undesired impurities along with a limitation in the 

minimum size of particle feasible to achieve. Also, degradation of TE properties at high 

temperature is likely expected due to the segregation of dopant atoms [89]. A more precise 

control of particle size and doping in the production of nano-powders was achieved 

through gas-phase synthesis [149] [150], reporting a ZT of 0.5 at 1223 K. This technique 

appears to have the potential for large scale production as reported in [149]. 

2.7.5 Si thin-films for thermoelectrics 

Si thin-films have attracted increasing attention in the TE community in the last 

years due to the comparative advantage compared to Si nanowires in the fabrication and 

integration process as well the easier characterisation of TE properties. As a result, a 

number of approaches on Si thin films can be noted. 

The reduced kl demonstrated in previous measurements in Si crystalline [65] and 

polycrystalline [151] thin films with respect to bulk Si paved the way for further research 

focused on TE applications. This reduction was ascribed to the phonon scattering 

produced at the grain boundaries which intensifies with the reduction of thickness as 

shown in figure 2.12 [142]. 
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Measurements of TE properties on poly-Si thin films fabricated using CMOS 

process demonstrated that ZT is increased when the film thickness is reduced, i.e. from 

500 to 52 nm (n: 0.02→0.067; p:0.01→0.024). This rise was found to be driven by a 

strong reduction of k due to a dominant grain boundary scattering over the other scattering 

events at this thickness while the σ and α remained practically the same [152]. Using 

another fabrication process (LPCVD) an increase of the ZT (~0.033) was attained in poly-

Si [153] when the thickness was reduced from 500 to 100 nm. Similar to the previous 

approach, the achievement was possible due to a large reduction of k, but in this case an 

increase of α along with a reduction of σ was observed as a function of grain size/film 

thickness. This study remarks the influence of the fabrication process, doping, grain size, 

and film thickness on the variation of TE properties. In another approach, Bennett et al. 

[154] proposed the creation of dislocation loops and extended crystallographic defects to 

tune TE properties. The PF was increase up to 70% from that of single crystal Si due to 

a boost of α in spite of a reduction of σ in Si nano-films. The same group also 

experimented with the introduction of lattice vacancies in Si thin films achieving a drastic 

reduction of k (20-fold) while α and σ remained largely unchanged [155]. 

 

Figure 2.12 In-plane thermal conductivity as a function of film thickness for various Si 

and SiGe alloys [142]. An increasing phonon scattering due to the presence of grain 

boundaries occurs, and the effect intensifies with the reduction of the film thickness. 

More recently, a very low k was measured in hydrogenated microcrystalline 

silicon thin films (µc-Si: H) of 1 µm thickness of two dopant species (~n: 8.2; p: 3.2 W/m 

K) [156], which are even lower than the k values obtained in poly-Si. It is primarily used 

in thin-film silicon solar cells as a bottom cell absorber in tandem devices, thereby 
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achieving 2 or 3% improvement in stabilised conversion efficiency over single 

amorphous silicon cells [157] [158]. µc-Si: H has also been used in the fabrication of thin 

film transistors (TFTs) due to its large stability compared to amorphous Si, and the ease 

of achieving n and p type versions [159] [160], as well as in sensitive detectors [161] and 

medical devices for implantable applications [162]. The complex microstructure of this 

material characterised by a multiphase and a large density of grain boundaries along with 

an exceptional control of the grain size and crystallinity make it attractive for tuning 

thermal and electrical transport properties for TE applications. A few approaches have 

been realised using this material focusing mainly on the increase of PF drawing on 

specific deposition parameters [5] [6], however, the great sensitivity of its microstructure 

to the variation of deposition parameters provides a room for further optimisation, which 

is the objective of this work.        

2.8 Potential of µc-Si: H as a material for fabrication of TEDs 

µc-Si: H is essentially a heterogeneous material system composed of 

nanocrystallites embedded in an amorphous matrix. The crystallites are usually randomly 

arranged in columnar conglomerates separated by a large number of grain boundaries that 

grow upwards from the substrate as shown in figure 2.13. 

 

Figure 2.13 Typical microstructure of µc-Si: H composed of nano-crystallites 

embedded in an amorphous phase separated by a large number of grain boundaries 

proposed by Vetterl et al. [163]. The microstructure evolves from highly amorphous to 

highly microcrystalline (right to left) with the increase of hydrogen in the gas mixture 

with silane (SiH4). The crystallinity between 60-70 % found herein should be located in 

the area marked in red.   

Increasing microcrystalline fraction 



 

35 

Many techniques are employed for the fabrication of thin films [164], of which 

the most widely used for industrial deposition of µc-Si: H thin films are PECVD and 

HWCVD [164], which directly deposit the material onto substrates unlike others indirect 

methods like ball milling. For producing suitable TE materials, PECVD seems to offer 

better advantages. While HWCVD has proved a high deposition rate in µc-Si: H, the 

resulting material quality is not good enough for high performance photovoltaics. Instead, 

PECVD produces a good material quality, and the intrinsic lower deposition rate has been 

improved using very high frequencies (VHF), along with high chamber pressures and 

plasma power [165]. Furthermore, PECVD has demonstrated to produce smaller grain 

size (3-5) nm than HWCVD (~10 nm) [166], which is essential to increase the density of 

grain boundaries for tuning k. Although PECVD was a priori chosen for the fabrication 

of samples herein, there is no evidence that HWCVD produces poor quality material for 

thermoelectrics purposes, as it might be the case for photovoltaics. Accordingly, the latter 

technique can also be considered an option to study the suitability of µc-Si: H thin films 

for thermoelectrics.   

The growth of microcrystalline silicon via PECVD entails an appropriate balance 

of deposition parameters, which control the resulting crystallinity. Notably, the hydrogen 

dilution, the RF power, and deposition pressure are the most influential parameters on the 

crystalline fraction. Drawing on the features in figure 2.13, an increasing crystalline 

fraction (right to left) can be obtained by a progressive increase the hydrogen content in 

the gas mixture, where SiH4 and SiF4 are the most common precursors [163]. Likewise, it 

has been found that the use of a moderate RF power promotes the transition from 

amorphous to a microcrystalline-dominated phase in the film; a large value, instead, is 

expected to produce amorphization due to an increase of ion bombardment [167]. A 

higher pressure also allows the formation of more crystallites for the same concentration 

of precursors, as compared to low deposition pressures, increasing the crystalline volume 

fraction of the film [167].      

The drastic reduction of the cross-plane k with respect to bulk Si has already been 

demonstrated in this material structure by Loureiro et al. [5] [6]. However, it is noticeable 

that k values of the n and p-type as-grown samples increased by a factor of two (n: 3.3 ± 

0.7→ 7.9 ± 2.7 W/m K), (p: 2.7 ±0.4 → 5.2 ± 0.8 W/m K) when the films were annealed 

at 250°C, which translates into a deterioration of TE performance. This increase in k 

values was ascribed to a reduction of phonon boundary scattering due to an increase of 
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crystalline fraction produced by annealing. If this hypothesis is plausible, it would be 

convenient to modify the deposition parameters to saturate at a high crystalline fraction 

in the as-grown state as reported in [168] to avoid further crystallization after annealing 

as demonstrated in [169] so that the very low k values are maintained. Also, based on the 

correlation between k and grain size reported for nanocrystalline silicon [144], it would 

be possible to further reduce k by reducing the still high grain size of the as-grown 

samples (n: 9 nm; p: 21 nm) as compared to the minimum reachable grain size (~3 nm) 

reported for the PECVD technique [166]. These are amongst the objectives of this study. 

On the other side, the same author reported the PF results as “optimised” [5], 

however, a very low electron mobility is noticed (n: 0.82; p: 0.5 cm2/V s), although the 

carrier concentration is at the same level as previous publications [170]. A comprehensive 

study of the dependence of Hall mobility with crystallinity and doping concentration 

[170] found that mobility is strongly dependent on the crystalline fraction, and that it can 

reach values > 1 cm2/V s for crystallinities over 80%, which gives room for further 

enhancement of σ. Besides, the unusual concurrent increase of σ and α observed in p-type 

material in a narrow annealing range in [5], which is ascribed to energy filtering and 

dopant segregation, could be another means to attempt a further boost of PF. 

Apart from the good expectations to enhance the TE properties in µc-Si: H thin 

films, the ability of PECVD to deposit this material on flexible substrates, largely applied 

in the photovoltaic and TFTs industry [171] [172], opens the possibility to explore its use 

in flexible TE applications. This approach, besides the functionality gains, could also take 

advantage of the band degeneracy lifting produced by strain when a sample is bent. In 

fact, improvements of σ depending on the doping species and strain nature has been 

reported for this material in TFTs [171].   

2.9 Summary and outlook 

Through this literature review, it was possible to identify the main obstacles for 

the fabrication of practical TEDs considering commercial expectations. Not only is a high 

conversion efficiency or high power density indispensable, but the functionality and 

reliability of materials employed are essential to pass from lab-based demonstrations to 

the conception of objects which serve a purpose. 
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New potential fields of application of TEDs, where the heat source is abundant or 

essentially free, provides a route to employ low cost materials with lower conversion 

efficiencies/power density to reduce the cost per Watt. µc-Si: H thin films appears as a 

candidate due to their widely recognised functionality and reliability in other sectors, and 

their complex microstructure that mimics that of nanocomposites. A few approaches on 

thermoelectrics have been reported using this material structure, however, this author 

believes that further optimisation of transport properties is possible. 

The strong reduction of k with grain boundary density studied in similar structures 

could be replicated in µc-Si: H thin films for tuning k. Also, the favourable effects on PF 

of energy filtering due to energy barriers and dopant segregation could be expected due 

to the large concentration of grain boundaries and the high doping doses realisable in this 

material structure. These attempts are possible because of the ability of the PECVD 

technique to control the crystalline fraction, crystallite size and doping. 

A step forward to broaden the scope of TEDs is their application on complicated 

surfaces, and flexible thermoelectrics is an ongoing research avenue fitting these 

requirements. Deposition of µc-Si: H thin films onto flexible and cheap substrates has 

been extensively proved in other mature technologies, but no attempts for thermoelectrics 

has been reported. In this respect three questions remain to be answered: First, to what 

degree the flexible substrate will affect the TE properties? Second, how the mechanical 

strain, naturally produced when a material is bent, will affect the TE properties? Finally, 

what is the maximum bending the material can resist without mechanical failure and 

deterioration of TE properties?   

To summarise, microcrystalline silicon thin films have been shown to be highly tuneable 

and adaptable in terms of their electronic and thermal properties. It follows that they are 

promising candidates for thermoelectric applications, where additionally, quantum 

confinement, and interface scattering may be beneficially exploited.   
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Chapter 3-Experimental Techniques 

3.1 Introduction 

This chapter deals with the explanation of the experimental techniques employed 

in the deposition, optimisation, thermoelectric and morphological characterisation, and 

strain creation of microcrystalline silicon thin films. 

Hydrogenated microcrystalline silicon thin films deposited on both rigid and 

flexible substrates were produced via PECVD by IEK-5 Photovoltaik, 

Forschungszentrum, Jüllich from Germany. Subsequently, these films were subjected to 

a controlled thermal annealing to optimise their thermoelectric properties. The 

strain/stress generated during deposition and post-processing was evaluated based on 

measurements of the resulting radius of curvature. The characterization of the electrical 

conductivity, Seebeck coefficient and cross-plane thermal conductivity was carried out 

using equipment available at Heriot Watt University, through services provided by a 

commercial vendor (Ulvac), or by means of a collaboration established with the physics 

department of Dublin City University (DCU). In addition, a collaboration has been agreed 

with Linseis laboratories for the investigation of the in-plane thermal conductivity. The 

robustness of the film/substrate interface of rigid samples was corroborated by a standard 

test provided by the American Society for Testing and Materials (ASTM) [173]. In 

addition, TE properties were evaluated in flexible samples under the combined effect of 

temperature and strain using a device fabricated by means of a collaboration with students 

from the National Polytechnic School from Ecuador [174]. Finally, changes in the 

microstructure due to thermal annealing and/or strain application were studied based on 

different and complementary techniques. The theory and parameters behind the 

experimental techniques are explained in the following section. 

3.2 Growth of µc-Si: H thin film samples  

µc-Si: H thin films were fabricated based on the expertise of PECVD technique 

by  IEK-5 Photovoltaik, Forschungszentrum Jüllich from Germany. This technique has 

provided high quality films with adequate mechanical and thermal stability in other 

sectors, i.e. solar cell industry, and is expected to produce similar results in the fabrication 
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of thin films for thermoelectric applications. The detail of the deposition parameters and 

substrate materials are described in the following sub-section. 

3.2.1 Substrates employed for deposition of µc-Si: H thin films 

In the present investigation, µc-Si: H thin films were deposited on both rigid and 

flexible substrates using glass, 1 mm thickness, and Kapton polyimide (HN), 150 µm 

thickness. The relevant properties of each substrate type are shown in table 3.1. 

Table 3.1 Properties of glass and Kapton polyimide substrate used for deposition of µc-

Si: H. 

Substrate type 

k (200°C) 

W m-1K-

1 

CTE (0-300°C) 

°C-1 

Young’s 

modulus

Gpa 

Volume resistivity 

(250°C) 

Ohm cm 

Corning Glass 

Eagle 2000 
1.13 31.8x10-7 70.9 1 x 1012.5 

Kapton 

polyimide HN 
0.12 20 x10-6 2.5 1.5 x 1017 

 

where k and CTE represent the thermal conductivity and coefficient of thermal expansion, 

respectively. The properties of both corning glass [175] and kapton polyimide HN [176] 

are obtained from the technical specifications provided by the fabricator.  

3.2.2 Deposition of µc-Si: H thin films 

A first set of samples consisting of n and p-type µc-Si: H with 1µm thickness   

deposited on a rigid glass substrate was produced for evaluation of as-grown 

thermoelectric properties. Pre-defined deposition parameters were adopted aiming to 

obtain thin films with high crystallinity and high doping efficiency based on previous 

demonstrations produced for photovoltaic applications. The deposition parameters 

considered in the production are illustrated in table 3.2. 

Another set of n and p type µc-Si: H samples deposited on Kapton polyimide was 

produced for as-grown thermoelectric characterization. It consisted of a thin film layer of 

1µm thickness deposited onto a flexible substrate of 150 µm thickness using the same 

deposition parameters adopted for the rigid samples.  
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Table 3.2 Deposition parameters for production of n and p-type µc-Si: H through. 

PECVD 

Process parameter N-type P-type 

Deposition temperature 185 °C 185 °C 

Gaseous precursors flow rate 1 sccm*(2% PH3 in SiH4) 2 sccm B(OCH3)3 in He 

Silane flow rate - 1.5 sccm SiH4 

Hydrogen flow rate 200 sccm* 200 sccm 

Deposition pressure 0.4 kPa 0.04 kPa 

Power 26 W RF (13.56 MHz) 10 W VHF (94.7 MHz) 

* sccm translates into standard cubic centimetre per minute 

The deposition was realised in large sheets (10 x 10 cm2) of either glass or Kapton 

substrate and subsequently, they were cut into smaller pieces to fit the different sample 

holders for characterization, and post-processing.   

In addition, the thickness of the deposited film was subsequently determined 

drawing on cross-sectional micrographs produced for the morphological study, finding a 

deviation of ~ 100 nm from the pre-established value of 1µm.      

3.3 Post-processing of µc-Si: H samples 

Prior to these experimental procedure, suitability of samples was determined 

based on three criteria. First, sample dimensions and geometry must be in compliance 

with geometrical constrains of sample holders used for the characterization. Second, 

samples must be free of visual flaws, scratches or cracks. Lastly, samples must present a 

high homogeneity in terms of as-grown electrical properties. All samples that complied 

with these criteria were selected to carry out subsequent experiments. Samples were 

stored in boxes to prevent direct contact with light to avoid degradation, and creation of 

surface defects. 

As-grown µc-Si: H thin film samples were subjected to an annealing treatment in 

air using a programmable temperature controller. This set-up consists of a Gestigkeit 

Elektrotechnik high temperature hot plate integrated with a controller PR 5 3 T, maximum 

temperature 600 °C, that allows setting a ramp time, including a constant temperature 

along with the annealing time. 
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In order to maintain the traceability of properties after post-processing, a sample 

in as-grown state was kept in each set of samples. The same ramp up time (8 min), 

independent of the annealing temperature, and a constant annealing time (1 h) were 

applied to all sets of samples, while during the cooling process samples were left on the 

hot plate until they reached a temperature of about 30°C, which occurred in approximately 

2 h. The stability and accuracy of the hot plate temperature was verified by a 

thermocouple located near the sample; and recording the temperature increase, plateau, 

and cooling down every minute. The temperature profile for all treatments give a standard 

deviation of ± 4.3 °C in the plateau range as can be observed in figure 3.1.  

 

Figure 3.1 Temperature annealing profile for treatment at 250°C. This figure shows the 

time employed to reach the annealing temperature (ramp up), the time the sample is 

under the effect of an almost constant temperature (plateau), and finally, the time it 

takes to cool down to room temperature. The line-shape is similar in all annealing cases. 

To avoid any contamination by direct contact of samples with the hot plate 

surface, samples were placed over thin glass (1 mm thickness). In order to determine the 

appropriate annealing temperature so that electrical transport properties change 

favourably, two attempts were realised. Firstly, annealing in range from 80 °C to 200 °C 

was performed on samples deposited on rigid glass substrate. Later on, a different set of 

samples with the same characteristics was subjected to higher annealing temperatures. 

Table 3.3 shows the annealing temperatures applied to both rigid and flexible samples 

that resulted in a favourable change of electrical transport properties. 
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Table 3.3 Temperatures selected for annealing experiments for samples deposited on 

rigid and flexible substrate. 

Annealing 

Condition 

µc-Si:H samples deposited on 

glass substrate 

µc-Si:H samples deposited 

on Kapton substrate 

 N-type P-type N-type P-type 

1 20 °C 20 °C 20 °C 20 °C 

2 250 °C 250 °C 200 °C 200 °C 

3 300 °C 300 °C 250 °C 250 °C 

4 350 °C 350 °C 300 °C 300 °C 

5 430 °C 430 °C 350 °C 350 °C 

6 500 °C 500 °C 400 °C 400 °C 

7 550 °C 550 °C - - 

 

 Samples in as-grown-state are designated with a temperature of 20 °C. In order 

to corroborate the values of thermoelectric properties of p-type µc-Si: H thin films, an 

additional set of seven samples was subjected to an annealing treatment using the same 

conditions.  

3.4 Strain/stress determination from deposition up to optimisation. 

µc-Si: H thin films undergo strain/stress creation during deposition and the 

thermal annealing (the mechanism for stress/strain creation is addressed in detail in 

section 6.1.1 in chapter 6) used for optimisation of the TE properties, which forces the 

bending of the film/substrate system to maintain the equilibrium. This strain can be 

determined indirectly drawing on the Stoney equation, which establishes a linear 

correlation with the radius of curvature. In the present work, the radius of curvature from 

films deposited on flexible substrates is determined based on direct measurement of the 

curvature profile in the film/substrate system as shown in figure 3.2. The curvature profile 

was extracted from the as-grown, and annealed samples to distinguish the degree of strain 

produced in each phase. The most common approach to extract the curvature profile is 

using an optical profilometer, which enables tracking numerous points across a surface. 

Based on this method, a confocal microscopy system, which is part of the Renishaw inVia 

Raman microscope (more details in section 3.8.1), was used to collect the coordinates (x, 

y) of about 100 points located along whole profile of a sample (2 x 1 cm). This data 

collection was carried out by focusing an objective with a magnification of 100 x on 

successive points located in the profile of the sample. Figure 3.3 shows an example of 



 

43 

data collection taken with the confocal microscopy system, where the acquisition 

accuracy can be established in the order of 5 µm. Considering a total cross section 

thickness of 151 µm (Substrate thickness 150 µm plus film thickness 1 µm), the maximum 

error incurred with this method is about 3%. All these coordinates were subsequently 

transferred to the Auto-cad software where the actual sample profile was drawn, and then 

based on a fitting analysis the radius of curvature was obtained. A total three samples per 

sample type, i.e. n/p as-grown and, and n/p annealed, were used to average the final 

curvature profile. 

 

Figure 3.2 Schematic of the data collection of successive points located along 

the whole sample profile using a confocal microscopy system with an objective 

magnification of 100 x. The coordinates (x,y) of about 100 points were recorded and 

subsequently transferred to Auto-cad software to draw the actual profile, and the radius 

of curvature was obtained based on a fitting analysis. 

 

Objective 

Sample Profile 

(x,y) 
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Figure 3.3 Example of data collection using a confocal microscopy system. The picture 

shows one (X: 19376, Y: -52557) of the 100 points focused over the sample profile with 

the objective of the confocal microscopy. These coordinates are then transferred to 

Auto-cad to draw the actual sample profile, from which the radius of curvature is 

extracted by fitting analysis. 

3.5 Characterization of electrical properties 

Both set of samples deposited on glass and Kapton substrates were characterized 

in as-grown and post-annealed state, drawing on an automated Hall profiler system (HL 

5900). This set-up provides the in-plane bulk resistivity when the film thickness is known, 

and carrying out complementary Hall-effect measurements, the bulk carrier concentration 

and Hall mobility are obtained.  

The measurements in this equipment are based on the Van der Pauw approach to 

minimize effects of contact resistance. Two independent measurements are realised to 

obtain first the electrical resistivity, and second, the Hall coefficient. The procedure 

followed incorporates checking of good contact conditions (Ohmic contacts), and 

correction factors due to geometry, and deviation of Hall coefficient to assure high 

accuracy and reproducibility of measurements. Finally, the carrier concentration and Hall 

mobility are computed once these two properties have been defined.   

X 

Y 
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3.5.1 Determination of electrical resistivity through Van der Pauw method 

This approach provides a solution for measuring the potential distribution in thin 

films using four point contacts located at the periphery of a sample with arbitrary shape. 

This method mitigates the errors produced by contact resistance and voltage offsets 

originated due to thermoelectric effects [177]. The sheet resistance is determined if certain 

conditions are met: 

 Contacts are located at the periphery of the sample 

 Diameter of contacts are small compared to sample size 

 Samples must be homogeneous in thickness and much thinner than probe 

spacing (1/5) 

 The sample must be isotropic and singly connected; i.e. free of scratches 

or isolated holes. 

A schematic of the Van der Pauw configuration showing the position of contacts 

and measurements to be taken is illustrated in figure 3.4. 

 

 

 

 

Figure 3.4 Van der Pauw configuration for determination of characteristic resistances. 

The resistances RA y RB are obtained after measuring the potential drop between two 

adjacent contacts when a current is injected in the two opposite contacts.  

I12 

V43 

RA 

I23 

V14 

RB 
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when a current I12 is forced to flow through contacts 1 and 2, while the potential difference 

V43 is measured between contacts 3 and 4, the resistance can be determined by 

𝑅𝐴 =
𝑉43

𝐼12
                                                                         (3.1) 

Similarly, 𝑅𝐵 between the adjacent contacts is obtained when a current is flowing 

between contacts 2 and 3, whilst the voltage difference is measured between contacts 1 

and 4, as shown in figure 3.3. 

 Van der Pauw derived an expression that correlates the characteristic resistances 

(𝑅𝐴, 𝑅𝐵) and the materials’ resistivity (ρ) in the following way. 

exp (
−𝜋𝑑

𝜌
𝑅𝐴) + exp (

−𝜋𝑑

𝜌
𝑅𝐵) = 1                                          (3.2) 

where d represents the thin film thickness.   

A simplified version is defined when contacts 1 and 3 are on the line of symmetry 

of the sample, and the other two contacts are located equidistant from this line of 

symmetry as shown in figure 3.5. 

 

 

Figure 3.5 Schematic of geometric conditions for the simplified the version of the van 

der Pauw configuration. This is possible due to the symmetric distance of the contacts 2 

and 4 with respect to the line formed by the contacts 1 and 3. 

 

𝜌 =
𝜋𝑑

ln 2
(

𝑉43

𝐼12
)                                                         (3.3) 
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This expression is applicable to obtain the electrical resistivity of a sample with 

circular or square shape. 

In the general case, where no symmetry between contacts is present, equation (1) 

can be defined in the following way.  

𝜌 =
𝜋𝑑

ln 2
 (

𝑅𝐴 + 𝑅𝐵

2
) 𝑓                                              (3.4) 

where f is the correction factor, which is a function of the ratio RA/RB, and can be obtained 

from 

cosh {
ln 2

𝑓
 

𝑅𝐴

𝑅𝐵
− 1

𝑅𝐴

𝑅𝐵
+ 1

} =
1

2
𝑒

ln 2
𝑓                                  (3.5) 

The results obtained using the Bio rad HL 5900 provide an average resistivity 

compensated for any asymmetry in the van der Pauw pattern, and lack of Ohmic contacts, 

which is reflected in the correction factor. As a pre-condition for data collection, the ratio 

RA/RB cannot be > 1.5, which provides an f > 0.93. In this way, data collected does not 

deviate in more than 7% for square samples.  

Following the electrical resistivity, the HL 5900 turns the main carrousel rod to 

place the sample under the effect of a magnetic field perpendicular to the sample surface 

to measure the Hall voltage.  

3.5.2 Measurement of carrier concentration and Hall mobility 

After determining the resistivity, the HL 5900 carries out a second independent 

measurement to determine the Hall voltage based on the Hall-effect. This Hall voltage 

permits to compute the Hall coefficient drawing on the resistivity value obtained in the 

previous step. To improve the accuracy of results, the equipment considers the average 

Hall voltage including corrections due to misalignment of contacts. Finally, the carrier 

concentration and Hall mobility are computed based on fundamental equations, as 

follows. 
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The Hall-effect  

The set-up uses the van der Pauw approach to induce the Hall-effect between the 

contacts of the sample as shown in Figure 3.6. When a constant current I13 is applied 

between opposite contacts of a semiconductor as 1 and 3, which is under the effect of a 

magnetic field perpendicular to the plane of the sample (B), a voltage difference VH 

appears across the other opposite contacts 2 and 4. This potential difference is produced 

when majority carriers migrate to the edge of the sample due to a force generated by the 

magnetic field, while leaving the other edge in a low potential state. This potential 

difference creates an electric force that opposes the magnetic force allowing the carriers 

to reach a steady state. This voltage, known as Hall voltage, adopts either positive or 

negative sign depending on the type of majority carriers accumulated in the edge of high 

potential [178]. 

 

 

 

Figure 3.6 Schematic of van der Pauw configuration for Hall measurements. When a 

constant current is applied by the contacts 1 and 3 of a sample, which is under the effect 

of a perpendicular magnetic field, a voltage difference appears in the opposite contacts 2 

and 4.   

The sheet Hall coefficient 𝑅𝐻𝑆 can be computed once the Hall voltage (VH) is 

measured using the following expression 

𝑅𝐻𝑆 =
𝑉𝐻

𝐼𝐵
=

𝑟

𝑞𝑁𝑆
                                                                (3.6) 

VH 

I13 
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This relationship, in turn, allows the determination of the sheet carrier 

concentration 𝑁𝑆 once the sheet Hall coefficient is obtained. The parameter (r) is the 

scattering factor which represents the energy spread by the carriers in their interaction 

with phonons, impurities, surfaces or material defects, and is usually treated as unity; q 

represents the elementary charge. 

In combination with the sheet electrical resistivity (𝜌𝑆), the sheet Hall coefficient 

provides the Hall mobility (𝜇𝐻), which differs from the effective mobility (𝜇𝑒𝑓𝑓) by the 

factor (r). The knowledge of this factor permits to correlate the Hall mobility with the 

effective mobility in the following way,  

𝜇𝐻 =
𝑅𝐻𝑆

𝜌𝑆
                                                                   (3.7) 

 

𝜇𝐻 = 𝑟𝜇𝑒𝑓𝑓                                                               (3.8) 

The HL 5900 used in this research carries out the measurements considering all 

permutations between contacts and reverse current polarity to compensate for voltage 

offsets appearing due to thermoelectric and/or photovoltaic effects to provide the 

electrical resistivity. Likewise, the measured Hall voltage is corrected for contact 

misalignment and spurious voltages. The former is realised by performing measurements 

under the presence of the magnetic field and without it, and the latter by averaging the 

voltage difference resulted from both polarities of current and magnetic field.  

µc-Si: H samples of 1 x 1 cm2 were used for resistivity and Hall characterisation. 

Prior to measurements, Ohmic contact condition was assured and final results were 

recorded only when they were within the acceptable error limits, in particular, less than 5 

% in the mean deviation of Hall voltages between the two contact pairs [179]. Considering 

these error limits, the error generated in the ultimate results of Hall mobility is ~10%, 

whilst in the carrier concentration is less than 5 %. 
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3.6 Characterization of Seebeck coefficient 

The in-plane Seebeck coefficient of µc-Si: H samples deposited on both glass and 

Kapton substrates in as-grown and post-annealed state were characterized using both a 

LSR-3 instrument form Linseis and a home-built Seebeck stage. 

 The LSR-3 carries out measurements using a static DC method where a 

temperature gradient is created in the sample under an inert atmosphere. The 

electromotive force is then measured from one wire of each of the two contacting 

thermocouples used to measure the temperature gradient. The equipment is able to 

provide data in the temperature range from room temperature up to 1500°C with high 

reproducibility due to the fact that it induces the generation of 1-D heat flux through the 

sample. The rigid µc-Si: H samples were characterized in the temperature range from 

room temperature up to 150°C with temperature increments of 10°C. This equipment 

provides results within a standard error of 5 % [180].  

A Seebeck stage was built for further characterization in the laboratory of nano 

materials. The schematic of the stage is illustrated in figure 3.7. This system consisted a 

LakeShore 325 temperature controller with heater and resistance temperature detector 

that allow the feedback mechanism with the proportional-integral-derivative (PID) 

controller, a Linkam LTS420 temperature-controlled stage, two contacting 

thermocouples, a Keithley 2700 digital multimeter (DMM) and a Keithley 7700 switch 

card. A steady state temperature method was utilized that stabilised the sample at a 

specific temperature difference before the measurement of the signals was conducted. 

Prior to characterization, it was necessary to establish the deviation of Seebeck 

values measured between both the LSR-3 and the home-built Seebeck stage. We 

conducted measurements on both using the same set of samples. Results suggest a 

deviation of ~ 5% in the same range of temperature, which is probably ascribed to the 

different atmospheres under which measurements are carried out in each system. 
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Figure 3.7 Photo of home-built stage for measurements of Seebeck coefficient. A 

temperature difference is created by a heater on one side, and a cooler on the other side 

of a sample while the potential difference is measured by the two thermocouples. 

The measurements were carried out at room temperature in air. A relative high 

temperature gradient (~20°C) is achieved in the sample due to the high heating rate and 

cooling applied in the extremes of the sample. The contacting thermocouples measure 

instant temperatures and the electromotive force produced in each thermocouple is 

measured by a wire soldered to it. All these signals are fed into the switch card of the 

DMM that provided the raw measurement data. The Seebeck coefficient of the sample 

was determined in a measurement sequence and corrected by the offset voltages of the 

wire contributions.  

Both µc-Si: H thin films deposited in rigid glass substrate and Kapton of n and p-

type were characterized in this equipment. The sample holder permits to fit specimens of 

broader range of size. Measurements were performed in as-grown and post-processed 

state to identify any variation. Results are provided with an error within the 10%. 

3.7 Characterization of thermal conductivity 

Thermal conductivity was measured in n and p-type µc-Si: H samples of 1 µm 

thickness deposited in glass substrate. The through-plane thermal conductivity was 

characterized by a commercial vendor to corroborate any variation due to structural 

changes or/and carrier concentration after annealing.  

Contacting  

Heater 
Cooler 

Thermocouples 
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The method used to obtain the cross-plane thermal conductivity is the 3 ω 

approach. This method is broadly used to characterise thin films because it substantially 

reduces the parasitic heat losses in comparison with steady-state methods, and allows 

providing results with higher accuracy. This method consists of depositing narrow strips 

on top of the film which act as a heater when an electrical current of frequency ω is 

applied, which in turn, generates a Joule heating 2ω. This joule heating induces 

fluctuations of temperature at the same frequency which perturbs the electrical resistance 

of the heater at 2ω. As a result, a small voltage at 3 ω appears in the heater when this 

resistance is multiplied by the current applied. The overall error induced in this approach 

is within 5% [181] [182]. Samples selected for measurements correspond to as-grown 

state and those that experiment a substantial variation in terms of electrical conductivity; 

in particular, sample annealed at 430°C for n-type, and sample annealed at 500°C for p-

type. Thermal conductivity values were corroborated drawing on a numerical approach 

developed for computing the through-plane thermal conductivity based on the Micro-

Raman approach [156]. This approach is based on two complementary effects found in 

micro-Raman microscopy. First, the localised heating produced on the surface of a sample 

when a laser is focused, where the temperature distribution is associated with its thermal 

conductivity, and secondly, the Raman frequency dependence with temperature.  This 

model permits to evaluate the thermal conductivity of the thin film isolating the 

contribution from the substrate with higher precision.  

3.8 Morphological characterization of µc-Si: H samples 

In order to evidence any changes resulting from post-processing, structural 

parameters such as crystallinity, crystallite size and crystallite shape were determined for 

samples in as-grown and annealed states at specific temperatures. A number of 

complementary techniques have been employed to carry out this study. 

3.8.1 Micro-Raman technique  

The Raman technique is a standardized method for thin film characterization. The 

spectrum generated results from interaction of photons coming generally from a laser 

with molecular vibrational modes present in a sample. Most photons are scattered by 

molecules or atoms with the same energy as the incident photons, and only a small 
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quantity are scattered at frequencies different from the incident photons. These scattering 

processes are known as elastic and inelastic, respectively. Thus, the spectrum line can be 

formed by three different scattering frequencies lines, an elastic scattering referred to as 

the Rayleigh line, an inelastic scattering with frequency lower than the incident photons 

referred to as the Stokes line, and an inelastic scattering with frequency higher than 

incident photons referred to as the anti-Stokes line [183]. Figure 3.8 illustrates the 

different energy levels originating in Raman scattering process. 

 

Figure 3.8 Schematic of energy levels and states in Raman scattering. When photons are 

scattered by molecules or atoms with the same energy, with a lower energy, and with a 

higher energy than the incident photons, they are called Rayleigh, Stokes and anti-

Stokes scattering, respectively.  

The absorption or emission of energy as result of interaction with photons excites 

the molecules to a different energy state with a change in their vibrational energy level. 

These vibrations are referred to as the normal vibrational modes or phonons. In 

microcrystalline silicon there is a superposition of vibrational modes in the range from 

450 to 550 cm-1, in particular, the transverse optical vibrational mode (TO) corresponding 

to the amorphous and microcrystalline phases coincide [184].  

The relationship of Raman spectra with crystallite size and volume crystalline 

fraction has been well established in literature [185] [186] [187] [188]. Measurements 

were performed in the backscattering geometry at room temperature using a Renishaw 

Stokes 

scattering   
Rayleigh 

scattering     
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inVia Raman microscope equipped with a 514nm laser with 1800l/mm grating and a 

magnification of 50x. The laser power (7.5 mW) used was sufficiently low to avoid 

microstructural change in the sample surface and enough to provide a good signal-to-

noise ratio. The Raman peak frequency was calibrated using a reference single crystalline 

silicon sample giving a value of 520. 6 cm-1. The signal-to noise ratio was optimised 

adopting an exposure time of 20 s with 10 accumulations. The data reported are obtained 

by averaging a minimum of three scans per sample using the same acquisition conditions. 

Raman microscopy was performed first in µc-Si: H samples of n and p-type in as-

grown state, and subsequently on the same set of samples after being subjected to 

annealing treatment to obtain the relative variation of crystallinity and crystallite size 

based on theoretical models. 

Crystalline volume fraction 

The crystallinity (Xc) of n and p type µc-Si: H samples was obtained based on the 

correlation Xc = (Ic + Im) / (Ic + Im + yIa) where Ic,m,a  represent the integrated intensities 

of the crystalline, intermediate and amorphous phases, respectively. These parameters 

were determined from the Raman spectrum acquired in the frequency range from 400 – 

600 cm-1, which is within the expected range where the transverse optical phonon mode 

of amorphous and microcrystalline silicon phases lie (450-550 cm-1). These integrated 

intensities appearing in µc-Si: H were obtained by deconvolution of the Raman spectra, 

using three superimposed Gaussian functions with different peak frequencies, i.e. a peak 

frequency centred at 518 cm-1 corresponding to microcrystalline phase, a second band 

concurring at 510 cm-1 attributed to structural defects in the crystalline phase such as twin 

boundaries and stacking faults, and finally a peak frequency centred at 480 cm-1 ascribed 

to the amorphous phase [189]. The determination of the Raman emission cross-sectional 

ratio of the microcrystalline to amorphous (y) is not yet in absolute agreement in literature. 

However, this is less important in this work as relative changes in properties are of 

greatest interes. In this research we rely on an exponential decay of (y) with crystallite 

size (L) by 𝑦(𝐿) = 0.1 + 𝑒(−
𝐿

250
) and laser wavelength parameters used for the 

measurements. For calculations, we assume unity as a value in accordance with the 

expected range of crystallite size (5-30 nm) [190] [191]. The main source of errors in this 
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technique arises from peak fitting and the uncertainty of (y). In addition, attributing the 

peak at 480 cm-1 only to amorphous phase underestimates the crystallinity fraction [189]. 

It has been observed that this peak shifts to higher energy for increments of crystallinity, 

which is attributed to the appearance of an order linear-like region in the band 490 cm-1 

[192] This technique has been evaluated against results obtained from TEM and X-ray 

diffraction (XRD) giving a lower crystallinity limit of about 10% [189]. Figure 3.9 

illustrates an example of deconvolution of Raman spectra following this criterion. 

 

Figure 3.9 Example of deconvolution (dash lines) of the Raman spectrum obtained from 

a µc-Si: H sample of 1µm thickness. Three Gaussian curves centred at ~518 (dot line), 

510 (dash-dot line) and 480 (dash-dot-dot line) cm-1 are used to fit the experimental 

Raman spectra. 

Crystallite size 

The average crystallite size in µc-Si: H was determined using the correlation 

length model which has been validated for crystallite sizes larger than 5 nm [185] [186] 

[187]. In an attempt to isolate the confinement effect from others that generate similar 

signatures on the Raman spectra, the following approaches were considered. As the 

Raman band-shape is strongly sensitive to temperature changes, a low laser power was 

used in order not to induce local heating and/or crystallization at the sample surface. 

Furthermore, the influence of film stress in the feature of Raman spectra could be 

considered negligible due to the fact that both the Corning glass substrate (0.355 x 10-5 

K-1) and silicon films (0.3 x 10-5 K-1) [193] have very similar coefficients of thermal 
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expansion at deposition temperature. Thus, the Raman frequency downshift and 

broadening of line-shape are ascribed to the effect of small crystallite size. The main error 

source in this model comes from deviations in the readings of the peak shift. For data 

collection it was considered a deviation of less than 1 cm-1 in the peak shift for all 

measurements. 

3.8.2 Scanning Electron Microscopy 

The study of structural changes with post-processing on the film surface of n and 

p-type µc-Si: H samples is complemented by using the Scanning Electron microscopy 

(SEM) approach. Micrographs were obtained using a Quanta FEG 650 SEM equipped 

with a concentric backscatter detector using backscatter imaging at low vacuum (~ 0.11 

kPa) at 12 kV and magnification of 50000 x.   

SEM micrographs permits the quantification of the average diameter of the 

conglomerates of crystallites assuming a quasi-round like shape from the top view, and 

the surface crystallinity by analysing the bright and dark areas corresponding to 

crystallites and disordered material, respectively. Samples in as-grown and post-

processed state, which show the most substantial variation in electrical properties, were 

selected for scanning. Likewise, flexible samples subjected to the combined effect of 

temperature and strain were scanned to verify any degradation or mechanical failure. 

3.8.3 Transmission Electron microscopy 

The cross sectional microstructure of rigid n-type µc-Si: H samples was investigated 

based on the transmission electron microscopy technique (TEM). The cross sectional 

micrographs were obtained by an external provider using a Jeol JEM-2000FX system 

with an acceleration voltage of 120 kV. A statistical analysis of micrographs enabled 

determination of the average crystallite size, while the percentage of crystallinity and 

amorphous phases can be obtained by image processing. In addition, the cross sectional 

micrographs allow determination of the actual film thickness along with its growing 

feature.  
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3.9 TE characterisation under strain and temperature of µc-Si: H thin films  

A reliable energy supply from TEGs requires them to be fabricated based on 

thermoelectric materials with sufficient mechanical and thermal stability. In this section, 

the maximum strain under which flexible µc-Si: H thin films still enables the flow of 

current was established. Subsequent characterisation includes the effect of temperature. 

This study consists in determining the degree of variation of electrical 

conductivity and Seebeck coefficient for successive bending and reflattening (static 

fatigue) in the area of maximum tensile and compressive strain within the sample. This is 

particularly important to determine the feasibility of µc-Si: H films deposited on flexible 

substrates for fabrication of bendable thermoelectric devices.  

3.9.1 Simulation of the zone of maximum stress/strain during bending 

The computational model was solved with a commercial solver that uses the finite 

element technique  [194]. A tetrahedral grid is generated for a rectangular sample with 

98,833 elements with dimensions (length = 2 cm, width 1 cm, thickness = 151 µm). 

Convergence test suggested reliable solutions above 50,000 elements. The computation 

model used a MUltifrontal Massively Parallel Sparse direct Solver (MUMPS) with a 

parametric sweep range (0.125mm, 0.125mm, 4mm) to compute several displacements 

of the boundaries of the sample, that simulates the bending. The model investigated a pre-

described displacement of both the short edges in x-direction to investigate the 

displacement field, and strain/stress on the material. All other surfaces are defined free to 

move. The computational solver is started in the initial configuration where the 

temperature is considered as ambient at T0=20°C where the Young’s modulus, Poisson’s 

ration and density are defined as from the specification catalogue  [195]. Furthermore, 

the material is not displaced nor has a structural velocity field and is in fact stationary.  

3.9.2 Electrical resistivity 

The static fatigue test is carried out in a home-built vice-like device that enables 

the application of a lateral force producing a pre-defined displacement that induces 

bending in either concavely or convexly in a controllable manner. A digital Vernier 

calliper is used to track the lateral displacement with high accuracy. The testing device 

was mounted on a Wentworth four-point probe station that enables accurate and reliable 



 

58 

positioning of contacts with the sample. Figure 3.10 shows an example of the in-situ 

measurement of electrical resistivity carried out in µc-Si: H samples under tensile strain. 

 

Figure 3.10 Photo of in situ measurement of the electrical resistivity for a sample in 

bent state based on the van der Pauw configuration. A constant current is injected 

through two contacts while the voltage drop is measured in the other two contacts. 

The electrical resistivity was obtained based on the Van der Pauw technique using 

a Keithley 2700 digital multimeter to measure the voltage drop, and a 2661 AC and DC 

current source. In first instance, resistivity was determined for each sample in flat state 

with contact probes situated in the corners. Later on, the sample was forced to bend 

gradually in a stepwise distance and the resistivity was obtained with the contacts 

positioned, this time, in a reduced area symmetric to the transverse axis as shown in 

Figure 3.11.  

 

Figure 3.11 Schematic of sample showing the reduced area used for measurement of 

electrical resistivity. Contacts were placed symmetrically to the transversal axis (dashed 

line) covering a total width of 5mm. 
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The sample was deliberately bent either in tensile or compressive mode. This 

centralised area constitutes the section with the highest stress concentration in the sample 

during bending given that the smallest radius of curvature is within this zone. 

Accordingly, this area is where the failure may occur with the highest probability, as will 

be demonstrated in chapter 6. In addition, this approach allows keeping the positioning 

of contact probes roughly perpendicular to the sample surface with high accuracy as the 

sample is progressively bent. Voltage drop was obtained considering all permutations 

between contacts and both polarities. In sequence, the sample was re-flattened, and the 

same procedure was followed to obtain the resistivity. This approach for measuring the 

voltage drop (bending and re-flattening) was repeated for the whole range of bending 

steps. The time the sample remained in bending state while carrying out the measurements 

was in average 1 hr per bending step. Measurements were taken in air at room 

temperature. The sample is considered to fail when a massive voltage drop is measured 

relative to the previous measurements or when the current saturates, which is warned by 

the current source. Samples used for measurements were cut from the large sheets in 

rectangles of 2 x 1 cm. The bending was performed by laterally pressing the vice in steps 

of 0.5 mm up to mechanical failure of the film. 

In addition, flexible samples were electrically characterised under the combined 

effect of temperature and strain. Such measurements were no possible to carry out using 

the current vice-like device. Christian Pillajo, and Erick de la Cadena, undergraduate 

students from the National Polytechnic School (EPN), collaborated with the design and 

fabrication a new device as part of their undergraduate thesis. This apparatus enables the 

simultaneous application of a constant temperature and either a tensile or compressive 

strain, while electrical measurements are carried out [174]. The photo can be observed in 

figure 3. 12.  
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Figure 3.12 Photograph of the apparatus built for electrical characterisation of flexible 

samples under the simultaneous effect of temperature and strain. It comprises a frame 

with a heating system, positioning probes, a digital multimeter, a current source and a 

proportional integrative derivative temperature controller. 

This equipment, apart from the instruments for electrical characterisation, 

comprises a heating system, with cartridge electrical resistances of 3/8” and a PID 

temperature controller, able to reach a maximum temperature of 250°C. The tensile, and 

compressive bending are performed with the aid of convex, and concave cylinders, 

respectively, machined with specific radius of curvature in the range from infinite down 

to 6.4 mm. Machining to lower radius of curvature in the concave direction was not 

possible due to the lack of special tools.   

The characterisation procedure is similar to that used in samples subjected solely 

to strain with an additional consideration due to the inclusion of temperature. The 

measurements of electrical resistivity/conductivity in bending and reflattening state were 

carried out only when the samples reached the steady state at 60°C.    

3.9.3 Seebeck coefficient  

In order to assess the variation of Seebeck coefficient under static fatigue, the 

home-made Seebeck stage used for in-plane measurements was coupled with a vice-like 

mechanism that permits the application of a lateral force to achieve the same bending 

ranges as in the measurement of electrical resistivity in both tensile and compressive 

modes. The lateral displacement of the sliding jaw is tracked with a Vernier calliper. The 
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schematic of an in-situ measurement of Seebeck coefficient of a sample under static 

fatigue is shown in figure 3.13.   

 

Figure 3.13 Photo of in-situ measurements of Seebeck coefficient for samples under 

static bending fatigue. The mechanical device allows both a progressive bending of the 

sample and the controlled application of heating, while the potential difference is 

measured by the two contacting thermocouples.  

Two thermocouples were situated in good contact in a reduced area, similar to that 

defined for electrical resistivity, where the maximum stress concentration is expected. 

The bending range for measurements begins with the sample in flat state (infinite radius), 

then a stepwise bending resulted from the lateral displacement of the sliding jaw in steps 

of 0.5 mm is applied, followed by sample re-flattening in order to demonstrate the 

resilience of the material. Mechanical failure was considered when Seebeck coefficient 

values become anomalous, i.e. when the sign changes abruptly accompanied with a 

substantial jump of the Seebeck value. Data points of Seebeck coefficient were collected 

from room temperature up to a maximum of 60°C, in air. The time the sample remained 

in static fatigue between measurements is about 1hr 30 min. µc-Si: H thin film samples 

deposited in Kapton substrate cut in 2 x 1 cm were used for static bending fatigue. 

3.10 Tape Adhesion test between film and substrate 

Another important parameter to consider for the fabrication of reliable bendable 

TEGs is the adhesion force between the µc-Si: H thin film and the substrate. In this work 

we qualify the appropriateness of the deposition technique by assessing the robustness of 

the substrate/film system drawing on a standardised tape adhesion test method established 

by the ASTM D3359-9 [173]. It consists of making a number of straight cuts equidistantly 
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spaced, using a blade cutter. Then, tape “Elcometer 99 tape” known as “ASTM D 3359 

Adhesive Tape” which provides an average removal force of 6.42 Newtons per ten 

millimetres width, was placed over the grid, assuring good contact was achieved. Later 

on, within a time in the range 90 s ± 30 s, the tape was removed rapidly and the removal 

area of film was inspected and rated according to a scale provided in the specification. 

For a dry thin film thickness of 1µm, it is required to make 11 cuts spaced 1 mm apart 

with a length of about 20 mm. The test was performed on p type µc-Si: H thin film 

samples of 1 µm thickness deposited on rigid substrates. 

3.11 Conclusion 

The fabrication method, the thermoelectric and mechanical properties, and 

morphology of µc-Si: H thin films were carried out based on mature characterisation 

techniques. Results of thermoelectric properties were validated performing measurements 

in different equipment assuring reproducibility with minimum deviation. Development 

of home-built equipment was necessary to measure the behaviour of electrical resistivity 

and Seebeck coefficient for samples under the effect of strain and temperature. 
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Chapter 4- Evaluation and optimisation of N-type µc-Si: H thin films 

This chapter investigates the thermoelectric properties of n-type µc-Si: H films 

via modification of carrier concentration through thermal annealing to attempt achieving 

an optimised power factor. The variation with thermal annealing of electrical conductivity 

and Seebeck coefficient are examined drawing on samples deposited on glass (rigid) and 

Kapton (flexible) substrates; and thermal conductivity variation is studied on rigid 

samples. The microstructural changes caused by thermal annealing are investigated to 

explain the variation of thermoelectric properties. 

The well-known interdependence of electrical conductivity and Seebeck 

coefficient linked by carrier concentration makes the maximisation of the power factor a 

challenging procedure. Nonetheless, some studies have reported the simultaneous 

increase of both properties for highly doped mixed phased materials for specific ranges 

of carrier concentration [196]. Given the heterogeneous structure of µc-Si: H, this work 

explores the possibility of achieving a good compromise between both properties through 

tuning carrier concentration, while also considering the mechanical stability of samples.  

4.1 Effect of thermal annealing on morphology 

It is a common approach to subject a thermoelectric material strategically to 

thermal treatment for improving its properties by modifying the microstructure. However, 

the response of microstructure, in terms of crystallinity and crystallite size to post-

annealing, does not show definite results in literature for µc-Si: H [197]. The 

improvement or stagnation of crystallinity and crystallite size with thermal annealing 

differs significantly depending on the range of temperature applied and the specific 

parameters adopted for deposition. Hence, it is essential to carry out a morphological 

investigation to reveal whether or not thermal annealing affects the microstructural 

features in both rigid and flexible samples. Furthermore, this study aims to identify and 

characterise the additional constituents that comprise this microstructure. 

4.1.1 Thin film microstructure on glass substrates 

Before beginning the discussion about the changes in microstructure due to 

thermal annealing, it is necessary to determine the general microstructure of this material, 
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for the given deposition parameters. The constituents of this heterogeneous material 

structure are identified and characterised using well-known complementary techniques 

such as TEM and SEM for the cross plane and in-plane viewing of the sample, 

respectively. 

 Figure 4.1 illustrates the TEM cross-section micrographs for a sample annealed 

at 550°C. In Figure 4.1.a), a structure of crystalline columns can be observed starting at 

the film/substrate interface growing upwards perpendicular to the substrate, and separated 

by incoherent boundaries. These columnar structures seem to be formed by a number of 

smaller crystallites of size in the order of a few nano-meters. The extension of these 

columns shows little variation in size with length approximately the same as the sample 

thickness. In fact, through image analysis it was possible to extract the film thickness, 

giving a value about 885nm, which is in good agreement with the pre-established film 

thickness (1µm), derived from a standard recipe. 

 

Figure 4.1 Cross-sectional TEM micrographs of sample annealed at 550°C. (a) 

Micrograph showing a columnar growth separated by narrow cracks filled with low-

density material. (b) Enlarged micrograph (oriented by 90) showing a crystallographic 

texture with crystals oriented in different directions. 

The enlarged micrograph shown in Figure 4.1.b) allows extraction of information 

from between the crystalline columns. A number of narrow crack-like structures 

(incoherent boundaries) are visible in-between the crystalline columns with an average 

width of 3.5 nm. These narrow-cracks appear with higher density near the substrate and 

progressively reduces in the growth direction, giving the notion of columns loosely 

(a) (b) 

200nm 100nm 

Growth direction 

Growth direction 
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packed at the bottom, while towards the top, the structure looks more compact. Likewise, 

a crystallographic texture identified in the darker regions shows a number of crystallites 

oriented in different directions without a clear pattern. It is interesting to note that, for the 

given deposition parameters, the microstructure does not show the existence of an 

amorphous incubation layer in the film-substrate interface before the nucleation of the 

crystalline column, which is commonly described for this material in literature. 

The microstructural characteristics of the sample surface is studied based on SEM 

imaging. Overall, it is possible to distinguish in all samples from figure 4.2, that the 

crystalline columns observed in the cross section viewing in figure 4.1, emerge at the 

surface as ‘hillock-like’ conglomerates of crystallites of similar size and shape. Moreover, 

these images enable the identification of the sub-phases this material structure is 

composed of. Most of the brighter areas (conglomerates of crystallites) are surrounded by 

a dark material, which probably represents the amorphous tissue and inter-columnar 

space. Thus, this study confirms most of the basic microstructure composition reported 

for this material in numerous investigations, highlighting the absence of the incubation 

layer [198].  

 

Figure 4.2 SEM micrographs (top-down) obtained with a magnification of 50000 x at 

12 kV for µc-Si: H samples: a) as deposited b) 350°C, c) 430°C and d) 550°C. A 

microstructure formed by round-like crystallites of a similar size can be observed, with 

no apparent change after annealing. 

The evolution of crystallinity and crystallite size with thermal annealing is also 

determined drawing on the micrographs obtained with SEM and TEM, and additionally,    

the Raman microscopy technique is included for comparison. 

500nm 

(a) (b) 

(c) (d) 
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Crystallinity 

Figure 4.3 (upper data) displays the level of crystallinity obtained from the Raman 

technique for samples in as-grown state (20°C), and those subjected to post-annealing in 

the range from 250° to 550°C. Data points of crystallinity show a roughly constant value 

between as-grown and annealed samples with an average crystallinity around 72%. The 

small difference between the as-grown (74.6 %), and the highest value after annealing at 

350°C (70.6 %), is within the standard error in the calculation method. The error strongly 

depends on the degree of crystallinity, and it has been established that for highly 

crystalline material the error induced with this technique is not larger than 5 % [193]. 

Besides, this high crystalline volume fraction is coherent with the selected deposition 

parameters, which were adopted to produce high quality µc-Si: H, in line with the 

optimum performance of solar cells, which ranges from about 60 to 70 % [193]. 

Therefore, from the apparent invariability of crystalline volume fraction with thermal 

annealing, one can conclude that the material likely reached saturation during deposition. 

 

Figure 4.3 Crystalline volume fraction (closed squares) and crystallite size (closed 

circles) in as-grown and annealed µc-Si: H samples of 1µm thickness. Crystallinity 

remains unchanged after annealing at a value of about 70%, while crystallite size ranges 

from 6 to 10nm with no clear growth trend following annealing. Error bars represent the 

standard deviation for measurements on the same sample. 
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The top view SEM micrographs allows determining the evolution of “surface 

crystalline fraction” with thermal annealing. Figure 4.2 illustrates the surface of (a) an as-

grown sample, (b) annealing at 350°C, (c) annealing at 430°C and (d) annealing at 550°C. 

The surface crystalline fraction was obtained by comparison of bright regions 

(conglomerates of crystallites), and the dark areas (amorphous-like tissue) surrounding 

them, giving an estimate of ~ 72% for all samples. It is important to remark that the 

crystallinity is similar in both the Raman and SEM, in spite of these being approaches 

probing the material differently, in volume, and in plane, respectively. This correlation 

confirms the extension of the crystalline columns covering roughly the whole film 

thickness as observed in the TEM cross sectional micrograph. 

Crystallite size 

The behaviour of crystallite size with thermal annealing is studied comparatively 

based on the Raman method, SEM and TEM. It is important to point out that both the 

Raman method and TEM micrographs allow the estimation of the small single crystallites 

that form the crystalline columns, while SEM top view micrographs allow the estimation 

of the diameter of the crystalline columns observed at the sample surface. 

The Raman values of crystallite size depicted in the lower plot of figure 4.3 does 

not evidence a significant difference between as-grown and annealed samples with sizes 

ranging from 6 to 10 nm. The scattering of data is within the error induced in the data 

collection, where readings of Raman peak shift were taken considering a deviation no 

more than 1 cm-1. An extended investigation through statistical analysis of the enlarged 

TEM cross-sectional micrograph in figure 4.1b resulted in an average crystallite size of 

about 10 nm for a sample annealed at 550°C, which is in good agreement with Raman 

method. Thus, this cross-check using different techniques supports the hypothesis that 

annealing does not cause further growth of the small crystallites within the columnar 

structure, probably because they reached saturation during deposition. 

Based on image processing of the top view SEM micrographs from figure 4.2, the 

evolution with annealing of the diameter of crystalline columns emerging at the sample 

surface is determined. Considering the crystalline columns to have a round shape at the 

sample surface, a statistical analysis provides an average size about 110 nm for all 

samples, indicating an insignificant effect of annealing. As the dimensions of the 
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crystalline columns are defined by the size of the small single crystalline domains, this 

saturation in the lateral size of columns is coherent with the saturation of the small 

crystallite domains found via Raman. 

4.1.2 Thin film microstructure on flexible substrates 

The morphological study on samples deposited on Kapton substrates is performed 

based on the SEM technique. Figure 4.4 illustrates the top view micrographs for samples 

annealed at a) 200°C, b) 250°C, c) and d) 300°C.  

 

Figure 4.4 SEM micrographs (top-down) showing the microstructure of samples 

deposited on Kapton substrate annealed at a) 200°C, b) 250°C and c) 300°C taken with 

magnifications of 15000x, 20000x, and 15000x, respectively. 

This measurement was carried out on a lower specification SEM, and the image 

quality is a little poor, however, it can be appreciated from the micrographs, that the basic 

microstructure in all samples is composed of round-like conglomerates of crystallites 

surrounded by a lower density, which constitutes the inter-columnar spaces typical in this 

material structure. It is curious to observe in figure 4.a, the appearance of a few round-

like protuberances of larger size (~350nm) on the surface. These surface defects are 

perhaps the result of outgassing from the Kapton substrate during deposition.  

The evolution of the surface crystalline fraction after annealing treatment was 

determined from image processing of SEM micrographs in figure 4.4. A comparison of 

the grey regions (conglomerates of crystallites) relative to the dark regions (amorphous 

tissue) provides values of 64.7%, 63% and 65.4% for samples annealed at 200°C, 250°C 

and 300°C, respectively. The slight standard deviation (1.2%) in the surface crystallinity 

amongst all samples does not indicate a clear growing trend as a result of thermal 

annealing suggesting a saturation limit has been reached, similar to rigid samples.  

2 µm 3µm 3µm 

(a) (b) (c) 
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The effect of thermal annealing on the diameter (lateral size) of crystalline 

columns can be determined from a statistical analysis on each sample. The study was 

realised considering that these crystalline columns have a circular-like shape when they 

reach the surface.  The average sizes determined for samples annealed at 200°C, 250°C 

and 300°C are 121 ± 4.6, 120 ± 5, 122 ± 5 nm, respectively. These results do not constitute 

a clear growing trend as expected from thermal annealing, suggesting a saturation of 

lateral size of crystalline columns. 

Although thermal annealing seems not to induce changes at microstructural level, 

macroscopically, it is interesting to notice the appearance of flaws in samples annealed at 

higher temperatures (>200°C). In order to corroborate the annealing temperature at which 

delamination is occurring, the experiment was replicated using another set of samples. 

This time, the annealing range was extended up to 400°C to verify the degree of 

delamination for increasing temperature. Figure 4.5 shows an example of a flaw created 

in a sample annealed at 400°C, which is likely the result of the increasing stress produced 

in the film/substrate interface due to thermal annealing (the mechanism behind flaw-

creation is dealt in section 4.2.3). A visual inspection of all samples indicates an 

increasing number of flaws with annealing temperature.  

 

Figure 4.5 Sample deposited on Kapton substrate annealed at 400°C showing a flaw 

created after thermal annealing due to delamination. 

4.1.3 Morphology comparison between rigid and flexible samples 

The fundamental microstructural characteristics, composed of crystalline columns 

separated by amorphous tissue, seem not to be affected by the substrate type on which 

µc-Si: H is deposited. The same typical microstructure has been reported in a number of 

3µm    
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studies even though different deposition parameters were used [163]. However, it is 

important to note the difference in material quality observed at the surface of each sample 

type. While in samples deposited on glass substrate, the surface shows the emergence of 

crystalline columns with a high homogeneity in size, the samples deposited on Kapton 

substrate show some protuberances created during deposition. These surface defects can 

become stress concentration points if these flexible samples are subjected to high 

deformation, which would reduce mechanical stability. 

The average diameter of crystalline columns observed at the surface of both types 

of samples after annealing, shows a slight deviation (~10nm). Although one can consider 

that this deviation is within the error induced in the statistical analysis, it is possible that 

the nature, and topography of each substrate is influencing the nucleation of crystalline 

columns at the onset of growth. 

A lower degree of crystallinity is achieved in samples deposited on flexible 

substrates with an average of about 64% against 72% for samples on glass substrates. 

Given that both types of samples were manufactured based upon the same deposition 

parameters, it is sensible to associate this difference in crystallinity to the effect of the 

substrate on the layer growth. It is known that the substrate topography (roughness) and 

the substrate chemistry strongly influences the nucleation at the initial growth stage, 

which in turn, defines the degree of crystallinity of microcrystalline silicon [199].  While 

the arithmetical mean roughness value (Ra) for a corning glass substrate is in the range 

from 0.5 to 1 nm [175], in Kapton type HN this value is significantly higher at 67.5 nm 

[200]. This effect might be related to the more uneven local surface with steeper angles 

in Kapton, where µc-Si: H grows perpendicularly to the substrate facets. In this way, the 

resulting growth direction of the columnar structure likely provokes a sooner collision of 

the crystallites in early stages, giving rise the formation of grain boundaries that extend 

up to the surface of the layer, resulting in a decreased crystallinity. Unfortunately, no 

TEM micrographs in the cross-section of flexible samples was carried out to verify this 

hypothesis.  

In summary, the present morphological study characterised the microstructure of 

µc-Si: H thin films confirming its heterogeneity, composed of small crystallites clustered 

in columns, which are embedded in amorphous tissue and separated by interfaces of 

disordered material and narrow cracks. In addition, it demonstrated that both samples 
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deposited on glass and flexible substrates do not experience changes in terms of 

crystallinity and crystallite size upon thermal annealing, supporting the belief that 

material reached saturation during manufacturing. In addition, the stability upon 

annealing of flexible samples was demonstrated to be lower than in rigid samples. 

4.2 Electrical transport properties 

This section examines the effect of thermal annealing on the electrical transport 

properties in conjunction with morphological findings. These transport properties are 

characterised on both samples deposited on glass and Kapton substrates to elucidate the 

effect of substrate under thermal annealing. The electrical conductivity results are first 

presented revealing the trend in each annealing interval to distinguish potential 

improvements. Then, the results are explained based on the variation in carrier 

concentration and carrier mobility through the annealing range. Finally, the mechanism 

behind the trend of carrier concentration and mobility is presented to justify the results of 

electrical conductivity.   

4.2.1 Electric transport on samples deposited on glass substrates 

Figure 4.6 illustrates the variation of electrical conductivity measured at room 

temperature as a function of annealing temperature in the range from room temperature 

(20°C) to 550°C. It can be observed that electrical conductivity increases slowly through 

the annealing stages reaching a maximum of ~ 14205 (Ωm)-1 for annealing at 430 °C, 

which represents an increase of about 41 % with respect to the as-grown value. Then, it 

decreases to ~11223 (Ωm)-1 at 500°C. The sample annealed at 550°C showed non-

reproducible measurements, and therefore, is not included in the trend line. This might be 

happening due to sample degradation with annealing, which will be treated in detail in 

section 4.2.3. 

The maximum electrical conductivity achieved in this study at 430°C stands 

higher than previous works in this material structure for thermoelectrics, reported as 

“optimised” [5] [201]. These results indicate, on one side, that the deposition conditions 

adopted in our samples produced higher as-grown values of electrical conductivity, which 

suggests that the scope for optimisation is broad due to the high sensitivity of 

microstructure to the deposition conditions. On the other side, the conductivity in our 

samples reaches a maximum at a higher annealing temperature, which demonstrates that 
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post-annealing can enhance conductivity, as well as a better thermal and mechanical 

stability to broaden the scope of application of these films. 

 

Figure 4.6 Evolution of carrier concentration (closed squares), Hall mobility (closed 

circles) and electrical conductivity (closed triangles) with post-annealing treatment from 

250°C to 550°C. An opposite trend of Hall mobility consistent with decrease of carrier 

concentration and the corresponding reduction of electron scattering by impurity 

phosphorous atoms is observed.  

In order to understand the electrical conductivity trend, it is necessary to 

investigate the transport parameters that shape its behaviour. Figure 4.6 shows the 

dependence of carrier concentration (closed squares) and carrier mobility (closed circles) 

with thermal annealing. It can be noted that in the range from room temperature to 430°C, 

these parameters depict an opposing trend. While carrier concentration reduces down to 

3.12 x 1020 cm-3 from the as-grown value (4.17 x 1020 cm-3), representing a drop of about 

25%, mobility increases by about 88%, from the as grown value (1.5 cm2/Vs) up to 2.84 

cm2/Vs. Thus, one can infer that the continuous rise of electrical conductivity in this 

annealing range is driven by the carrier mobility compared to the less pronounced fall of 

carrier concentration. However, beyond thermal annealing at 430°C, the rate of change 

of these parameters varies. At 500°C, carrier concentration falls, reaching a minimum of 

2.22 x 1020 cm-3, depicting a drop of about 29%, an ~11% increase is experienced by 

carrier mobility reaching a maximum of 3.14 cm2/Vs. Clearly, in this range the relative 

fall in carrier concentration surpasses the relative increase in carrier mobility, producing 
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a net fall of electrical conductivity. The values from the annealing stage at 550° showed 

a significant variation and are not considered for the analysis. 

The as-grown values demonstrates that: 1) a high doping efficiency (~83%), in 

excess of the solid solubility of P in Si can be achieved in this material, which is in line 

with findings in similar Si nanostructures for thermoelectric applications [5] [6] and that 

2) a lower carrier mobility, compared to bulk silicon at the same carrier concentration 

[202], results due to the carrier scattering produced by ionized impurities, and structural 

defects such as grain boundaries, voids, localized-point and extended-defects, some of 

which were identified in the morphological study. Thermal annealing is likely 

deactivating the excess of electronically active phosphorous atoms (the deactivation 

mechanism will be addressed in section 4.2.4) reducing the effect of ionized impurities, 

and leading to a rise in mobility. However, it is clear that the fall of one is not proportional 

to the rise of the other. This suggests another mechanism different from grain boundary 

scattering comes to influence the mobility as the crystallinity and crystallite size remained 

invariable with thermal annealing. It is known that these two latter parameters defined the 

surface-to volume ratio of grain boundaries. This deviation is likely attributed to the 

additional effects on carrier transport exerted by the localized tail states formed in the gap 

due to distortions in the bond length and bond angle [203]. According to the multiple-

trapping model, the carrier density is affected by the localized states and defect states 

caused by the presence of dangling bonds, which all act as traps for carriers. In this 

process, the charge carriers lose energy in their travel from one trap to another, and 

eventually get trapped giving rise to a recombination process [204] [205].           

4.2.2 Electronic transport on samples deposited on Kapton substrates 

Figure 4.7 illustrates the results of room temperature electrical conductivity 

(closed triangles) as a function of annealing temperature in the range from room 

temperature (20°C) up to 300°C. The as-grown electrical conductivity ~4854 (Ωm)-1, is 

lower (~x 3) than that in samples deposited on glass substrates. This reduction might be 

explained by the lower crystallinity. Similar to rigid samples, electrical conductivity 

shows an increase followed by a decrease as a function of annealing. At 200°C, this 

property reaches its maximum at ~5208 (Ωm)-1, which represents a marginal increase 

around 7% from the as-grown value. Then, this parameter decreases to ~4310 (Ωm)-1 at 

250°C before an abrupt fall to ~78 (Ωm)-1 at 300°C. It can be noticed that all values 
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beyond 200°C fall below the as-grown one, marked by a poor reproducibility at 300°C. 

It suggests that above 200°C, these results are strongly influenced by the substrate due to 

flaw-creation, evidenced in the morphological study. In fact, a direct detrimental 

relationship between conductivity and crack size was reported in [206].  

In order to verify the reproducibility of results, a second set of samples was 

annealed at a higher range from 200°C up to 400°C. Similar reproducible results were 

obtained up to 200°C, then, an abrupt fall took place at 250°. Measurements were possible 

until annealing at 300°C, and beyond that, the inability to collect data indicates a stability 

limit has been reached, confirming the annealing temperature-dependence of the 

substrate. 

The net results of electrical conductivity can be understood by checking the trends 

of carrier concentration and mobility. Figure 4.7 shows the evolution of these parameters 

as a function of thermal annealing. Overall, these parameters describe an opposing trend 

very similar to rigid samples. Up to 200°C, carrier concentration decreases around 14% 

from its as-grown value (2.05 → 1.76 x 1020 cm-3) while mobility rises about 25% (1.47 

→1.83 cm2/Vs). Thus, it clarifies the stronger effect of mobility over carrier concentration 

in shaping the electrical conductivity in this range. 

 

Figure 4.7 Evolution of carrier concentration (closed squares), Hall mobility (closed 

circles) and electrical conductivity (closed triangles) in samples deposited on Kapton 

substrates with post-annealing treatment from 200°C to 300°C. The electrical 

conductivity marginally increases due to a favourable trade-off between carrier 

concentration and carrier mobility.  
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In the annealing range from 200°C to 300°C, the rate of change shows a broader 

variation. As carrier concentration drops about 22% (1.76→1.37 x 1020 cm-3), and 98% 

(1.37 x 1020 cm-3 →2.52 x 1018 cm-3) at 250°C and 300°C, respectively, the mobility 

slightly rises ~7% at 250°C to subsequently stagnate in the last annealing stage. It is 

evident in this range that the driving parameter of electrical conductivity shifted to carrier 

concentration resulting in a decreasing conductivity. However, the drastic variation of 

results for temperatures over 250°C suggests a direct influence of substrate, as indicated 

previously.    

To sum up, the initial and post-annealing results show a deviation between rigid 

and flexible samples demonstrating a direct influence of substrate during deposition and 

post-annealing. Consistent with the lower crystallinity, the as-grown doping efficiency in 

flexible samples is ~x2 lower than in rigid ones while the mobility values are rather 

similar in both sample types. This coincident mobility can be partially explained by a 

trade-off between ionized impurity and grain boundary scattering mechanisms. In flexible 

samples, the increase of mobility due to a reduced number of ionized impurities is likely 

being cancelled by an increase in grain boundary scattering due to a larger surface-to 

volume ratio, as compared to rigid samples. As this reduced carrier concentration is still 

above the solid solubility limit of P in Si, dopant deactivation is expected with thermal 

annealing. It seems that this mechanism dominates transport properties up to 200°C, and 

then it is masked by a progressive influence of substrate-induced degradation, leading to 

sample instability. Thus, the annealing temperature at which the influence of the substrate 

surpasses that of dopant deactivation in flexible samples, is lower than in rigid substrates 

(500°C), confirming the higher thermal stability of samples on glass substrates. 

4.2.3 Mechanical stability of films on glass and Kapton substrates 

The mechanism behind the different mechanical stability achieved in samples 

deposited on glass and Kapton substrates is discussed. This property is driven by the 

residual stress created at the interface of growth during manufacturing, and subsequent 

annealing, which strongly influences the limits of measurable values, leading to 

mechanical failure. In this study, mechanical stability is defined as the ultimate annealing 

temperature at which electrical transport properties allow reproducibility. 

In the system film-glass substrate, residual stress is created by the difference in 

the coefficient of thermal expansion (CTE). In the range from 0 to 300°C, the CTE for 
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glass (0.355 X 10-5 K-1) is rather similar to that in silicon (0.3 X 10-5 K-1) indicating the 

existence of minimal internal stress at the interface [193]. Nonetheless, over 500°C, both 

CTEs show dissimilar behaviour. The rate of change of CTE for silicon slows down [207], 

while the CTE for glass is expected to rapidly increase considering it has a similar 

behaviour to Borosilicate [208], which is the main component. This increasing difference 

in CTEs due to annealing might generate a larger internal stress inducing crack creation 

like that shown in Figure 4.8 for a thicker sample (3µm). This mechanical instability 

reflects the poor reproducibility of electrical measurements over 500°C, ending in 

mechanical failure at this temperature.   

In the system film-Kapton substrate the mechanical stability depends on the 

residual stress created by the shrinkage of the substrate during deposition and post-

annealing. From technical specifications [195], Kapton starts the shrinkage process for 

temperatures over 150°, and the rate increases as the temperature approaches the glass 

transition temperature (Tg) established in the range from 360 to 410°C for this type (HN). 

Accordingly, in our samples, considering a deposition temperature of 185°C, a shrinkage 

of about 0.35 % is expected during manufacturing. Then, this rate is supposed to rapidly 

increases to 1.54 % at 400°C, as post-annealing enters the glass transition phase.  

Therefore, one can conclude that the increasing residual stress due to annealing is 

responsible for the large variation of electric properties over 200°C, and subsequent crack 

formation and/or delamination at 400°C as shown in the morphological study. In short, 

the lower mechanical stability achieved in flexible samples could be explained by the 

larger internal stress appearing at lower annealing temperatures (>200°C) than in rigid 

samples (>500°C).  This residual stress will be quantified in chapter 6. 

 

Figure 4.8 Crack-like defects produced in µc-Si: H thin films with post-annealing at 

550°C for 1 h in air. Similar cracks appeared in samples of both 1 and 3µm thickness 

which produced an abrupt drop in electrical conductivity. 
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4.2.4 Understanding the electrical changes 

It is intriguing the fact that electrical conductivity increases with annealing in spite 

of a reduction of carrier concentration, in both rigid and flexible samples. Although, the 

increase of electrical conductivity due to improvement of crystallinity and crystallite size 

has been ruled out, the probable effect of thermal annealing at atomic level might provide 

understanding of these changes. 

From the electrical results, it seems that similar mechanisms act in both types of 

samples, deactivating electronically active atoms until the mechanical stability limit. This 

effect might be due to formation of clusters, post-oxidation, or hydrogen depassivation. 

Since P solid solubility in silicon is more than an order of magnitude below 4 x 

1020cm-3 for all annealing temperatures [209], it is likely that annealing causes the 

segregation of this excess of electronically active atoms towards the grain boundaries. 

This effect might induce a non-uniform distribution of carriers within the crystallites 

leaving mostly concentrated in the centre and depleting towards the grain boundaries. 

These active atoms shift their state to inactive when they localize at grain boundaries, and 

progressively accumulate with thermal annealing forming clusters that constrain the flow 

of free carriers. This uneven carrier distribution might raise the Fermi level to maintain 

the global charge neutrality within crystallites, which in turns, increases the electrical 

conductivity in the crystallites, and consequently in the structure, as described in [210]. 

Furthermore, the fall of carrier concentration might be reinforced by defect 

creation due to hydrogen out-diffusion. It is know that hydrogen starts effusing from the 

microstructure when samples are exposed to temperatures above deposition temperature 

(>180°C) [211]. This hydrogen is most likely released from the large fraction of Si-H 

complexes present in the grain boundaries [212], leaving it in a less compact state. A post-

oxidation process is probably occurring as post-annealing was performed under air, 

characterised by the permeation of oxygen atoms within this less compact region. A direct 

correlation between oxygen content and defect creation has been reported in numerous 

studies for this microstructure, which might support this hypothesis [213] [214]. 

In summary, an improvement of electrical conductivity via post annealing was 

demonstrated in both rigid and flexible samples. The level of improvement showed a 

strong dependence on substrate which defined the microstructure quality during 
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fabrication, and thermal stability during annealing. Accordingly, a higher value was 

obtained (~ x 3) in rigid samples in spite of more pronounced reduction of carrier 

concentration within the stability limit. In addition, electrical reproducibility was 

demonstrated to be a reliable complementary tool for determination of the stability of 

samples.  

In the next section, the evolution of Seebeck coefficient with thermal annealing is 

discussed. 

4.3 Seebeck coefficient  

Given the correlation of α with carrier concentration, it is important to investigate 

how changes to carrier concentration influence α in this material. This section discusses 

the changes of room temperature Seebeck coefficient with thermal annealing on both rigid 

and flexible samples.   

4.3.1 Seebeck coefficient on samples deposited on glass substrates 

Figure 4.9 shows the evolution of α measured at room temperature for samples 

annealed from room temperature up to annealing at 500°C. The Seebeck data point for 

the sample annealed at 550°C is inconsistent on repeat measurements, and therefore, is 

not included in the graph. The absolute as-grown α stands at a value about -106 µV/K, 

which is lower than single crystalline silicon at the same carrier concentration (~-200 

µV/K) [215]. Overall, in the range from room temperature up to 350°C, α does not show 

a clear trend; instead, it is marked by slight fluctuations giving the notion of a roughly 

constant behaviour with an average about -107 µV/K. This minimal variability is further 

supported if we include in the analysis the standard error of 5% for the equipment in 

question. However, above 350°C it can be observed that α starts a sustained increasing 

trend showing a value of -121 µV/K, and -136 µV/K at 430 and 500°C, respectively. 

Higher α values have been reported for lowly phosphorous doped µc-Si: H [216] 

in the range from (-600 to -900) µV/K for samples from medium (~40%) to high 

crystallinity (~83%), respectively. Likewise, even higher α values have been published 

for intrinsic µc-Si: H (-900µV/K) although showing a lower electrical conductivity (= 

0.05 Ω-1 m-1) [217], which is far below these highly doped samples. These results 

corroborate the adverse dependence of α with carrier concentration, which explains the 
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lower value reached in our samples due to a high efficiency of incorporation of 

electrically active atoms (~1020 cm-3). 

 

Figure 4.9 Evolution of Seebeck coefficient measured at room temperature with post-

annealing treatment. A constant α is observed for annealing steps from 250°C to 350°C, 

while a progressive increase takes place at the two subsequent annealing steps reaching 

a maximum of -136 µV/K. Sample annealed at the last step (550°C) presents an 

inconsistent reading as a result of crack formation in the sample. 

The behaviour of α with a fall of about 11% in the carrier concentration in the 

annealing range up to 350°C contradicts the Mott relationship for degenerated 

semiconductors, where an increase of α was expected. Considering that α is defined by 

the position of the Fermi level with respect to the conduction band, one can speculate that 

the Fermi level remains stable because most deactivated atoms are compensating deep 

defect states created during deposition. It is known that defect density of states increases 

with doping concentration [218]. However, for annealing temperatures above 350°C, α 

consistently increases in agreement with a more pronounced fall of carrier concentration. 

The continuous decay of carrier concentration, due mainly to segregation into the grain 

boundaries, make one to presume the formation of clusters, that act like filters for low 

energy carriers, leading to the rise of α. 

The increase of Seebeck coefficient after annealing is in line or higher than 

previous demonstrations for similar structures. Uchida et al. [219], achieved an increase 

of α with thermal annealing in the range from -135 to -170 µV/K, which was attributed 

to passivation of mid-gap defects. Also, Bux et at. [90], reported an α of -100 µV/K at 
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room temperature for nanostructured bulk silicon although the main focus was to reduce 

the thermal conductivity. A higher α as a result of thermal annealing was shown in [220], 

but the electrical conductivity underwent a pronounced fall at temperatures around 400°C, 

which was detrimental for power factor as will be discussed in the next section.  

4.3.2 Seebeck coefficient on samples deposited on Kapton substrates 

Figure 4.10 presents the behaviour of the room temperature Seebeck coefficient 

as a function of thermal annealing measured in the stable range. The data point of the 

sample annealed at 350°C showed a large fluctuation and is not considered in the trend-

line. The absolute as-grown value is higher (~ -123 µV/K) than in rigid samples, as a 

result of its lower carrier concentration. Then, at 200°C, α experiences the largest rise to 

~> -128 µV/K, followed by smaller increases to ~ -129 and ~ > -133 µV/K at 250°C and 

300°C, respectively. 

 

Figure 4.10 Evolution of Seebeck coefficient measured at room temperature with post-

annealing in samples deposited on Kapton substrates. Although the change is minimum, 

even within the error bars, the trend is consistently increasing for all the annealing steps.  

The increasing trend of α seems coherent with the continuous decay of carrier 

concentration, but it is important to notice a different behaviour of these parameters in 

two clear ranges. At 200°C, α showed a relatively large increase (4%), while carrier 

concentration showed the shortest relative fall (~14%). The rate of change reverses over 

200°C where more pronounced falls of carrier concentration produces smaller increments 

of α. One can infer that the correlation over 200°C is strongly affected by the substrate 
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degradation ending in mechanical failure at 300°C, confirming the mechanical stability 

limit determined based on electric transport properties. 

Comparing the trend of α depicted in flexible and rigid substrates (within the 

stability limits), it is remarkable the immediate rise of α in the initial annealing stage 

(200°C) while in rigid samples, the rise delays up to 430°C. Following the same 

compensation criteria, it might imply that less deactivated electrons are needed to fill the 

defect states in flexible samples. This is corroborated by lower number of free carriers 

lost in flexible (2.9 x 1019cm3) than in rigid samples (1.05 x 1020cm3) up to the specified 

temperatures. Thus, one can conclude that a lower density of defect states was created in 

flexible samples during deposition, which is in agreement with the lower doping 

efficiency.  

Accordingly, the improvement in α due to annealing in flexible samples is lower 

than in rigid ones in spite of having a higher initial value. This is because the gains of α 

are constrained by the earlier influence of substrate degradation. Overall, both trends 

seem to follow the inverse correlation with carrier concentration. Results from both 

sample types showed to be in line with the best demonstrations for this material structure 

exhibiting a higher mechanical stability in rigid samples while flexible samples showed 

stability up to temperatures below the Tg for Kapton HN.  

4.4 Computing the power factor 

Once electrical conductivity and α were characterised, the usefulness of this 

material can be determined by combining them to obtain the thermoelectric power factor. 

The known interdependence of α and electrical conductivity in most 

thermoelectric materials implies that, an optimised power factor can be achieved if these 

properties are appropriately balanced. However, some studies have reported the 

concurrent increase of these parameters in mixed-phase silicon materials leading to higher 

power factors [61]. As the electrical conductivity has been shown to increase in specific 

annealing ranges, it is important to verify whether α coincides in rising in the same ranges 

to produce higher power factors. This section examines the resulting power factor due to 

annealing in rigid and flexible samples. 
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4.4.1 Power factor in samples deposited on glass substrates 

Figure 4.11 depicts the computed PF obtained at room temperature for the 

different annealing stages within the mechanical stability limits. Overall, PF shows a 

steady increase through the annealing treatment, but with three distinguishable rates of 

change. First, in the range up to 350°C, PF proportionally rises with an average of ~ 9% 

in all stages from its as-grown value (~1.13 x 10-4 W/mK2), showing a strong dependence 

on the electrical conductivity. Then, PF experiences a large increase about 82% with 

respect to the as-grown sample at 430°C, reaching a value of 2.05 x 10-4 W/mK2. Finally, 

the increasing rate slows down in the last stage (500°C), but the maximum of 2.08 10-4 

W/mK2 is reached, where the α seems to dominate the rise over the decay of electrical 

conductivity.  

 

Figure 4.11 Evolution of PF measured at room temperature in µc-Si: H samples with 

post-annealing treatment in the range from 250°C to 500°C. PF is maximised after post-

annealing at 500°C. Sample annealed at 550°C is not included in the plot due to 

anomalous trend of α with temperature. 

Noticeable is the large improvement obtained at 430°C, which derives from the 

concurrent increase of electrical conductivity and α. It seems to be part of the unusual 

thermoelectric behaviour reported in literature for highly doped mixed-phase materials 

[210]. This concurrent increase might be explained by the formation of an optimum 

potential barrier height at the grain boundaries due to a segregation of atoms during 

annealing, similar to the precipitation phenomenon observed in heavily phosphorous-

doped Si and Si99Ge1 [221]. These barriers are supposed to filter free carriers enabling 
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that only high energy electrons participate in the transport, which induces a rise of α 

without significantly affecting electrical conductivity. 

It is interesting to note that the maximum PF achieved is not in the range of 

concurrent increase, but in the range where α reaches a maximum improvement. This 

result unveils the stronger influence of α over the detrimental effect of electrical 

conductivity for the rates of change obtained. Nevertheless, the enhanced PF achieved in 

this study is comparable to the best results published for n-type hydrogenated nano-

crystalline silicon [5], and at the same level of [220], showing a better mechanical stability 

at higher temperatures.   

The growing trend of α suggests that better PFs can be achieved for further dopant 

deactivation. However, literature reports a decreasing PF for this material structure as 

carrier concentration decays. A lower PF (6.9 x 10-5 W/mK2) was obtained for lowly n-

doped samples (4 x 1017 cm3) with a similar crystallinity (74%) [216]. Similarly, a rather 

lower PF (4.05 x 10-8 W/mK2) [217] was reported for intrinsic microcrystalline silicon. 

These results confirm the possibility of achieving a best current PF by producing samples 

with a lower initial carrier concentration above 1018 cm3. In fact, in bulk silicon the 

optimum doping concentration to maximise PF is established around 6-7 1019 cm3 [222]. 

Post-annealing for dopant deactivation could have been further explored in our current 

study, drawing on a sample with lower carrier concentration; however, obtaining a sample 

with such characteristic is not possible from the current supplier. 

4.4.2 Power factor in samples deposited on Kapton substrates 

 Figure 4.12 presents the PF as a function of annealing temperature resulting from 

the combination of electrical conductivity and α measured at room temperature. The as-   

grown sample shows a PF about 7.4 x 10-5 W/mK2, which is ~x 1.5 lower than that 

obtained in rigid samples, in agreement with its lower electrical conductivity. Two ranges 

can be identified in the evolution of this parameter. First, at 200°C, PF rises reaching a 

maximum of 8.6 x 10-5 W/mK2. And in the other range, it progressively drops to 7.1 10-5 

and 1.4 10-6 W/mK2 at 250°C and 300°C, respectively. 

Unlike rigid samples, it is noticeable that PF maximises in the first annealing stage 

(200°C) suggesting that an optimum barrier height was formed earlier enabling the 

concurrent increase of α and electrical conductivity. The decrease at 250°C, dominated 
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by electrical conductivity, could be ascribed to the formation of a too high potential 

barrier, however, the carrier concentration is still well above the optimum established for 

a maximised PF in bulk silicon. It led us to presume a progressive influence of substrate 

degradation ending in mechanical failure, which is supported by the out of range value at 

300°C. 

 

Figure 4.12 Evolution of PF measured at room temperature in µc-Si: H samples 

deposited on Kapton substrate with post-annealing treatment in the range from 200°C to 

300°C.  

To conclude, PF has been shown to reach a maximum upon thermal annealing 

showing the largest improvements in the range of concurrent increase of α and electrical 

conductivity. A lower PF was achieved in flexible samples because the substrate effect 

appears at lower temperatures producing anomalous results beyond 200°C. The 

possibility of further increase of PF in rigid samples due to dopant deactivation opens the 

opportunity to attempt the fabrication of flexible samples on substrates that produce a 

lower internal film stress.  

4.5 Effect of annealing on thermal conductivity 

The complex microstructure of this material, composed of different 

interconnected sub-phases, makes heat transport and its analysis across the material 

complicated. Current approaches to extract the cross-plane thermal conductivity of thin 

films entail challenging microfabrication techniques and complicated uncertainty 

analysis, and these difficulties escalate for in-plane characterisation where the domain of 
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validity is constrained by a lower sensitivity. As a first approach in this section, the 

characterisation of the cross-plane thermal conductivity in as-grown state and after 

thermal annealing in rigid samples is carried out to elucidate the effects of microstructural 

changes. 

Total thermal conductivity at room temperature in microcrystalline silicon thin 

films can be loosely considered as the average thermal conductivity recorded in the 

crystalline, amorphous and grain boundary phases. Each of these phases is supposed to 

scatter phonons in a different way according to their composition [90]. For example, 

within crystallites, phonons are predominantly scattered by other phonons (umklapp 

scattering), free charge carriers, extended-point-defects, and impurities resulting from an 

incomplete incorporation of dopant atoms into substitutional sites of silicon atoms. 

Likewise, in the amorphous phase, apart from these scattering mechanisms, phonons are 

scattered by the significant amount of hydrogen stored in microvoids that did not 

chemically react during film growth. In addition, amorphous phase is a compact structure 

with pore size of the same order as the mean free path of phonons at room temperature, 

thus capable of inducing further scattering. Finally, but not least, grain boundary regions, 

which are known to have a high concentration of nano-voids, impurities and sometimes 

clusters, cause a strong reduction of thermal conductivity [67] [145]. It is because of this 

combination of scattering mechanisms that the total thermal conductivity in µc-Si: H is 

considerably lower than in intrinsic single crystalline silicon (156W/m K) [223] . 

Measurements of cross-plane thermal conductivity by the 3ɷ method provided a 

value of 8.2 ± 0.4 W/m K for samples in the as-grown state, at room temperature. This 

value represents a reduction by a factor ~ x8 with respect to heavily doped single 

crystalline silicon films at the same carrier concentration [224], in which carrier scattering 

is the predominant mechanism. The gross reduction of total thermal conductivity is likely 

due to a large reduction in the lattice component considering the longer wavelength 

phonons. It is possible to determine the phononic contribution by first obtaining the 

electronic contribution drawing on the Wiedemann-Franz law, 𝑘𝑒 = 𝐿𝑇/𝜌, where 𝑘𝑒 is 

the electronic contribution to total thermal conductivity, L=2.44 x 10-8WΩK-2 is the 

Lorenz number, T represents the temperature and 𝜌  is the electrical resistivity [145]. 

Based on the resistivity at room temperature determined previously (9.91 x 10-5 Ωm), we 
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obtain an electronic contribution of 0.073 W/m K, which means that the lattice thermal 

conductivity accounts for ~99% of the total. 

Based on the same procedure, cross-plane total thermal conductivity for the 

sample annealed at 430°C, which represents the highest improvement in electrical 

conductivity, was characterised giving a value of 2.9 ± 0.4 W/m K. This value signifies a 

reduction of about 95% from heavily n-type single crystal silicon at the same carrier 

concentration, and about 3.5 times better than nanostructured bulk silicon [90], 

approaching the amorphous limit. The contribution of the lattice component to the total 

thermal conductivity considering the resistivity obtained at 430°C is about 97%. From 

these results, one can conclude that the gross reduction takes place in the lattice thermal 

conductivity with a factor ~x 3 after annealing. The invariable surface-to-volume ratio in 

grain boundaries demonstrated in the morphological study suggests that thermal 

annealing activates additional scattering. 

The reduction of total thermal conductivity can be explained based on two 

phenomena occurring after annealing, as previously mentioned. First, thermal annealing 

is thought to induce the segregation of excess of phosphorous atoms into the grain 

boundary regions, forming an insulating second phase (potential barriers), where phonons 

are further scattered. A similar reduction of thermal conductivity along with an increase 

of PF in heavily phosphorous doped Si was reported in reference [221]. Second, samples 

were not prevented from being in contact with air during, and after thermal annealing, 

which might have provoked the permeation of oxygen atoms, especially in the inter-

columnar spaces (large grain boundaries). This oxygen contamination was considered 

partially responsible for the decrease of carrier concentration because its location in the 

grain boundaries is associated with defect creation. These defects, which are in the form 

of SiO2, are thought to contribute to phonon scattering, reducing the lattice thermal 

conductivity [145] [225]. 

The complex microstructure suggests that thermal conductivity will behave 

anisotropically in-plane and cross-plane. However, this material structure shows some 

features that might reduce the degree of anisotropy. The good agreement between surface 

crystalline fraction from SEM, and volume crystalline fraction from Raman indicates that 

crystalline columns perpendicular to the substrate roughly covers the whole film 

thickness; this reduces the difference in phonon scattering due to grain boundaries in the 
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surface, and cross-plane. In addition, the absence of the initial incubation layer, 

commonly found in the interface of this material, diminishes further the phonon 

scattering. Hence, we suppose that the cross-plane thermal conductivity might not greatly 

deviate from the in-plane thermal conductivity. In order to clarify this uncertainty, a 

collaboration has been established with Linseis to carry out in-plain measurements in the 

future. Linseis laboratory equipment has developed a method where a thin film can be 

deposited via PECVD onto a special-designed chip, which contains the configuration of 

the 3ɷ technique. In this way, the deposited film is treated as a suspended membrane over 

the 3ɷ circuit avoiding the contribution from any substrate to the thermal conductivity, 

and thus, highly accurate results can be provided. Further details of this approach can be 

found in reference [226].    

4.6     Conclusion 

N-type silicon thin films demonstrated to be susceptible of improvement via 

simple thermal annealing achieving thermoelectric properties in line with the best 

approaches for similar material structures [5] [6]. The morphological study allowed to 

identify and characterise the different components of this material, confirming the 

heterogeneous microstructure reported in literature. In addition, it showed that the 

application of thermal annealing did not change the basic microstructure, meaning that 

the material reach saturation during deposition. However, this process led to an increase 

of electrical conductivity in spite of a reduction of carrier concentration. This behaviour 

was ascribed to the creation of defects, and segregation of electrically active atoms into 

the grain boundaries. It was found that substrate nature strongly influences the degree of 

improvement and mechanical stability. Likewise, the continuous fall of carrier 

concentration induced an increase of Seebeck coefficient showing a distinct rate of 

change depending on the type of substrate employed. As a result of the concurrent 

increase of electrical conductivity and Seebeck coefficient, power factor increase at levels 

comparable to the best approaches for silicon thin films [5] [6]. The increase of power 

factor is accompanied by a reduction of thermal conductivity, which corroborates the 

suitability of this material for thermoelectric applications.  

The n-type thermoelectric material developed is only one of the elements needed 

for energy conversion at device level. In order to know the actual potential of µc-Si: H, it 

is necessary to investigate the suitability of p-type silicon thin films. In the next chapter, 
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in light of the results obtained in n-type films, samples with lower initial carrier 

concentration are used for the investigation of TE properties, morphological changes due 

to annealing, mechanical stability of samples deposited on different substrates, and 

thermal conductivity.   
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Chapter 5-Evaluation and optimisation of P-type silicon thin films  

The variation of thermoelectric properties in heavily boron-doped Si structures 

does not show a defined behaviour in literature because of, amongst other effects, the 

influence of microstructure, and the level of doping concentration. Some studies show 

parallel improvements in both electrical conductivity and Seebeck coefficient for specific 

ranges of carrier concentration [60], while others note a decrease of Seebeck coefficient 

accompanied with an increase of carrier concentration [227]. Given the high dopant 

concentration applied during deposition, and the known complex heterogeneous 

microstructure of these films, it is important to investigate whether an absolute 

improvement of thermoelectric properties can be achieved by varying the carrier 

concentration through thermal annealing. This study examines the variation of 

thermoelectric properties for samples deposited on glass and Kapton substrates 

establishing a stability limit for thermal annealing.   

Accordingly, this chapter presents a study of the morphological changes that 

occurred due to annealing; then, the variations of electrical conductivity, Seebeck 

coefficient and thermal conductivity are examined and correlated to microstructural 

changes, and finally, the possibility of obtaining an optimised power factor is discussed. 

5.1 Annealing effect on microstructure 

Thermal annealing is considered in most cases an effective technique to induce 

changes in the microstructure in order to improve transport properties. Nonetheless, its 

effect depends on a variety of factors such as deposition parameters, annealing conditions, 

and substrate nature. The following section examines the fundamental microstructure and 

effects on crystallinity and crystallite size of stepwise thermal annealing based on two 

complementary techniques i.e. Raman microscopy and SEM. Additionally, the thermal 

stability limit of samples is established based on the degradation with annealing. 

5.1.1 Microstructure of samples deposited on glass substrates 

The fundamental microstructure of this material can be disclosed from the 

observation of SEM micrographs. Figure 5.1 shows the top view micrographs of samples 

in a) as-grown state, and those annealed at higher temperatures at b) 430 °C, c) 500°C 

and d) 550 °C. It can be observed that all samples are comprised of a number of 
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protrusions of elongated crystalline material (conglomerates of crystallites) with identical 

shape, and different size emerging at the sample surface. These conglomerates constitute 

the top view of the crystalline columns that grow perpendicular from the substrate, and 

that are formed by smaller single crystalline domains separated by incoherent regions 

(amorphous material). In addition, it is observed that the adjacent conglomerates of 

crystallites are separated by narrow boundaries of lower-density material where most 

defects such as dangling bonds, and micro-voids, are thought to be located [204]. Thus, 

these observations confirm the typical heterogeneous microstructure reported for this 

material.  

(2.a)  

Figure 5.1 SEM micrographs showing the microstructure of as grown (a) and post-

processes µc-Si: H films obtained with a magnification of 50000 x at 12 kV: Post-

processed samples (b) 430°C, (c) 500°C, (d) 550°C that presented significant changes in 

electronic transport show no appreciable variation in lateral size of conglomerates of 

crystallites. The scale bar applies to a-d. 

Crystallinity 

Figure 5.2 presents the computed Raman results of crystalline volume fraction (in 

filled squares) for samples in the as-grown state (20°C) and those annealed in the range 

from 250°C to 550°C. The as-grown crystallinity (62%) shows a slight variation with 

respect to annealed samples (~63 to ~67 %), giving a standard deviation of ±1.7%. This 

scattering falls within the standard error induced in the methodology. In particular, for 

highly crystalline material the error is as much as 5 % [193]. The minimal difference in 

crystallinity between as-grown and annealed samples indicates that crystallinity reached 

its maximum level during deposition. This level of crystallinity is in agreement with 

500nm 
(c) (d) 

(a) (b) 



 

91 

deposition parameters, which were selected to produce samples with an average 

crystallinity between 60-70% [193]. This crystalline volume fraction is supposed to be 

over the percolation threshold (>33%) [228], where electrical conductivity is regarded to 

be dominated by the crystalline phase.   

 

Figure 5.2 Effect of post-processing on crystallinity and crystallite size of µc-Si: H 

films. Crystalline volume fraction (closed squares) does not show a significant variation 

after post-processing with an average of 62%, while crystallite size (closed circles) 

ranges from 5 to 10nm with no clear growth trend following annealing. Data points at 

20 °C represents as-grown values. 

These results can be further validated by determining the variation of the surface 

crystalline fraction from micrographs in figure 5.1. By means of image analysis, it was 

possible to estimate the surface crystalline fraction through the comparison of bright 

regions (conglomerates of crystallites) and dark areas (amorphous phase) giving an 

average crystallinity ~ 64% with a standard deviation of ± 0.65 % for all samples. This 

slight variability between as-grown and annealed samples corroborates the assumption 

that material has reached its saturation limit. The rather similar values of crystallinity 

achieved by Raman and SEM implies a similar crystallinity density through-plane, and 

in-plane, respectively. Likewise, this coincidence suggests that the columns growing 

upwards from the substrate extend roughly covering the whole sample thickness. 

It is worthy to note that a lower crystalline volume fraction was attained in boron 

doped films (>60%) as compared with phosphorous ones (>70%), in spite of using the 

same amount of hydrogen (200 sccm), which is known to drive the transition from 
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amorphous to microcrystalline phase. Two effects might explain this reduced 

crystallinity. First, a fraction of hydrogen is likely consumed in the passivation of 

unsaturated B-Si bonds, reducing the flux density available to induce further 

crystallization [229]. Second, the influence of doping on crystallinity strongly depends 

on the dopant element used. While phosphine causes an increase in the crystallinity level 

[1], trimethylborane (TBM), the doping element in our samples, induces a reduction in 

the crystalline volume fraction as evidenced in multiple studies [230]. This effect is 

ascribed to the degradation of the short order due to fluctuations in the bond angle and 

bond length during incorporation of TMB molecules. 

Crystallite size 

The correlation length model derived from Raman shift is used to obtain the 

crystallite size; however, the Raman frequency shift can be altered by the interaction of 

other distinct effects such as surface heating, and residual stress. Thus, it is important to 

first state the validity of this approach for the size determination in these films. On the 

one hand, the surface heating effect due to laser irradiation was placated by using a low 

laser power so that further crystallization is avoided. On the other hand, the residual stress 

can be considered negligible because the difference in the coefficient of thermal 

expansion between the glass substrate (0.355 x 10-5 K-1) and silicon (0.3 x 10-5 K-1) is 

minimal at deposition temperature (185 °C) [193]. Therefore, under these conditions, the 

Raman shift can be ascribed to the reduced crystallite size. 

Figure 5.2 illustrates the average crystallite size (closed circles) obtained for as-

grown (20°C) and annealed samples (250°C-550°C). Overall, results do not show an 

increase, as expected, but a slight fluctuation with values ranging from 5-10 nm resulting 

in a standard deviation of ± 2 nm. This undefined trend suggests an insignificant effect of 

annealing on the size of the small crystallites that form the columnar clusters.  

The variation in size of crystalline columns in the lateral size (conglomerates of 

crystallites) with annealing can be evaluated through image processing of micrographs 

from figure 5.1. A statistical analysis evidenced a rather similar size among as-grown, 

and annealed samples resulting in an average length of 210 nm, and 110 nm width with a 

standard deviation around ±8 nm, and ±9 nm, respectively. The length-to-width ratio (~2) 

confirms the elongated shape differentiating from the phosphorous doped samples. The 
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rather homogeneous average dimension lead to the presumption that an insignificant 

growth of conglomerates occurs as a result of annealing, which is coherent with the size 

saturation of the smaller crystallites demonstrated with the Raman approach.  

 Previous work has shown a strong correlation between grain size and carrier 

mobility establishing a linear increase with crystallite size [231], or sub-linearly 

correlated [228] due to scattering of carriers at grain boundaries. Thus, as the film 

thickness increases, the size of the conglomerates observed at the surface is expected to 

enlarge and reach saturation leading to saturation of mobility as well. The apparent 

invariability of crystallinity with thermal annealing might be related to growth stagnation 

of crystalline clusters. One can speculate that the small crystallites, which form the 

columns growing perpendicular to the substrate, ceased growing because they are in 

collision among each other within the columns inhibiting their growth. In an attempt to 

verify this effect, mobility measurements are carried out on thicker samples (3 µm) 

deposited under the same conditions. Twelve as-grown samples were characterized 

giving an average mobility of 2.8 cm2/Vs. This value does not show a large deviation 

from the 1 µm thick samples (2.09 cm2/Vs, 1 µm) considering the error induced during 

the measurements (~10%). Thus, this apparent saturation of mobility might corroborate 

the belief that the lateral size saturation of the conglomerates occurs in the as grown state. 

Thermal stability limit 

Thermal annealing produces the relative expansion of glass substrate with respect 

to the silicon film, which might derive in the creation of residual stress at the interface. 

Up to 300°C the CTE of both glass and silicon do not significantly differ showing a good 

thermal stability. However, for annealing temperatures over 500°C, these parameters are 

expected to deviate mainly due to the increasing CTE of the glass substrate [208], 

increasing the residual stress at the interface. The crack formation visualised in figure 5.3 

is probably the result of this effect. Thus, one can presume that these samples are suitable 

for annealing treatment at a maximum of 500°C without appreciable surface degradation. 
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Figure 5.3 Flaws produced in µc-Si: H thin films with post-annealing at 550°C for 1 h 

in air. Similar cracks appeared in samples of both 1 and 3µm thickness. 

5.1.2 Thin film microstructure on flexible substrates 

In thin films deposited on Kapton substrates, the use of the Raman spectroscopy 

to characterise the crystallinity and crystallite size becomes cumbersome because films 

are likely under the influence of residual stress, masking the effects of crystallinity density 

and crystallite size on the Raman profile. Hence, the morphological study is carried out 

based on the analysis of top view SEM micrographs. 

Figure 5.4 presents the SEM micrographs corresponding to the a) as-grown 

sample, and those annealed at b) 200°C, c) 250°C, d) 300°C, e) 350°C, and f) 400°C. In 

general, it can be observed in all graphs the characteristic microstructure which is formed 

by a large number of elongated crystalline regions (conglomerates) surrounded by 

amorphous-like material, which represent the inter-columnar spaces. Although most 

conglomerates show a similar shape, a large variation in size is visible which seems to be 

the result of the fusion of various sub-conglomerates, whose boundaries are hardly visible 

in the current image. Likewise, it is interesting to note that these conglomerates are 

randomly arranged defining, mostly of them, sharp angles where the disordered regions 

are concentrated. 
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Figure 5.4 SEM micrographs of p-type µc-Si: H deposited on Kapton substrate showing 

the microstructure of a) as-grown, and samples annealed at b) 200, c) 250, d) 300, e) 

350, and f) 400°C. No significant difference in crystallinity and crystallite size after 

annealing was statistically established. 

From a statistical analysis of micrographs from figure 5.4, it is possible to extract 

the surface crystallinity and size of conglomerates, whose results are depicted in figure 

5.5. A clearer notion of the size variation is provided considering the average length, and 

the length-to-width ratio of conglomerates for each sample. In general, it can be observed 

a rather similar length between as-grown and annealed samples (~279 nm on average), 

showing a slight fluctuation. In fact, the standard deviation among all samples is around 

±3 nm, which is within the error involved in the analysis. Similarly, the minimal deviation 

in the length-to-width ratio (~2.15 nm in average) for all samples suggests a negligible 

size variation in the lateral direction of conglomerates. From these results, and 

considering the same deposition parameters as on rigid samples, it is sensible to presume 

that crystalline conglomerates reached saturation during deposition.  

The surface crystalline fraction was determined based on the difference between 

the grey and dark areas, and is shown in the lower scale of figure 5.5. It can be observed 

an identical crystallinity between as-grown (~61%), and annealed samples (~62%, on 

average), remarking a slight increase for samples annealed at 350°C and 400°C, which is 

still within the error bar involved in the analysis. This invariable crystallinity after 

annealing is coherent with the insignificant change in the size of conglomerates 

demonstrated previously. Likewise, these results are in agreement with deposition 

2µm 1µm 3µm 

3µm 4µm 

(a) (b) (c) 

(d) (e) (f) 
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parameters which were selected to produce samples with a crystallinity within the 

percolation threshold in order to achieve a higher electrical conductivity. The comparative 

lower crystallinity with respect to n-type flexible samples is coherent with the boron 

doping effect which constrains the growth of nanocrystals more than phosphorous doping.  

 

Figure 5.5 Surface crystalline fraction and crystallite size of conglomerates obtained 

from SEM micrographs. A slight variation is observed in both parameters after thermal 

annealing with an average of 279 ± 3 nm, and 62 ±1.3 %, respectively.  

Stepwise thermal annealing permits to track macroscopically its effects on the 

sample surface. Degradation was observed in the sample annealed at 400°C, probably due 

to the large residual stress created at the interface due to the rapid shrinkage of Kapton 

once the glass transition temperature was reached (360°C – 410°C). Figure 5.6 illustrates 

an example of flaw detected during the SEM imaging.  

 

 

 

 

Figure 5.6 Flexible sample annealed at 400°C showing an example of delamination, 

likely produced during thermal annealing. 

5µm 



 

97 

5.1.3 Morphology comparison in rigid and flexible samples 

Results show that samples deposited on flexible substrates are apparently 

composed of larger conglomerates as compared to rigid samples. However, as noted in 

the micrographs, the irregular shape of these conglomerates suggests that most of them 

are formed by fusion with other sub-conglomerates emerging at the surface. The 

visualisation of the boundaries of this fusion strongly depends on the resolution under 

which SEM imaging was carried out. The ~50% higher magnification achieved in rigid 

samples might allow to identify these boundaries unveiling the presence of more than one 

conglomerate of a reduced size. Thus, the apparent larger size obtained for flexible 

samples is likely the result of considering a compounded conglomerate in the statistical 

analysis. Unfortunately, in flexible samples, it was not possible to obtain images with a 

higher resolution.  

The crystallinity obtained in flexible samples is slightly lower than that for rigid 

samples. This fact might be related to the substrate influence. It is known that a rougher 

substrate topography, as that for Kapton HN (Ra= 67.5 nm) [200] where Ra is the 

arithmetical mean roughness value, influences the crystallinity level by restricting the 

growth of crystals. In fact, the steeper the angle of the local surface of the substrate, the 

sooner the crystalline columns, growing upwards from the substrate, will collide, leading 

to saturation. Thus, it is expected that these crystalline columns reach a slightly smaller 

length in Kapton as compared to glass substrates producing a lower crystalline density. 

In addition, as the crystallinity is directly related to the size of conglomerates, it is 

reasonable to conjecture that smaller sub-conglomerates are clustered in the columns in 

flexible samples than in rigid ones. 

The image analysis along with a visual inspection can provide insight about the 

mechanical stability limit of rigid and flexible samples due to post-processing. While 

rigid samples evidenced crack-creation and/or delamination at 550°C, flexible samples 

clearly showed macroscopically a degradation at 400°C. This lower resistance is 

explained by the larger residual stress created in the film-substrate system due to 

shrinkage during annealing. 

In summary, a similar microstructure was obtained irrespective of the substrate 

type used for deposition. Likewise, thermal annealing demonstrated not to affect the 

crystallinity and size of conglomerates, but the mechanical stability limit. It was found a 
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lower thermal resistance in flexible samples characterised by a surface degradation visible 

to the naked eye. These results are expected to affect the electrical transport properties.    

5.2 Electrical transport properties 

This section investigates the behaviour of electrical conductivity as a result of 

changes in carrier concentration and carrier mobility via thermal annealing. The annealing 

treatment is applied to both rigid and flexible samples to elucidate the effect of substrate 

on the rate of change of these properties. The electrical changes are explained based on 

the morphological studies and previous findings related to thermal annealing. The values 

obtained are then compared to the best demonstrations for similar material structures to 

show the usefulness of this approach. Simultaneously, the mechanical stability limit is 

defined drawing on the ability to reproduce electrical measurements on annealed samples. 

5.2.1 Electric transport on samples deposited on glass substrates 

Figure 5.7 illustrates the variation of room temperature values of electrical 

conductivity, carrier concentration, and carrier mobility, as a function of annealing 

temperature. The trend of electrical conductivity clearly shows three intervals with 

distinct rate of change. First, up to 430°C, this parameter increases from its as-grown 

value 609 (Ωm)-1 up to ~4500 (Ωm)-1. This increment (~x 7) is visibly the largest 

throughout the annealing treatment. Subsequently, at 500°C, it can be observed a 

relaxation showing a slight increase (~6%) from its previous value to reach a maximum 

of 4764 (Ωm)-1, which represents an ultimate increase ~x 8 with respect to the as-grown 

value. Finally, in the last annealing stage at 550°C, electrical conductivity could be 

measured but started showing fluctuation, and it is not included in the trend-line. 

The as-grown electrical conductivity demonstrated to be higher (> x4) than 

previous approaches for thermoelectrics fabricated by the same deposition method [5], 

and near the best demonstration for solar cells [232]. It implies that the deposition 

parameters selected are balanced to provide a near-critical crystallinity level. It is known 

that for B doped µc-Si: H, crystallinity increases with hydrogen dilution up to saturation, 

and then decreases due to amorphization induced by doping [233] [229]. Considering the 

critical hydrogen dilution (~98%) reported in [232], it is reasonable to presume that the 

dilution used in this approach (99.25%) led to saturation and probably minor 
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amorphization of the microstructure confirming the saturation state found in the 

morphological study. 

 

Figure 5.7 Evolution of carrier concentration (closed squares), Hall mobility (closed 

circles) and electrical conductivity (closed triangles) with post-annealing from 250°C to 

550°C. Electrical conductivity rises as a result of a concurrent increase of carrier 

concentration and carrier mobility. Data point at 20°C represents the as-grown values 

for comparison.  

Furthermore, the thermal annealing applied proved to be effective in enhancing 

the electrical conductivity above the previous demonstrations (~x2) [220]. The 

improvement took place at higher annealing temperatures (500°C) showing an excellent 

mechanical stability. The rate of increase in electrical conductivity in each interval can 

be explained based on the changes produced in carrier concentration and mobility.  

In figure 5.7 it is shown the variation of carrier concentration (closed squares) and 

mobility (closed circles) as a function of annealing temperature. In the range from room 

temperature up to 430°C, both parameters show an increasing trend with different rates. 

While carrier concentration increases with a factor ~2.5 (1.82 x 1019cm-3 → 4.21 x 

1019cm-3), the carrier mobility rises further with a factor ~3, reaching a maximum of 6.65 

cm2/Vs from its as-grown value (2.09 cm2/Vs). Thus, the large increase of electrical 

conductivity in this range is the result of the unusual simultaneous increase of both 

parameters. This observation is in contrast to the well-known trend in bulk Si, where 

mobility falls with increasing carrier concentration because of the increased ionised 
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impurity scattering. In nano-crystalline p-type silicon, however, an increase in mobility 

in the doping range 1019-1020 cm-3 has been observed in previous studies. A similar 

simultaneous increase of both parameters was found by Seto [234] and Cowher et al. 

[235] in boron-doped polycrystalline silicon films over a critical degree of carrier 

concentration, which coincides with the doping concentration in our samples. This 

concurrent effect was ascribed to the formation of potential energy barriers at grain 

boundaries, which decreases over a certain carrier concentration due to carrier-filling of 

trapping states.  

Next, in the annealing stage at 500°C, the trend of these parameters shows a 

deviation. While carrier concentration continues to increase roughly at the same rate to 

reach a maximum of 4.49 x 1019cm-3, carrier mobility begins a decreasing trend decaying 

slightly to 6.62 cm2/Vs. So, from these results, one can conclude that the increase of 

electrical conductivity is inhibited by the reduction of mobility. Finally, in the last 

annealing stage at 550°C, although it was possible to extract both values, their 

reproducibility showed a wide scattering which is coherent with the fluctuations 

evidenced in the electrical conductivity measurements.  

According to the deposition parameters, a doping efficiency between 10-20% is 

expected, which is in agreement with the state-of-the art established for samples deposited 

by the PECVD technique [236]. Clearly, this doping efficiency is lower than phosphorous 

doped samples. This lower efficiency is likely related to a double effect of B during 

deposition. 1) It has been reported that the incorporation of B atoms into the solid phase 

is lower than P atoms because of the deposition conditions selected, gas phase reactions, 

and a higher dissociation energy of the precursor B-C (448±29 KJ/mol) with respect to 

P-H (343 ±29 KJ/mol) [230] [237]. 2) A lower quantity of electronically active B atoms 

are incorporated in the substitutional sites because the atomic hydrogen passivates the 

unsaturated B-Si bonds forming neutral B-H-Si bonds complexes [229]. 

From these results, one can conclude that the net increase of electrical 

conductivity after thermal annealing is mainly the result of the activation of passivated B 

atoms, which produces the simultaneous increase of carrier concentration and mobility. 

However, as annealing temperature increase to 550°C, both parameters experienced an 

anomalous variation, which is likely ascribed to sample degradation. 
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5.2.2 Electric transport on samples deposited on Kapton substrates 

 

Figure 5.8 Evolution of electrical conductivity (closed triangles), Hall mobility (closed 

circles) and carrier concentration (closed squares) with post-annealing from 20°C to 

350°C. Electrical conductivity rises as a result of a concurrent increase of carrier 

concentration and carrier mobility. The data point at 20°C represents the as-grown 

values for comparison. 

Figure 5.8 depicts the behaviour of electrical conductivity (closed triangles) as a 

function of annealing temperature in the range from room temperature (20°C) to 350°C. 

It can be observed that electrical conductivity steadily increases reaching a maximum, 

and then decays, showing a different rate of change throughout the annealing range. Up 

to 200°C, this parameter shows an increase of ~x 2 from its as-grown value (228.3 (Ωm)-

1 → ~510 (Ωm)-1). Subsequently, electrical conductivity experiences a large sustained 

increase in all annealing stages up 350°C reaching a maximum of 1821.5 (Ωm)-1, which 

represents a rise in a factor of ~x 8 with respect to the as-grown value. Finally, in the 

annealing stage at 400°C measurements were not reproducible with high accuracy and 

data is not included in the trend-line. Annealing at higher temperatures (550°C) was 

attempted but sample degradation was visible to the naked eye. It suggests that a thermal 

stability limit has been reached at 350°C. 

In order to unveil the reasons for the different rate of change of electrical 

conductivity, the behaviour of carrier concentration (closed squares) and mobility (closed 
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circles) is presented in figure 5.8. In the first range up to 200°C, the net increase of 

conductivity is explained by the concurrent increase of these two properties showing a 

stronger influence of mobility. In fact, while carrier concentration increases around 33% 

(4.89 →6.50 x 1018cm-3), carrier mobility more than doubles (~68%) this rise with respect 

to the as-grown value (2.91 cm2/Vs). In the range up to 350°C, both parameters accelerate 

their increase with the mobility keeping its influence. While carrier concentration rises 

with a factor of >2, reaching a maximum of 1.17 x 1019cm-3, mobility increases with a 

factor >3 defining a maximum at ~9.7 cm2/Vs, both from their as-grown values. Thus, 

the large increase of conductivity looks proportional to the simultaneous increase of its 

electrical components. Finally, at 400°C, even though both properties could be measured, 

an appreciable fluctuation was evident corroborating the unreliable results of electrical 

conductivity.  

The as-grown electrical conductivity in flexible samples is clearly lower than in 

rigid ones by a factor of ~x 2.5. These results are congruent with a substantially lower 

carrier concentration accompanied by a slightly higher mobility in flexible samples. 

Given the same deposition conditions, a lower carrier concertation (~x 3.7) in flexible 

samples justifies the lower doping efficiency as compared to rigid samples. These results 

might have foundations in the carrier compensation of the larger defects created at grain 

boundaries of flexible samples due to the influence of the Kapton substrate. The rougher 

surface of Kapton (Ra = 67.5 nm) [200] as compared to glass substrates (0.5-1 nm) [175] 

defines steeper angles in the local surface over which the crystals are nucleated. As film 

thickness evolves, the small crystallites that form the columnar structure coalesce earlier 

than in low roughness substrates producing a larger number of grain boundaries, where 

most defects are known to be concentrated [204].   

Although a lower electrical conductivity was achieved on flexible samples than in 

rigid ones, it is interesting to note that thermal annealing exerts an increase of electrical 

conductivity with a similar factor (~x 8) on both types of samples. This coincidence is 

founded in the similar factor of increase of carrier concentration (~x 2.4) and mobility 

(~x 3.3), meaning that the maximum electrical conductivity escalated keeping a similar 

proportionality between flexible and rigid samples.  
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5.2.3 Understanding the electrical changes 

To understand the behaviour of electrical transport properties, it is important first 

to know the as-grown state of samples as a result of deposition parameters.  

Both the hydrogen dilution ratio (H2/SiH4= 133.3), and the dopant gas ratio (B 

(CH3)3/SiH4 = 0.01) define the material quality and the doping efficiency depending on 

the defect concentration. During deposition, a large number of trivalent B atoms coming 

from TMB react with silicon grains by bonding with three of the four electrons available, 

leaving unsaturated B-Si bonds. The high hydrogen dilution, apart from causing selective 

etching to induce crystallization, leaves abundant atomic hydrogen to compensate the 

unsaturated B-Si bonds, forming B-H-Si complexes, which do not contribute to the hole 

increase. As a result, reduced amounts of substitutional boron atoms are electrically active 

in the solid µc-Si phase out of the total incorporated. The additional atomic hydrogen 

reacts with clustered hydrogen to form molecular hydrogen, which is trapped within 

microvoids [229]. The largest portion of hydrogen has been identified at the grain 

boundaries by previous studies in the form of Si-H, and in the internal surfaces of 

microvoids in the form of Si-H2 [238] [239]. 

The large content of hydrogen is supported in our samples by the large volume 

fraction in rigid samples estimated from the Raman mode near 510 cm-1 ascribed to grain 

boundaries [240]. Following the same trend as crystalline volume fraction, the 

counterpart for grain boundaries does not show a significant variation with annealing, 

giving an average percentage of ~32% with a standard deviation of ±3.6% for all samples. 

A slightly higher fraction is expected in flexible samples as a lower crystallinity leads to 

a broadening of the grain boundary regions.  

Thermal annealing promotes the out-diffusion of hydrogen. It is know that this 

phenomenon occurs at a temperature higher than the deposition temperature depending 

on the exposure time [241] [211]. Thus, regarding the annealing conditions of temperature 

and time applied, it is expected that hydrogen start to effuse from the microstructure at 

temperatures over 185°C. This out-diffusion of hydrogen likely comes from: 1) The 

preferential removal of hydrogen after annealing, from a large number of complexes B-

H-Si, and B-C-Hx  due to the carbon contained in TMB [236] [242], present in the 

crystalline phase of µc-Si: H. This depassivation converts boron atoms initially 

electrically inactive into electrically active B-Si bonds, increasing the free hole 
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concentration. The maximum hole concentration achieved is thus limited by the solid 

solubility of boron in crystalline silicon, and, due to the possible segregation of boron 

atoms to the grain boundaries and the amorphous phase.  

2) Another important contribution to effusion likely comes from the hydrogen 

contained in the grain boundaries, i.e. dangling bonds and microvoids. The hydrogen 

released from the well-passivated grain boundaries leaves this disordered region in a less 

compact state, allowing the potential permeation of oxygen as a result of post-deposition 

oxidation. A number of studies reports both an inverse correlation between hydrogen and 

oxygen content after being exposed to air, and a direct correlation between oxygen 

content and density of defect states at the grain boundaries [243] [244] [245] [213].  

5.3 Seebeck coefficient 

Some demonstrations of heavily boron-doped mixed-phased materials showed a 

favourable concurrent increase of conductivity and α [246] [60] attributed to the 

formation of energy filtering barriers at the grain boundaries due to dopant segregation. 

This phenomenon is thought to occur when a high carrier concentration, similar to the 

solid solubility limit of the dopant element in the base material, is achieved during 

deposition and/or post-processing. Hence, given the relatively high carrier concentrations 

achieved in both rigid and flexible samples, it is important to evaluate how the behaviour 

of α is linked to the variation of carrier concentration.  

5.3.1 Seebeck coefficient on samples deposited on glass substrates 

Figure 5.9 illustrates the trend depicted by the in-plane room temperature values 

of α as a function of annealing temperature. All measurements showed positive values 

which confirm that holes are the dominant carrier type. Likewise, α showed a linear 

increasing trend (not shown) with temperature, indicating a pronounced metallic 

behaviour, in agreement with the high doping level. 
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Figure 5.9 Evolution of Seebeck coefficient measured at room temperature with post-

annealing. A reduction of α is observed reaching a minimum ~252 µV/K at 500°C from 

its as-grown value (~312µV/K). The sample annealed at 550°C showed anomalous 

results and is not included in the plot. The line is included as a guide to the eye. 

 Overall, α delineates with a decreasing trend over the whole annealing range. It 

can be observed that the as-grown α stands at a relative high value (~312µV/K) 

corresponding to the lowest carrier concentration (1.82 x 1019cm-3). Then, after annealing 

at 250°C, α experiences the largest fall to 260 µV/K from its as-grown value. This drop 

coincides with the largest increase of carrier concentration (85%) from the as-grown 

value. In the subsequent annealing range, as carrier concentration continued increasing, 

α showed a slight fluctuation but depicting a general decreasing trend reaching a 

minimum of ~252 µV/K at 500°C for 4.49 x 1019 cm-3. 

The as-grown α achieved herein demonstrates to be significantly lower than that 

in single crystalline silicon at the same doping concentration [247]. Likewise, a higher 

as-grown α (512 µV/K) was reported on a similar material structure accompanied by a 

reduced electrical conductivity, at a slightly lower carrier concentration (1.2 x 1019 cm-3) 

[5], confirming the inverse correlation between α and carrier concentration, in agreement 

with the Mott equation. In another study carried out by the same group [220], a higher α 

was attained as a result of post-processing in nano-crystalline silicon films reaching a 

maximum around 460 µV/K; however, the electrical conductivity was lower by a factor 

~2 as compared to our study.  
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The lower α achieved can be explained as follows. The doping efficiency depends 

of the solid solubility of B in Si and its induced diffusion towards grain boundaries. As 

the solid solubility is around 1020 cm-3 at 1000°C [248], the amount of active boron atoms 

in the small single crystals (1019 cm-3) is expected to be in excess to the corresponding 

solubility, considering the deposition temperature of 185°C. Thus, it is plausible that post-

annealing is causing segregation into the grain boundaries. It seems that the amount of B 

atoms supplied to the solid phase surpasses what is needed to fill the trapping state density 

at grain boundaries, and further induces a reduction of the potential barrier as carrier 

concentration increases with annealing, as reported in [234]. This progressive lower 

barrier allows lower energy holes to participate in the transport reducing α. This 

hypothesis agrees very well with the increase of mobility as a lower barrier offer less 

opposition for hole motion from one crystallite to another. A similar correlation of 

transport properties was reported for boron-doped crystallized SiGe films [215] for the 

same range of carrier concentration.   

5.3.2 Seebeck coefficient on samples deposited on Kapton substrates 

Figure 5.10 illustrates the room temperature behaviour of α as a function of 

annealing temperature. All samples provided a positive sign confirming that holes are the 

majority carriers. Overall, α depicts a decreasing trend as annealing progresses. Initially, 

it stands at a relative high value (~323 µV/K), which is slightly higher than that found in 

rigid samples, coherent with the lower carrier concentration. Then, α progressively falls 

in all subsequent annealing stages reaching a minimum of ~256 µV/K at 350°C. 

Measurements were attempted in a sample annealed at 400°C, but the values resulted out 

of range, and thus, it was not included in the trend-line. 
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Figure 5.10 Evolution of Seebeck coefficient measured at room temperature with post-

annealing treatment. A progressive reduction of α is observed reaching a minimum 

~256 µV/K at 350°C from its as-grown value (~323 µV/K). Sample annealed at 400°C 

showed anomalous results and it is not included in the plot. The line is added as a guide 

to the eye only. 

Similar to rigid samples, the fall of α with increasing carrier concentration is 

consistent with the Mott relationship for metallic-like semiconductors. However, it is 

interesting to note that transport parameters present the same behaviour at a carrier 

concentration of 4.9 x 1018 cm-3 (flexible samples), and at 1.8 x 1019 cm-3 (rigid samples). 

This likely suggests that in flexible samples, a potential energy barrier had already been 

formed, and it is in a decreasing trend as carrier concentration increases due to thermal 

annealing. In fact, considering that both sample types were manufactured under the same 

deposition conditions, the lower as-grown carrier concentration in flexible samples might 

imply that a larger amount of active B atoms were trapped at the grain boundaries until it 

gets saturated, confirming the larger defect density in flexible samples. 

It is remarkable the proportional correlation of the absolute decrease of α with 

absolute improvement of carrier concentration between flexible and rigid samples. While 

in flexible samples α decreased around 20% due to an increase of carrier concentration in 

a factor ~2.4, in rigid samples this relation corresponds to ~19% → ~2.5. This 

correspondence supports the premise that the density of trapping states in both sample 
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types were saturated during deposition forming a potential barrier with a maximum high, 

and then, the additional depassivation of B atoms resulting from thermal annealing, 

causes its reduction as reported in reference [234]. Both the fall of α and increase of carrier 

mobility agree very well with this model. 

5.4 Calculating the power factor 

The routes to achieve an improvement in power factor in heterogeneous 

microstructures are diverse considering that it strongly depends on the rate of change of 

individual parameters such as electrical conductivity and α. It was demonstrated in the 

previous chapter that in spite of a concurrent increase of these parameters in a specific 

range of carrier concentration, the optimised PF was realised in a range where an inverse 

correlation took place. Instead, in ref [246], an improved PF was attained in the range of 

simultaneous improvement of these parameters. In another study in [219], an improved 

PF was achieved due to a large increase of conductivity in spite of a slight reduction of 

α. Hence, considering the continuous increase of conductivity along with a reduction of 

α found herein, it is important to verify whether or not their combination produces a net 

improvement of PF. 

5.4.1 Power factor in samples deposited on glass substrates 

 

Figure 5.11 Evolution of Power factor as a function of carrier concentration. It can be 

observed that PF steadily increases with carrier concentration reaching a maximum ~3 x 

10-4 W/mK2 at 4.5 x 1019 cm-3, (500°C). 
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Figure 5.11 depicts the resulting thermoelectric power factor from the 

enhancement of electrical conductivity and reduction of α with carrier concentration, 

computed at room temperature. Overall, PF sustainably increases with the increase of 

carrier concentration. It is interesting to note that due to the trade-off between electrical 

conductivity and α, as-grown values do not provide an optimized PF, but the lowest (= 6 

x 10-5 W/mK2) in spite of the relative high α. Then, PF showed the largest partial increase 

(> x 2) reaching a value of 1.3 x 10-4 W/mK2, which corresponds to a carrier concentration 

of 3.36 x 1019cm-3 at 250°C. In this interval both conductivity and α experienced the 

largest change as well, showing the prevalence of conductivity over the detrimental effect 

of α on PF. In the subsequent ranges, PF still rises, but slightly, reaching a maximum of 

~3 x 10-4 W/mK2 at 4.5 x 1019 cm-3 (500°C), where electrical conductivity continues 

dominating the trend of PF.  

The reported PF value is very similar to previously publication for a similar 

material structure [220] whose optimisation was achieved with post-annealing at 250°C, 

to a value of 4 x 10-4 W/mK2. In the present approach, it is remarkable that the optimised 

PF is attained at a higher temperature (500°C). This difference is attributed to the 

dissimilarity in film thickness, initial crystallinity and transport properties, which are 

driven by the deposition parameters adopted in each approach. The fact that the films 

showed reliability and reproducibility of the electrical measurements at relatively high 

annealing temperatures reflects the good mechanical and thermal stability of the films, 

i.e. the absence of cracks after annealing, suggesting that these films could be produced 

to operate in a broader window, i.e. 200-500C. The large sustained increase of electrical 

conductivity along with a less pronounced fall of α suggest that an effective barrier high 

has been formed at the grain boundaries due to boron segregation as suggested in ref [61].  

These results clearly indicate that a higher PF is possible by optimising the carrier 

concentration in µc-Si: H thin films. Two cases are worth considering at this stage. First, 

for the given deposition conditions, a higher carrier concentration might be difficult to 

achieve. Both electrical conductivity and α measurements became unreliable following 

processing at 550°C. Therefore, higher processing temperatures for dopant activation will 

not lead to a higher PF. Annealing for longer times at temperatures in the range 250-

500°C was attempted as a means to increase the number of electrically active B atoms, 

however, a limit appeared to be reached. In fact, proofs of saturation of PF was reported 
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in ref. [220], presumably also as a result of a maximum free hole concentration being 

reached. Second, theoretically, it might be possible to increase the carrier concentration 

by further increasing the TMB ratio in the gas phase during deposition, but exceeding the 

boron concentration in the solid phase of µc-Si: H is likely to induce amorphization 

deteriorating the conductivity as noted in [249]. Alternatively, post-processing under an 

inert atmosphere could be a good approach to attempt a further increase of PF as creation 

of carrier traps due to oxygen contamination could be avoided.   

5.4.2 Power factor in samples deposited on Kapton substrates 

Figure 5.12 depicts the room temperature PF as a function of carrier 

concentration. Similar to rigid samples, as-grown PF (2.4 x 10-5 W/mK2) shows the 

lowest value in the whole annealing range in spite of the relatively high α. Subsequently, 

PF steadily increases showing the largest jump (> x 4) at 1.1 x 1019cm-3 (250°C) from its 

as-grown value, before reaching a maximum of 1.2 at x 10-4 W/mK2 that corresponds to 

a carrier concentration of 1.2 x 1019cm-3 (350°C). The PF at 400°C is not shown because 

unreliable results were obtained for conductivity and α. From the results, one can 

conclude that electrical conductivity overcompensates the slight reduction of α up to 

350°C, and then, for higher temperatures a thermal stability limits appear to have been 

reached. 

 

Figure 5.12 Evolution of Power factor as a function of carrier concentration. It can be 

observed that PF experienced a pronounced increase with carrier concentration reaching 

a maximum 1.2 at x 10-4 W/mK2 at 1.2 x 1019cm-3 (350°C). The line is added as a guide 

to the eye only. 
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It is noticeable how thermal annealing affects the transport behaviour similarly as 

in rigid samples. The PF improvement in both sample types takes place with a factor ~x 

5 from their respective as-grown values, driven by a comparable increase of conductivity 

(~x 8) along with an identical drop of α (~20%). Drawing on the same carrier filtering 

assumption, these results could be explained by the formation of a potential energy barrier 

at the grain boundaries, whose degrading effect on α does not overtake the increase on 

the conductivity. The rise of mobility is probably an indication that the barrier height is 

decreasing after having reached a maximum due to the continuous increase of carrier 

concentration as reported in ref [234] [61]. 

Similar to rigid samples, the direct correlation between PF and carrier 

concentration suggests that higher PF values could be achieved if the carrier 

concentration is further increased. However, a saturation of carrier concentration appears 

to be reached at 350°C. It cannot be ruled out that further dopant depassivation could be 

promoted with annealing at higher temperatures, but it is constrained by the apparent 

thermal stability limit of the substrate at 350°C. In fact, a pronounced shrinkage is 

expected for temperatures over 350°C considering the Tg for Kapton HN (360°C - 410°C) 

[195]. 

To sum up, the increase of carrier concentration and carrier mobility via thermal 

annealing demonstrated to cause a net improvement of PF in both rigid and flexible 

samples. The PF enhancement was driven by a significant increase of electrical 

conductivity accompanied by a less pronounced reduction of α. Practical limitations 

related to doping concentration and thermal stability seems to be an obstacle to achieve a 

higher PF by increasing the carrier concentration for the present approach.  

5.5 Effect of annealing on thermal conductivity 

The total thermal conductivity in B-doped µc-Si: H thin films was measured in 

the cross-section using the 3ɷ method. The measurement was first carried out in the as-

grown state, and later compared to doped, single, and poly-crystalline silicon to uncover 

the effects of grain boundary scattering on phonon transport. Subsequently, the effect of 

thermal annealing was unveiled by measuring the thermal conductivity in an annealed 

sample. The mechanism behind the changes in k is proposed based on the existing 

literature. 
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The results of total thermal conductivity measured at room temperature are 

presented in Table 1. The as-grown k shows a value of 3.2±0.3 W/m K, which represent 

a reduction by a factor of ~ x 28 with respect to boron-doped single crystal silicon films, 

near the same carrier concentration (1 x 1019 cm-3) [224]. This lower k might have derived 

from two scattering mechanisms. It was shown in the morphological study that a large 

fraction (~32%) of the microstructure corresponds to the grain boundaries, making the 

grain boundary scattering non-negligible. In addition, further phonon scattering is likely 

induced by the considerable amount of B atoms that remained inactive in the solid phase 

of µc-Si: H due to the passivating effect of hydrogen [250]. 

It is well-known that the major contribution to the total thermal conductivity of 

silicon comes from the lattice component, even at high doping levels [250]. In order to 

evaluate the lattice contribution, the input from mobile carriers (holes) is first determined 

by drawing on the Wiedemann-Franz law [145], 𝑘𝑒 = 𝐿𝑇/𝜌, where 𝑘𝑒 is the electronic 

contribution to total thermal conductivity, L=2.44 x 10-8WΩK-2 is the Lorenz number, T 

represents the temperature, and 𝜌  is the electrical resistivity which was found to be 1.64 

x 10-3 Ωm for the as-grown sample. 𝑘𝑒 results minimal (0.004 W/m K), meaning that the 

lattice contribution is in the order of ~99.8% of the total. 

Table 5.1 Thermal conductivity of µc-Si: H thin films deposited on glass substrates in 

as-grown and annealed state measured with the 3ω method. 

Sample type Xc (%) Condition k (W/m K) 

p-type µc Si: H 63 As-grown 3.2 ±0.3 

p-type µc Si: H 66 Annealed at 500°C 1.5 ±0.3 

Thermal annealing demonstrated to reduce k in the cross-plane reaching a 

minimum of 1.5 ±0.3 W/m K for the sample annealed at 500°C, which showed the largest 

increase in electrical conductivity. This lower value represents a reduction by a factor ~ 

x 60 from the boron-doped single crystal silicon films [224], and about >30 lower than 

boron-doped polysilicon layers at the same doping concentration [250]. Based on the 

Wiedemann-Franz law, the electronic contribution was found to be 0.034 W/m K, leading 

to a lattice contribution about 97.7% out of the total. From these results, one can infer that 
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for a significant reduction (~53%) like this in k, the lattice component necessarily has to 

undergo a substantial decay. In contrast, it can be noticed that a slight increase occurred 

in the electronic component coherent with the increase of carrier concentration (0.2 → 

2.3%).   

As an apparent unchanged crystallinity was demonstrated in the morphological 

study, the crystalline-dependent thermal conductivity correlation in µc-Si: H may not 

explain this reduction [251]. It is likely that this reduction comes from the activation of 

additional scattering mechanism. 1) Phonon-phonon and phonon-boundary scattering are 

known to be the prevailing phonon scattering mechanisms. However, when carrier 

concentration is over 1018 cm3, the carrier-phonon scattering becomes relevant in 

reducing the lattice component in bulk silicon [252]. In fact, previously studies showed 

the effect of this scattering mechanism in the reduction of lattice thermal conductivity in 

silicon [253] [254]. Since electrical measurements showed that carrier concentration in 

our films more than doubles, it is quite probable that carrier-phonon scattering leads to 

the additional decrease in thermal transport in post-processed films. 2) Another factor 

contributing to this reduction might be related to the dopant segregation into the grain 

boundaries. The potential barrier height that likely formed at the grain boundaries due to 

diffusion of B atoms with annealing, might actually be enhancing phonon scattering at 

the same time. In fact, this occurrence has been associate to a collateral increase of PF, 

which coincides with the results herein [61]. Finally, 3) it cannot be ruled out a further 

reduction of k due to oxygen contamination [224]. As the annealing treatment was carried 

out under air, a post-oxidation process might have occurred once part of the hydrogen 

from the grain boundaries diffused out due to annealing. This oxygen is known to act as 

unintentional impurities that enhance phonon scattering. 

5.6 Film adhesion assessment 

The fabrication of TEGs, apart from good thermoelectric properties, requires 

robust films with adequate adhesion in the film/substrate interface. We draw on a 

standardised procedure to assess the adhesion level of p-type µc-Si: H thin films deposited 

on glass substrate annealed at 500°C. The adhesion test was repeated in three different 

annealed samples and in different locations resulting in a small removed area (< 0.64%) 

in two samples, while the other sample remained intact. This removed area are essentially 
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small flakes detached at the intersections of the cuts. The state of one of the samples 

before and after the tape test is illustrated in Fig. 5.13. 

 

Figure 5.13 State of p-type µc-Si: H thin film deposited in glass substrate before 

(a) and after (b) adhesion tape test fulfilling ASTM criteria described in section 3.10 of 

chapter 3. A very small area (~0.45%) is removed from the intersections of the cuts. 

According to the classification scale provided in ASTM D 3359-09 [173], this 

very small removed area rates these samples in the upper of the ranking (5B-4B). These 

results show the adhesion force between the thin film and glass substrate is at a generally 

adequate level. The low standard deviation (SD ~ 0.27) between the percentages of 

removed area in all repetitions proves that the adhesion is rather uniform over a large 

surface.  Thus, this study corroborates the suitability of PECVD for the production of thin 

films with appropriate adhesion to the substrate aimed to the fabrication of TEGs.   

5.7 Conclusions 

The fabricated boron-doped µc-Si: H thin films demonstrated to be a mixed-phase 

material composed of crystallites embedded in amorphous tissue surrounded by a large 

fraction of grain boundaries independent of the type of substrate used. However, the 

substrate nature demonstrated to affect the degree of crystallinity producing lower values 

in samples deposited on Kapton substrate. The essential features such as crystallinity and 

crystallite size showed no alteration with thermal annealing meaning that the deposition 

parameters selected led to saturation during deposition.  

In spite of the inaction of thermal annealing on crystallinity and crystallite size, a 

significant improvement was realised in electrical conductivity. This enhancement likely 

a) b) 
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resulted from the dehydrogenation of the large amount of passivated B atoms 

incorporated in the solid phase of µc-Si: H. A higher conductivity was achieved in rigid 

samples as more defects are expected in flexible samples due to the influence of the local 

surface of Kapton in the nucleation mechanism. Likewise, a higher thermal stability was 

demonstrated in rigid samples because of the rather similar coefficients of thermal 

expansion. 

In general, Seebeck coefficient underwent a slight reduction with thermal 

annealing in both rigid and flexible samples. This effect was attributed to the formation 

of an effective barrier high at grain boundaries due to dopant segregation, which 

prevented very low energy carriers to participate in the transport process. A slightly 

higher Seebeck coefficient was attained in flexible samples substantiated by the lower 

carrier concentration as compared to rigid samples.  

Power factor resulted in a net increase due to a favourable trade-off between 

electrical conductivity and Seebeck showing a close relationship with carrier 

concentration in both sample types. Although power factors of both sample types 

increased in the same proportion from their as-grown values, a higher value was achieved 

in rigid samples due to the higher electrical conductivity. Achieving a higher power factor 

might be difficult for the given deposition conditions, as an attempt to increase the carrier 

concentration by increasing the doping gas ratio might result in a degradation of 

crystallinity. However, the power factor achieved is in line with the best demonstrations 

recently published for this material structure. 

Finally, the intrinsic thermal conductivity of this heterogeneous material proved 

to be substantially lower than single crystalline silicon at the same doping concentration 

due to mainly increased phonon scattering at grain boundaries.  Interestingly, the 

annealing treatment applied induced a reduction in the total thermal conductivity. This 

effect was ascribed to the combination of various scattering mechanisms such as 

scattering with the barriers located at the grain boundaries due to dopant segregation, 

strengthen of hole-phonon scattering, and post-annealing oxidation.  
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Chapter 6-Thermoelectric properties under uniaxial mechanical strain 

and temperature 

The use of strain to improve transport properties of semiconductor materials is 

ubiquitous in a number of technologies, [255] [256] [257] [258] [259] [260] with 

thermoelectrics not being an exception. The study of the strain-dependence of 

thermoelectric properties gains even more relevance in the case of flexible 

materials/devices, which operate under strain most of the time. A number of works have 

reported the enhancement of thermoelectric properties through introducing strain in the 

microstructure of the substrate, and by applying pressure [261] [262] [263] in commercial 

materials, however, showing little control over the strain application. Bearing this 

background in mind, this chapter aims to determine if tensile or compressive strain drives 

an increase or reduction of the PF in µc-Si: H thin films. 

In these µc-Si: H thin films, thermoelectric properties could be affected by the 

different types of strain (stress) developed during deposition, annealing, and externally 

applied mechanical loading. For the latter, uniaxial strain through forced bending has 

been selected because of the widely reported advantages related to enhancement of 

transport properties versus biaxial strain, and because it enables accurate application of 

strain in both magnitude and direction [264]. The total strain (stress) resulting from the 

interaction of the above mentioned strain types was used for the study of the 

thermoelectric properties. 

For this study, the µc-Si: H thin films used were submitted to an optimised 

fabrication process similar to that defined in the preceding chapter to obtain the best 

possible initial thermoelectric properties. 

This chapter is structured in the following way. Firstly, the detailed study of the 

total stress generated from deposition up to optimisation is reported along with the strain 

generated due to bending. Then, the variations of electrical conductivity and Seebeck 

coefficient of n and p-type µc-Si: H thin films with both tensile and compressive strain 

are investigated. Subsequently, another set of samples was used to study the variation of 

the same properties with the simultaneous effect of strain and temperature. Finally, the 

expected trend of the power factor for each strain case is reported based of the results of 

conductivity and Seebeck coefficient obtained. 
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6.1 Mechanical strain characterisation 

It is well known that during film growth and/or post-processing, thin films 

develop stress that can affect transport properties [265] [266], and depending on the 

nature of this stress it is added or subtracted to the strain generated due to forced bending. 

Thus, to quantify the effect on thermoelectric properties of the total mechanical strain, it 

is essential to determine beforehand the amount and nature of the resulting total residual 

stress produced during film growth and post-processing.  

A number of methods have been reported to be applicable for the determination 

of in-plane residual stress [266], however, all compute this parameter indirectly. In the 

following, the well-known Stoney’s equation is employed to determine the total residual 

stress.  

6.1.1 Generation of residual stress in flexible µc-Si: H thin films 

The total residual stress produced in optimised µc-Si: H thin films deposited via 

PECVD originates from two processes. First, it is well known that this deposition 

technique gives rise to the appearance of intrinsic stress that is the sum of a stress 

generated in the microstructure during film growth, and additionally, a thermal-induced 

stress due to the mismatch of coefficients of thermal expansion between the film and 

substrate as the sample is cooled from deposition temperature [266-267]. Second, as the 

optimisation of thermoelectric properties was carried out through an annealing treatment 

at temperatures over the deposition temperature (185°C), it is quite probable that an 

additional thermal strain was produced due to a larger mismatch of coefficients of thermal 

expansion between the film and substrate. Furthermore, at this temperature the Kapton 

substrate is reported to experience a shrinking process accompanied by a loss of weight 

caused mainly by the effusion of water from the microstructure [268].  

The Stoney´s equation establishes a linear correlation of stress generated in a thin 

film with the amount of bending produced in the film/substrate system in the following 

way [269]: 

𝜎 =
𝐸𝑠

6(1 − 𝑣𝑠)
 
ℎ𝑠

2

ℎ𝑓
 (

1

𝑅
−

1

𝑅0
)                                         (6.1) 
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where 𝐸𝑠 = 2.76 𝐺𝑃𝑎, ℎ𝑠 = 150 𝑥 10−6 𝑚 , and 𝑣𝑠 = 0.34 are the Young´s modulus, 

the thickness and the Poisson´s ratio of the substrate, respectively, and  ℎ𝑓= 1 𝑥 10−6 𝑚 

represents the thickness of the film. 𝑅 and 𝑅0 are the radii of curvature after and before 

the deposition of the µc-Si: H film.  

The applicability of this correlation however is constrained by the compliance of 

the following hypothesis [270]: 

 The film thickness is much smaller than the substrate thickness and both 

are smaller than the lateral dimensions. 

 The strain and rotations of the film/substrate system are infinitesimal so 

that the linear theory of elasticity can be employed. 

 The film and substrate are homogeneous, isotropic and linearly elastic. 

 The in-plane stresses of the film are equi-biaxial while the out-of-plane 

stress and all shear stresses are negligible. 

 The curvature components are equal in all directions (spherical 

deformation). 

 The components of stress and curvature are spatially constant on the 

whole surface of the film/substrate system, a conditions that is often 

violated in practice.  

Even though in some cases one or more of these conditions are not strictly 

compliant, Stoney´s formula has frequently been applied for determining the stress of 

similar thin films, i.e. nano-crystalline silicon thin films, and amorphous silicon thin films 

[265, 271]. In this study, the very low ratio ( 𝛽 =
ℎ𝑓

ℎ𝑠
= 0.0066 ) of film thickness (hf ) to 

substrate thickness (hs), along with the broadly rectangular shape of the sample selected, 

allowed to gain more accuracy by augmenting the propensity of the samples to adopt a 

spherical shape in bending state. In fact, with this strip-like sample shape, the stress 

becomes more homogeneous approaching the criterion for the applicability of the 

Stoney´s equation. 

Table 6.1 illustrates the results of intrinsic and total residual stress produced in the 

film/substrate system for n- and p-type µc-Si: H films deposited on Kapton substrates. 
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The total residual stress calculated results from the interaction of stress creation between 

the film and substrate during the phases of deposition and thermal annealing. It is 

important to remark that owing to the optimisation process carried out to enhance the 

thermoelectric properties, n-type samples were annealed at 200 °C while p-type samples 

at 350°C. Thus, it would be expected that due to the temperature-dependent shrinkage of 

the substrate, p-type sample substrate will exert a major stress on the film. For the 

calculation of film stress, the initial substrate curvature was neglected as the Kapton used 

provided an excellent dimensional stability and flatness at room temperature. For the sake 

of comparison with other studies, the widely used convention of assigning a positive value 

to tensile strain (stress), and negative to compressive strain (stress) will be employed 

herein. 

Table 6.1 Intrinsic and total residual stress generated during deposition and thermally-

induced thermoelectric optimisation, respectively with Rr and Rt as the radius of 

curvature measured for the former and latter, based on the methodology described in 

section 3.4 of chapter 3.  

Sample 

type Rr (m) Rt (m) 

Intrinsic stress 

(GPa) 

Total residual stress 

(GPa) 

N 0.048 0.030 -0.328 -0.527 

P 0.059 0.027 -0.265 -0.584 

Table 6.2 a-e illustrates, in sequence, the schematic curvature produced in the 

film/flexible substrate system due to the stress generated during deposition and thermal 

annealing, which is explained in the following manner.  

In general, from the results it can be observed that, independently of the doping 

nature, the as-deposited µc-Si: H films developed a negative stress reflected in the biased 

bending in the outward direction in agreement with previous results [271] [272] [273] 

[274] as shown in box b) in table 6.2. The intrinsic stress computed from the radius of 

curvature showed a slighter higher value for n-type (~ -0.33 GPa) samples in comparison 

with p-type ones (~-0.27 GPa). The negative nature of stress is likely acquired during film 

growth due to the deposition technique employed. Ion bombardment was found to be a 

typical process occurring in PECVD when energetic ions strike the silicon atoms in the 

subsurface layer with an energy higher than the atomic displacement energy of silicon 

[275] [276] [277] [278]. As a result, the bonding between silicon atoms are compressed 
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producing a force in the plane of the film; however, as the film is constrained by the 

substrate, it cannot expand, but instead the substrate can bend. A qualitative estimation 

of the ion momentum, the parameter that controls ion bombardment, drawing on the 

correlation developed in [277] gives ~1.48 a.u., and ~1.27 a.u for n and p type samples, 

respectively, in arbitrary units (a.u.). It suggests a slightly higher negative stress formation 

for n-type films considering its direct relationship with ion momentum, which supports 

the stress results computed from the curvature measurements 

There are other factors that might contribute to negative stress generation that 

cannot be precluded. Hydrogen content, both non-bonded and bonded, have been ascribed 

as responsible for compressive stress creation in numerous studies regarding PECVD and 

µc-Si: H [265] [272] [279] [280]. Given the microstructure of this material, that was 

proven to have a columnar structure and voids in chapter 4, along with the high hydrogen 

dilution, it is probable that non-bonded hydrogen was trapped in these micro-spaces. This 

stored molecular hydrogen can raise the gas pressure of micro-voids increasing 

macroscopically the mechanical stress. Likewise, bonded hydrogen in the form of SiHx 

species is thought to contribute to negative stress formation [265, 280]. During 

deposition, atomic hydrogen diffuses into the subsurface zone inserting into strained Si-

Si bonds forming Si-H-Si configurations, increasing compressive stress. Indeed, 

compressive stress seems to be a requisite for nucleation of µc-Si: H from the amorphous 

phase, as a direct correlation has been found between hydrogen dilution and stress, which 

coincides with the transition from amorphous to microcrystalline phase [280]. 

On the substrate side, two stress effects might appear during deposition that 

interact with the film stress described above. First, as the film/substrate system returns to 

room temperature after deposition, an additional negative stress is generated on the film 

due to mismatches of CTE between the film and substrate. In fact, the higher CTE of 

Kapton HN (~x7) with respect to µc-Si: H allows the former to shrink faster when cooling 

down, applying compressive loads on the film. The computing of thermal stress is not 

straightforward as the CTE of Kapton changes with temperature [281], and because, 

according to the thermal properties of Kapton HN [176], the substrate was expected to 

undergo a minimal shrinkage (~0.17 %) at 185°C, further contributing to negative stress. 
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Table 6.2 Bending of the film/substrate system produced by the stress/strain 

created during deposition and annealing process in flexible samples. Different curvatures, 

produced by the total residual stress, were found depending on the doping type, and 

annealing conditions. RN and RP represent the radius of curvature of the n and p-type 

sample, respectively, and the curvature is determined as the inverse of the radius (1/R).  

Outward bending 

due to 

compressive 

stress  

 

As-grown state N-type P-type 

Compressive 

stress  

RN < RP 

 

Annealing N-type: (200°C) P-type: (350°C) 

Expected 

behaviour of the 

film curvature due 

to annealing RN < 

RP   

 

Isolation of 

substrate 

curvature due to 

annealing RP < RN 

 

Final curvature 

RP < RN 

 

 

 

RN RP 

RN 

RN 

RN 

RP 

RP 

RP 

Hydrogen is lost due to annealing, more in p-type than n-type, 

creating a tensile stress that counteracts the initial compressive 

stress produced during deposition.  

ion bombardment, H content, Different CTE, kapton shrinkage  

A larger curvature was produced in p-type due to a larger 

shrinkage created by the higher annealing temperature.   

All interactions in as-grown + annealing process produce a 

larger final curvature in p-type samples 

(b) 

(c) 

(d) 

(e) 

(a) 
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As was expected, the negative intrinsic stress created during deposition was not 

definitive, but underwent further changes produced during the optimisation of transport 

properties via thermal annealing that ends in the total residual stress. Overall, it is 

noticeable that both film types are under a more pronounced negative stress than as-

deposited samples showing slightly higher values for p-type (-0.58 GPa) as compared to 

~-0.53 GPa for n-type after post-processing, as shown in box e) in table 6.2. On the film, 

considering hydrogen has been found to begin diffusing out at temperatures over the 

deposition temperature [239, 282], annealing likely produced the hydrogen out-diffusion 

from the µc-Si: H microstructure whose amount strongly depends on the exposure time 

and annealing temperature employed in each case. Consequently, considering the 

different annealing temperatures used in n- (200°C) and p- (350°C) type samples, it is 

reasonable to presume a higher loss of hydrogen in p-type films. With the loss of 

hydrogen, the intrinsic negative stress mechanism assumed previously, exerted by both 

non-bonded and bonded hydrogen would be reduced leaving the microstructure less 

compact, and probably originating a positive stress due to a reduction of volume that 

counteracts the initial intrinsic negative stress. In fact, a number of publications reported 

a correlation between positive stress creation and hydrogen out-diffusion [272, 281, 283]. 

Hence, it is plausible to infer that p-type films are left under less negative stress (higher 

positive stress creation) than n-type films (less positive stress creation) after the annealing 

treatment, as shown in box c) in table 6.2, which seems to contradict the computed values. 

Nevertheless, the annealing effect on substrate might provide an explanation for the 

results of total residual stress.  

On the substrate side, the previously described thermal expansion effects might 

appear due to annealing, but with higher magnitude, in particular in p-type films. First, a 

larger thermally-induced stress was probably developed in p-type films due to the obvious 

higher difference between annealing and room temperature (ΔT= 350-20 °C) as compared 

with n-type films (ΔT= 200-20 °C), and also due to a higher expected difference in CTE 

owing to a diverging behaviour between the µc-Si: H film and Kapton under thermal 

annealing. In fact, while a decrease of CTE is expected in the film with hydrogen 

desorption according to [284], an increase of CTE of Kapton with annealing temperature 

is predicted according to the product specification [176]. Second, a shrinkage process 

likely continues to happen with the substrate associated with the time the sample is under 

the effect of higher temperature, which further contributes to negative stress creation. 
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Therefore, the balance of stress during deposition and post-processing might explain the 

slightly higher negative stress in p-type films. 

To corroborate the distinct contribution of substrate to film stress due to the 

application of a different annealing temperature, the thermal-induced stress in the 

substrate was isolated.  To do this, two film-free Kapton substrates were annealed at the 

same conditions as n- and p-type samples, and later, the curvature was measured. It was 

evidenced that a larger curvature was produced on the sample annealed at 350°C (~7 m-

1) in comparison to the sample annealed at 200°C (0.63 m-1). This difference by about 

one order of magnitude is probably related to the proximity of the annealing temperature 

(350 °C) to the glass transition temperature (360 °C) specified for this Kapton type [176], 

where an increase of molecular motion takes place changing the intrinsic amorphous 

structure from glassy to a rubber-like state [285]. The schematic the behaviour of both 

cases is illustrated in box d) of table 6.2. These results suggest that larger compressive 

loads are applied on the p-types film by the substrate. 

6.1.2 Total mechanical strain (Residual plus bending strain) 

For large strain and rotations such as the ones applied by forced bending, the 

Stoney correlation does not accurately describe the strain behaviour anymore. Instead, 

the strain (𝜀) produced by a forced bending as a function of radius of curvature is 

described by [286] 

𝜀𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = (
ℎ𝑠 + ℎ𝑓

2𝑅
)

1 + 2𝜒𝜂 + 𝜒𝜂2

(1 + 𝜂) + (1 + 𝜒𝜂)
                         (6.2) 

where 𝑅 is the applied radius of curvature, 𝜒 and 𝜂 are defined by 𝜒 = 𝑌𝑓/𝑌𝑠 and 𝜂 =

ℎ𝑓/ℎ𝑠, considering, 𝑌𝑠 and 𝑌𝑓 as the Young’s moduli of substrate and film, respectively. 

From the mechanical perspective, the structure of this composite is essentially a 

bilayer composed of a 1 µm thick microcrystalline silicon layer on top of a 150 µm thick 

Kapton sheet as shown in figure 6.1.  
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Figure 6.1 Mechanical model of the thermoelectric material consisting of bilayer 

structure composed of µc-Si: H film and Kapton HN substrate. 

Figure 6.2 a-b illustrates the resulting total strain as a function of radius of 

curvature. The total strain developed on the top of the µc-Si: H film was calculated by 

subtracting or adding the total negative residual strain (stress) determined in the previous 

section to the strain generated by forced bending in the positive and negative direction, 

respectively. As the total residual strain showed to be slightly different for n- and p-type 

films, it was necessary to plot a curve for each film type considering tension and 

compression. This strain-radius relationship will be used to correlate the variation of 

electrical conductivity, and Seebeck coefficient with mechanical strain. 

 

                                   

Figure 6.2 Total positive (tensile) and negative (compressive) strain vs radius of 

curvature for a) n type and b) p-type µc-Si: H thin film calculated using equation (2), 

and schematic for the tensile c) and compressive d) bending direction.  
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■ Compressive strain 

 

 

● Tensile strain 

 

 

● Tensile strain 

 

 

c) 

d) 

■ Compressive strain 
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Once the total mechanical strain (stress) has been unveiled, it is possible to 

integrate these results in the study of the behaviour of thermoelectric properties as a 

function of radius of curvature. 

6.2  Characterisation of electrical conductivity 

In this section, two electrical conductivities were characterised at room 

temperature. First, the longitudinal electrical conductivity was obtained in the bending 

direction while the sample is in either under positive or negative strain. Second, the 

reflattened electrical conductivity was also characterised in the flat position immediately 

after releasing the strain. The samples were bent until the reflattened conductivity became 

unstable or jumped abruptly showing no recovery to its unstrained values, which probably 

indicated the occurrence of mechanical failure, subsequently validated through the 

inspection of SEM images. A critical radius of curvature was determined based on the 

analysis on both conductivity trends which points out the mechanical resistance limit for 

reliable measurements.    

For large deformations such as the ones applied in this study (> ± 0.7%), the stress 

and curvature components inevitably vary spatially, which implies that the values of each 

of the two stresses components in any two mutually orthogonal directions are different 

and rely on the position on the plate. With regard to the dimensions of the sample (2 x 

1cm), the forced bending was deliberately produced along the length of the sample to 

approach the uniaxial bending case. In this way, the stress change can be analysed in the 

bending direction considering the axial stress as a constant value that appears to 

compensate the change of volume in the bending direction. Thus, the global change in 

conductivity due to bending reflects the average electrical conductivity resulting from the 

average stress change in the zone of measurement. The measurements were carried out in 

the zone of maximum stress creation. The stress features described above can be verified 

in figure 6.3, which shows the simulation of stress distribution highlighting the maximum 

stress values in the centre of the sample, which was carried out based on the procedure 

described in section 3.9.1 in chapter 3.   
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Figure 6.3 Numerical simulation of stress distribution due to tensile stress for a µc-Si: H 

sample showing the zone of maximum stress. This was carried out generating a 

tetrahedral grid with 98833 elements in a stationary mode as described in section 3.9.1 

of chapter 3. 

It is important to emphasize that not all the samples used in this study belong to 

the same batch, and thus it is probable that measured values deviate amongst samples of 

the same doping nature. 

6.2.1 Electrical conductivity of n-type µc-Si: H thin films under mechanical strain 

Figure 6.4 shows the behaviour of the both conductivities described in section 6.2 

as a function radius for positive bending. The plot shows three clear distinct behaviours 

for longitudinal conductivity. First, in the range from the infinite radius (flat 

position/unstrained) down to ~18 mm, the longitudinal conductivity remains at a rather 

stable value of about 5815 (Ωm)-1. Then, as the strain is increased, an increasing trend 

also occurs in conductivity, reaching a maximum of ~7162 (Ωm)-1 at ~9.5 mm, which 

represents an enhancement of ~23% with respect to its unstrained value. Further strain 

creates an abrupt drop in conductivity of ~85% from its maximum for the last bending 

radius, at 8.3 mm. The reflattened conductivity shows a very stable trend indicating that 

it recovered its initial value of 5815 (Ωm)-1 until a bending radius of ~9.5 mm. Beyond 

this limit an incremental drop can be noted of ~ 10%, and ~49% at ~8.8 mm and ~8.3 

mm, respectively, which likely suggests a deterioration of the sample. It is remarkable 

that the maximum longitudinal conductivity is reached at the same radius (~9.5 mm) 

where reflattened conductivity showed the last data point within the stable trend. This 

coincidence suggests that for further bending, strain begins to progressively degrade the 

sample producing structural defects like those shown in figure 8a, interfering with the 
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carrier transport. Hence, from the results it can be inferred that the critical radius at which 

the conductivity allowed reliable measurements with minimum structural deterioration is 

~9.5mm→ ε (%) = 0.77.   

Figure 6.5 illustrates the behaviour of both conductivities as a function of radius 

for negative bending. In general, unlike the films under positive strain, it is noted that the 

longitudinal conductivity describes a decreasing trend in the whole range. It showed a 

decrease down to 2462 (Ωm)-1 at a radius of ~11.3 from its unstrained value 2820 (Ωm)-

1. For smaller bending radius it continues to decrease showing some fluctuation reaching 

a minimum of ~ 2399 (Ωm)-1 at 6.5 mm → ε ~ - 1.7%, which means a net fall of ~15% 

from its unstrained value. It is important to remark that the measurements were 

increasingly difficult to carry out with the reduction of radius as the available space 

limited the positioning of probes, which might explain such fluctuation. On the other 

hand, the reflattened conductivity depicts a stable trend in the whole range with a standard 

deviation of nearly 40 (Ωm)-1 which means that conductivity returns to its unstrained 

value. This feature is essential to demonstrate that the sample has not failed mechanically 

under the maximum bending radius applied. Thus, based on these results, one can 

conclude that the critical radius of curvature is located in a smaller bending range (ε (%) 

> -1.7), which was not possible to reach with the current measurement tools. The state of 

the sample after characterisation is shown in figure 8b.  

 

Figure 6.4 Behaviour of longitudinal and reflattened conductivity versus radius for 

positive bending at room temperature (20°C). The former showed an enhancement 

about 23% at 9.5 mm before an abrupt fall beyond this critical radius of curvature. The 

latter does not recover its initial values for radius smaller than 9.5 mm. 
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Figure 6.5 Behaviour of longitudinal and reflattened conductivity with radius for 

negative bending, at room temperature (20°C). The former showed a decreasing trend 

reaching a minimum of 2399 (Ωm)-1 at 6.5 mm, while the latter remains stable in the 

whole range showing no mechanical failure. 

6.2.2 Electrical conductivity of p-type µc-Si: H thin films under mechanical strain 

Figure 6.6 shows the behaviour of conductivity as a function of radius for positive 

bending for a p-type sample. It can be observed that longitudinal conductivity describes 

a smooth decreasing trend from its unstrained value of ~2530 (Ωm)-1 down to ~1967 

(Ωm)-1 at 12.7 mm. Then, in the next bending step (11.3 mm) the decline accelerates to 

~1315 (Ωm)-1 followed by an anomalous fluctuation in the last bending steps ending in 

~437 (Ωm)-1. The reflattened conductivity shows a stable trend in the range from infinite 

down to 11.3 mm. Then, for smaller bending radius a steep decline can be visualised 

showing a fall of ~81% from its initial value, which suggests that film 

degradation/cracking started as depicted in figure 8c. Therefore, relying on the reflattened 

conductivity results, it can be determined that the critical radius occurred at 11.3 mm → 

ε (%) = +0.58. 
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Figure 6.6 Behaviour of longitudinal and reflattened conductivity with radius for 

positive bending measured at room temperature (20°C). The longitudinal conductivity 

shows a decreasing trend reaching a minimum of ~1315 (Ωm)-1 at the critical radius of 

11.3 mm, which is corroborated by the abrupt fall of reflattened conductivity at the 

same radius. 

P-type films were now submitted to a negative stress. Figure 6.7 shows the 

behaviour of the longitudinal and reflattened electrical conductivity as a function of 

bending radius. In general, both conductivities show a parabolic-like behaviour for a 

decreasing bending radius. The longitudinal conductivity increases about 90% from its 

unstrained value (3718 (Ωm)-1) up to a maximum of ~7095 (Ωm)-1 at a radius of 10.3 mm, 

followed by a fall down to a minimum of 4742 (Ωm)-1 at 7.4 mm. Similarly, the 

reflattened conductivity increases form its initial value up to a maximum of 5874 (Ωm)-1 

at 10.3 mm, and then shows a  decreasing trend down to a minimum of 468 (Ωm)-1 at a 

radius of 7.4 mm, which represents a drop about 92% from its maximum.  

The substantial increase about 90% in the longitudinal conductivity with respect 

to its unstrained value does not look that great if one checks the trend of the reflattened 

conductivity in the same range. The non-recovery from the unexpected higher values of 

this conductivity appears to indicate that it is in a progressive optimisation process due to 

strain up to a radius of 10.3 mm. With this consideration, the net increase of longitudinal 

conductivity would be ~21%. The reasons for the permanent increase of the reflattened 

conductivity under compressive strain are not known. However, one can speculate that 

the gradual strain applied does not completely relax after releasing the strain, which might 
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have induced a permanent change. Instead, the ultimate decreasing trend of both 

conductivities is explained by the continued degradation of samples reflected in the fall 

> 92% of the reflattened conductivity, as is shown in figure 8d. If a mechanical failure 

occurred at 10.3 mm, it is intriguing why the longitudinal conductivity still remains at 

relative high values, i.e. 4742 (Ωm)-1 at the last bending radius. A probable explanation 

is likely related to the compressive strain state that re-joins separated surfaces resulting 

from crack formation at the moment of the measurements. In this way, a temporal path is 

provided for current flow while the sample is under compressive strain.    

 

Figure 6.7 Longitudinal and reflattened electrical conductivity variation of p-type films 

at room temperature as a function of radius for negative bending. The longitudinal 

conductivity shows a net enhancement of about 21 % from its optimised unstrained 

value. The non-recovery of the reflattened conductivity suggests that the critical radius 

takes place at 10.3 mm. 

6.2.3 Discussion 

In summary, the electrical characterisation carried out on µc-Si: H thin films 

confirms that the resulting trend strongly depends on the type of major carriers flowing 

through the material and the nature of stress applied. A summary of the results can be 

found in table 6.2. 
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Table 6.2 Trend of longitudinal electrical conductivity of n and p type µc-Si: H thin 

films under tensile and compressive stress with the corresponding strain at critical the 

bending radius (εC). 

Doping Tensile strain Compressive strain 

  Trend  εC (%)  Trend εC (%) 

N Increase   ↑ ~ 0.77 Decrease ↓ > -1.7 

P Decrease ↓ ~ 0.58 Increase   ↑ ~ -1.2 

 

To the best of the author´s knowledge, no µc-Si: H strain-induced works for the 

examination of thermoelectric properties has been realised. A few works on some silicon-

based structures for thermoelectric application have been reported [261] [287] [288], 

which can be useful to carry out a qualitative comparison. Additionally, detailed studies 

covering the behaviour of electrical conductivity under strain developed mostly for TFT 

and strain gauges are available to contrast the results found herein [289] [255] [171].  

It has been found that the applied uniaxial strain by bending reduces the crystal 

symmetry varying the effective mass, and lifting the degeneracy of the either the six-fold 

conduction band minimum or both heavy hole (HH) and light hole (LH) valence bands 

of silicon, depending on the nature of strain, allowing a redistribution of charge carriers 

[264, 288, 290]. Accordingly, the increase of longitudinal conductivity in n-type films 

under tensile strain can be attributed to the energy lifting of the four conduction Δ4 valleys 

that induces the repopulation of electrons into the lowered Δ2 valleys. In this way, more 

carriers with lighter effective mass are able to participate in the transport increasing the 

conductivity. It is remarkable that a lower enhancement (~ 23%) was achieved in n-type 

µc-Si: H films as compared to bulk silicon (35%) [287], even though a larger strain was 

applied in the former (0.77 > 0.2) %. This might be related to the different degree of 

carrier concentration and morphology of each material structure. It was reported that to 

achieve a complete redistribution of occupied states, the applied strain required is 

proportional to the degree of carrier concentration [287]. Thus, for a higher carrier 

concentration as in our films (~ 4 x 1020 cm-3), a larger strain is required to achieve a 

similar enhancement as that in bulk silicon (~ 8 x 1015 cm-3). Likewise, it was 
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demonstrated that µc-Si: H films contain a large number of grain boundaries which are 

probably softening the strain applied.  

For compressive strain the opposite occurs. The decreasing trend observed is 

probably the result of lifting the Δ2 valleys, thus, allowing the transfer of electrons to the 

lowered four Δ4 valleys giving rise at the same time to an increase of effective mass, 

which in turn, decreases the electrical conductivity. Similarly, under the same 

compressive strain (0.6%) it can be verified that n-type µc-Si: H films show a minor 

decrease of conductivity ~5%, against ~15% for bulk silicon [287], giving more support 

to the soften effect of grain boundaries and carrier concentration hypothesis. 

On the other hand, the physics for strain-dependent valence band is more complex 

because apart from the band splitting, the strain is reported to warp the valence band 

inducing a change in the effective mass [264]. The decreasing trend shown for p-type µc-

Si: H films under tensile strain is likely related to the degeneracy lifting that shifts 

energetically the HH band up, and lowers the LH band with the corresponding 

repopulation of high energy carriers into the lower band, and the alteration of the band 

curvature. In this way, the dominant band for transport becomes the HH band, which has 

a relative larger effective mass that reduces the overall conductivity. This trend deviates 

from the bulk silicon, which shows a slight increase, but is coherent with the reduction 

reported in [289] for µc-Si based TFTs, which is ascribed to the decrease of hole mobility. 

For compressive strain, the degeneracy lifting is reversed. It is, the LH band 

becomes the top valence band which contains more light holes to participate in the 

transport, reducing the effective conductivity mass [287]. Consequently, an increasing 

conductivity trend is appreciated in µc-Si: H films similar to that reported for bulk silicon, 

but with different rate of change. While an increase of ~23% at ~1% strain was obtained 

in µc-Si: H films, a larger increase ~ 40% at a lower strain ~ 0.6% was reported for bulk 

silicon. This deviation is probably explained by the morphological and carrier 

concentration features of each material structure.   

From the results, it is noticeable that either within n-type or p-type films, those 

samples bent in compressive strain offer a larger mechanical resistance (smaller bending 

radius) than those bent under tensile strain. It is well known that crack-formation due to 

tensile strain is produced entirely in the film, whilst delamination due to compressive 
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strain is produced in the film/substrate interface. Regarding that a good adhesion force 

between the film and substrate was demonstrated for µc-Si: H films deposited via PECVD 

in previous chapters, it is not surprising that the system film/substrate failed first at the 

film. Figure 6.8 shows the SEM micrographs obtained for each strain case (a-d) along 

with a micrograph (e) for a sample not used in the bending experiments. The mechanical 

failure of each strain case is distinguished by the degradation/crack-formation as opposed 

to a sample (1 x 1 cm) not used for bending experiments in good state. The cracks were 

found to be oriented in the direction perpendicular to the applied strain. 

Finally, in order to confirm that the effect of strain on the electrical properties is 

via alteration of crystalline grains, it is possible to draw on the Raman technique, which 

distinguishes the presence of tensile and compressive strain through the shift of the 

Raman signal to lower and higher values, respectively. The focusing parameters are the 

same as the ones used in [291]. Figure 6.9 illustrates the behaviour of Raman shift of a p-

type sample as a function of tensile strain. The first point of the plot (522.5 cm-1) 

represents the Raman frequency in flat position before the bending experiments. The 

calculation of stress based on [292] gives a stress (~0.62 GPa) very similar to that 

previously obtained from the analytical Stoney´s method (0.58 GPa). Clearly, this higher 

Raman shift with respect to the stress free single crystalline Silicon (520.7 cm-1) confirms 

the residual compressive stress creation during growth and post-processing. Overall, it 

can be observed that the Raman-active phonon modes corresponding to the crystalline 

fraction moves steadily towards lower values in the spectra confirming the presence of 

local tensile stress in the crystalline grains, which alters the band structure, giving rise to 

the change in electrical conductivity.  
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Figure 6.8 SEM micrographs of final state of samples after bending experiments for a) 

n-type under tensile strain, b) n-type under compressive strain, c) p-type under tensile 

strain, d) p-type under compressive strain, and e) a p-type sample not submitted to 

bending loads. 

Most thermoelectric applications usually work at temperatures higher than the 

room temperature, where the effect of temperature might alter the transport properties, 

and structural integrity of the samples. In this regard, in the following sections, the 

behaviour of thermoelectric transport properties was investigated for samples submitted 

to the combined effect of strain and elevated temperature.   

a) b)

c) d) 

3 µm  

3 µm  

1 µm  

1 µm  

1 µm  

e) 
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Figure 6.9 Bending Raman shift as a function of radius for tensile (positive) bending for 

a p-type sample. The Raman shift moves to lower values with decreasing radius 

suggesting the creation of a local tensile strain. 

6.3 Effect of strain and temperature on electrical conductivity 

Although no characterisation of carrier mobility and carrier concentration in 

bending state was carried out in the preceding section, extensive literature attributes the 

increase of conductivity to an increase of mobility through the modification of effective 

mass and redistribution of carriers [290]. Therefore, considering that carrier mobility is a 

temperature-dependent parameter, one might expect a variation of electrical conductivity 

with the inclusion of temperature in the bending experiments. Hence, it is necessary to 

investigate specific cases under the simultaneous effect of strain and a temperature (60°C) 

that is suitable for thermoelectric applications, i.e. low-grade waste heat recovery.  

6.3.1 Electrical conductivity of n-type µc-Si: H films under strain and temperature 

Figure 6.10 a-b shows the results of longitudinal and reflattened electrical 

conductivity as a function of bending radius measured at a temperature of 60°C.  
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Figure 6.10 Variation of longitudinal and reflattened electrical conductivity for fixed 

carrier concentration and temperature (60 °C) as a function of bending radius for a) n-

type samples under positive strain, b) n-type samples under negative strain. 

Overall, it can be observed in figure 6.10a the longitudinal electrical conductivity 

trend shows three distinguishable behaviours with tensile bending. First, in the radius 

from infinite down to 57.6 mm, the conductivity increases from ~4905 (Ωm)-1 up to a 

maximum of ~5433 (Ωm)-1, which represents a rise of about 11%. As expected, 

qualitatively this trend coincides with previously reported publications [287, 289] that 

ascribed to the strain-based degeneracy lifting and reduction of effective mass. However, 

it is noticeable that a lower increase took place for samples under the additional effect of 

temperature (11% < 23%) against those subjected to only tensile strain. This lower 

increase can be ascribed to the lower mechanical resistance evidenced by the larger 

critical radius of curvature (35.2 mm > 9.5 mm) that prevents further increase. Then, in 

the radius range from 57.6 mm down to 35.2 mm, it reverses into a decreasing trend 

reaching a minimum measurable value of 4985 (Ωm)-1, but still above its unstrained 

value. Finally, for smaller radius, an abrupt drop can be observed, reaching values around 

zero, which suggests that the film experienced mechanical failure. On the other side, it 

can be noticed that the reflattened conductivity recovers almost completely its initial 

unstrained value until the radius of 35.2 mm. Thereafter, it drastically falls to values close 

to zero, suggesting the occurrence of mechanical failure, and corroborating the critical 

radius of curvature as 35.2 mm.  

Figure 6.10b illustrates the trends of both conductivities as a function of 

compressive strain. In general, the longitudinal conductivity describes a decreasing trend 

starting at an initial value of 3997 (Ωm)-1 and steadily decreasing reaching a minimum of 

3158 (Ωm)-1 at a radius of 12.8 mm, which means a fall of ~21%. The reflattened 
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conductivity shows a stable trend up to a radius of 24 mm, and then it experiences a non-

recovery state falling down to ~3379 (Ωm)-1 at 12.8 mm, pointing out the critical radius 

of curvature at 24 mm. It is important to highlight that the reflattened conductivity fell 

just ~15% from its unstrained value, which suggests that no crack-formation, but sample 

degradation probably occurred. The larger drop of conductivity here of ~ 21% compared 

to the ~15% for samples under solely compressive strain can be explained by the earlier 

degradation under the effect of temperature that starts at ε (%) = - ~0.64, while no 

mechanical failure was evidenced in the latter. The decreasing trend of longitudinal 

conductivity showed to be in agreement with the increase of effective mass and 

redistribution of electrons into the lowered Δ4 valleys due to compressive strain reported 

for silicon structures [287, 289]. From the mechanical point of view, certainly the 

resistance was substantially reduced with the application of temperature considering the 

critical radius of curvature defined (24 mm) as opposed to those samples subjected only 

to compressive strain where no failure occurred even at a radius down to 6.5 mm.  

6.3.2 Electrical conductivity of p-type µc-Si: H films under strain and temperature 

Figure 6.11 a-b shows the behaviour of longitudinal and reflattened electrical 

conductivity as a function of bending radius measured at a temperature of 60°C.  

 

Figure 6.11 a-b Variation of longitudinal and reflattened electrical conductivity for fixed 

carrier concentration and temperature (60 °C) as a function of bending radius for a) p-

type samples under positive strain, b) p-type samples under negative strain. 

Figure 6.11a shows the behaviour of longitudinal and reflattened conductivity as 

a function of tensile bending radius. It can be observed that the longitudinal conductivity 

shows two marked behaviours. First, it remains rather stable at values close to ~ 2784 

(Ωm)-1 in the range from infinite down to 46.4 mm. This behaviour does not appear in 

a) b) 
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line with results reported in literature for silicon-based material structures, which 

establish a decreasing trend [287]. A possible explanation might be related to the presence 

of the compressive residual strain (ε (%) = - 0.26) that delays the appearance of a 

decreasing trend until the applied positive strain is high enough to counteract the stored 

residual strain. In fact, it is clear that the corresponding strain solely due to the bending 

radius of 46.4 mm → ε (%) ~ 0.21% matches very well with the compressive residual 

strain value. Second, for radius smaller than 46.4 mm, it shifts into a decreasing trend, 

where a progressive effective positive strain is applied starting at a radius of 35.2 mm → 

ε (%) ~ 0.27% > - 0.26% that likely lifts the degeneracy unfavourably for transport and 

increases the effective mass as reported in [287, 289]. Nevertheless, by checking the 

reflattened conductivity it is noticeable that not all the decreasing trend is due to the stain. 

For radius smaller than 35.2 mm the reflattened conductivity did not recover its unstrained 

value suggesting that sample degradation probably took place. Accordingly, from the 

results it can be concluded that temperature accelerates the film degradation leading to an 

earlier mechanical failure based on the larger critical radius of curvature (35.2 mm) 

against the radius of the samples that are only under the effect of strain (11.3 mm).  

Figure 6.11b exhibits the longitudinal and reflattened conductivity as a function 

of compressive bending radius. In general, both conductivities depict a parabolic-like 

similar to those found for the samples submitted to compressive strain only. The 

longitudinal conductivity, coherent with a reduction of effective mass, and compressive 

strain-based degeneracy lifting that makes the LH band become to the top valence band, 

rises to a maximum of ~2588 (Ωm)-1 at 46.4 mm, about 16% from its unstrained value 

~2224 (Ωm)-1. Then it depicts a slight decrease (< 5%) in the two subsequent bending 

radius which, after checking the reflattened conductivity, can be attributed to 

imperfections in probe positioning due to the small radius. In the last bending step (12.8 

mm) the reader can appreciate a slight re-boost of conductivity, which is likely due to the 

temporarily close of the broken surfaces due to compressive bending. On the other hand, 

the reflattened conductivity initially increases up to 2434 (Ωm)-1, and remains stable up 

to a radius of 24 mm before falling down to 1703 (Ωm)-1 at 12.8 mm. Considering this 

increase of reflattened conductivity, the relative increase of longitudinal conductivity 

would be about 6% instead of 16% at a radius of 46.4 mm.   

The results of this section are summarised in table 6.3. From the trend and critical 

radius, it can be concluded that the overall strain-dependence behaviour of electrical 
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conductivity did not vary with the inclusion of elevated temperature, but showed a lower 

limit of mechanical resistance reflected by the lower strain held during measurements in 

comparison with the samples submitted solely to strain.  

Table 6.3 Summary of the trends for n and p-type samples subjected to the combined 

effect of strain and temperature (60°C). 

Doping Tensile strain Compressive strain 

  Trend εC (%) Trend εC (%) 

N Increase   ↑ ~ 0.04 Decrease ↓ ~ -0.64 

P Decrease ↓ ~ 0.01 Increase   ↑ ~ -0.66 

 

6.4 Seebeck coefficient under mechanical strain and temperature 

The behaviour of the Seebeck coefficient is strongly defined by the state of the 

electronic band structure under strain. It has been reported that strain affects certain 

parameters that are involved in shaping the Seebeck coefficient such as the effective mass 

and density of states [290]. Thus, due to at least these common parameters, it is probable 

that the increase/decrease of electrical conductivity generated by strain can 

simultaneously produce changes in the Seebeck coefficient. In this section, the 

temperature dependence of the Seebeck coefficient is first presented, followed by   the 

investigation of Seebeck coefficient under the combined effect of strain and temperature. 

6.4.1 Characterisation of Seebeck coefficient of n-type µc-Si: H thin films 

Figure 6.12 a-b illustrates the typical temperature-dependence behaviour of the 

Seebeck coefficient found in the bending experiments for tensile and compressive strain 

in the range from room temperature up to 60°C. All measurements showed consistent 

negative values throughout the temperature range in all bending radius attempted, 

confirming the electron doping. Likewise, it can be observed that Seebeck coefficient 

varies almost linearly with temperature in agreement with the metallic-like behaviour 

derived from the high doping level. However, a slight increase with respect to its room 

temperature value was verified in all bending experiments. This minor increase observed 

is probably related to a high Fermi energy due to the high carrier concentration that makes 
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this parameter almost temperature independent. Instead, a larger relative difference in the 

Seebeck values is observed when the samples are bent in tensile or compressive strain, 

which is extended in what follows.    

 

Figure 6.12 a-b Typical temperature dependence of the Seebeck coefficient in the range 

from room temperature up to 60°C for n-type samples bent at a radius of 10.3 mm in a) 

tensile strain b) compressive strain. 

Figure 6.13 a-b illustrates the results of Seebeck coefficient for tensile and 

compressive strain with their corresponding reflattening curves, measured at 60°C. 

 

Figure 6.13 a-b Variation of longitudinal and reflattened Seebeck coefficient as a 

function bending radius measured at a fixed temperature of 60°C for a) n-type samples 

under tensile strain, b) n-type samples under compressive strain. 

Figure 6.13a displays the behaviour of longitudinal Seebeck coefficient as a 

function of tensile bending radius and following reflattening. Overall, it can be observed 

that the longitudinal Seebeck was negative, confirming the electron-biased doping. For 

the tensile strain case, it started at ~-129 µV/K in the flat position, and then decreased 
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almost linearly with strain in the whole range until the final step, where it reached a 

minimum of ~-98 µV/K at a radius of ~6.8 mm → ε (%) ~1.1, which represents a fall of 

~24%. A similar behaviour was obtained for biaxial-strained silicon in reference [287] 

which was ascribed to the degeneracy lifting. Under sufficient tensile strain, the electrons 

from the lifted Δ4 pockets are transferred to the lowered Δ2 pockets, which becomes the 

dominant contributor to transport, increasing their occupation. So, based on the Mott 

relationship [19], the relative increase of carrier concentration in the Δ2 pockets induces 

a reduction of Seebeck. Compared to bulk silicon at the same strain (~0.2%), the Seebeck 

coefficient in this work shows a lower decrease (~5 < ~9 %), which is likely related to 

both the higher absorption of applied stress in the grain boundaries and the different 

carrier concentration.  

Similarly, the behaviour of longitudinal Seebeck coefficient was characterised in n-type 

films under compressive strain, and the results are shown in figure 6.13b, alongside values 

following reflattening. Initially, the longitudinal Seebeck remains stable at ~-155.5 µV/K 

up to a radius of 18 mm, followed but an increasing trend reaching a maximum of ~-175 

µV/K at a radius of 6.5 mm, which represents an enhancement of about 13% over its 

unstrained value. An analogous qualitative enhancement was found in [287], but under a 

lower strain (- 0.25%). The fact that the maximum Seebeck value was reached at a larger 

strain (6.5 mm →ε (%)= - 1.7) in µc-Si: H films is probably related to its high carrier 

concentration along with the softening effect of grain boundaries. By looking the 

decreasing trend described for bulk silicon at larger strain, it is possible that the maximum 

strain applied here was not enough to achieve a complete redistribution of electrons into 

the Δ4 pockets for further reduction of the Seebeck coefficient. 

In both tensile and compressive strain experiments, the reflattened Seebeck coefficient 

appears stable in the whole range of measurements, meaning a recovery to its roughly 

original value takes place once the strain is released.  

6.4.2 Characterisation of Seebeck coefficient of p-type µc-Si: H thin films 

The temperature dependence of the Seebeck coefficient in the range from room 

temperature up to 60°C for a specific bending radius is shown in figure 6.14 a-b. All 

Seebeck measurements in all cases resulted in positive values confirming that the major 

carriers are holes. This curve represents the overall trend of Seebeck found in all 

measurements for tensile (a) and compressive (b) strain, pointing out a linear dependence 
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with temperature in agreement with the high doping level. Similar to n-type samples, the 

temperature-dependence is weak, reflected in the small increase with respect to its room 

temperature value, which is probably related to carrier concentration-dependence of the 

Fermi energy. The changes with strain of each case are discussed in what follows. 

    

Figure 6.14 a-b Temperature dependence of Seebeck coefficient for p-type samples 

measured in the range from room temperature up to 60°C under a) tensile strain, and b) 

compressive strain.  

Figure 6.15 a-b shows the behaviour of the longitudinal and reflattened Seebeck 

coefficient for p-type samples under tensile and compressive strain measured at 60°C. 

 

Figure 6.15 a-b Variation of longitudinal and reflattened Seebeck coefficient as a 

function of bending radius measured at a fixed temperature of 60°C for a) p-type 

samples under tensile strain, and b) p-type samples under compressive strain. 

Figure 6.15a shows the results of longitudinal Seebeck coefficient as a function 

of tensile strain and subsequent reflattening. It can be observed that Seebeck coefficient 

experienced a slight decreasing trend starting at ~255 µV/K in the flat position and 

a) b) 
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reaching a minimum of 247.5 µV/K at a radius of 7.1 mm → ε ~1.1%, which represents 

a marginal fall ~ 3%. Again, these results are coherent with the repopulation of carriers 

into the one of the two degenerated bands, while the other is depleted under sufficient 

strain. In this case, the HH band was probably left with more holes for conduction. 

Compared to bulk silicon at the same strain (0.6%), again, it is noticeable the lower 

reduction of Seebeck for µc-Si: H films (3 < ~10) % [287]. This relative low decay found 

in bulk Si, ascribed to the broadening of Seebeck fall in dependence on the applied strain 

for high doping levels, can be occurring as well in µc-Si: H films. This event, added to 

the softening effect of the applied strain at grain boundaries probably explain the lower 

decrease of Seebeck in µc-Si: H films. 

The longitudinal and reflattened Seebeck as a function of compressive radius is 

shown in figure 15b. It is noticeable that the longitudinal Seebeck had a slight decreasing 

trend starting at an initial value of ~245 µV/K and running down to 232 µV/K at a bending 

radius of 7.1 mm → ε ~ -1.6 %, which represents a drop of around 5%. A similar marginal 

fall was reported for bulk silicon which was attributed to the redistribution of carriers, 

this time, into the lowered HH band leaving more holes in the LH band for transport 

[287].  

The reflattened Seebeck coefficient, in general, showed a recovery to its 

unstrained value in all cases, suggesting that no mechanical failure occurred in the whole 

bending range. However, it appears to contradict the reduced mechanical resistance found 

during the characterisation of electrical conductivity. This difference is likely related to 

the probe arrangement used for each characterisation. While conductivity was measured 

using four-point probe, the Seebeck was measured based on two probe. It is probable that 

during the Seebeck measurements cracks already formed, but extended parallel to the path 

that joins the two probes allowing a flow of carriers, which is more complicated in the 

case of four probes in a rectangular arrangement.    

Table 6.4 summarises the trends of the Seebeck coefficient for all the strain cases, 

showing the net variation with respect to the unstrained case along with its corresponding 

strain value. Overall, referring back to the conductivity results, their consistency with the 

opposite trend is clear in all cases except for p-type under tensile strain, where the 

conductivity drops very slightly, within the mechanically safe range, and the Seebeck 

depicts a clear decreasing trend. This unusual strain-dependent behaviour is not entirely 
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unexpected. A concurrence decay of both parameters with tensile strain over 0.2% was 

theoretically predicted in [287] for highly p-doped bulk silicon. Also, a concurrent 

increase of both parameters was demonstrated in p-Bi2Te3 [293] due to the application 

of pressure, which is equivalent to applying compressive strain. The reasons for such 

deviations remain an open question.   

Table 6.4 Trends of the Seebeck coefficient for n and p type µc-Si: H showing the 

maximum strain applied during the measurements. 

Doping Tensile strain Compressive strain 

  Trend ε (%) Trend ε (%) 

N decrease (24%)   ↓ ~ 1.1 Increase (13%) ↑ ~ -1.7 

P Decrease (3%)     ↓ ~ 1.1 Increase (5%)   ↓ ~ -1.6 

6.5 Impact of strain on the power factor 

 Given that the strain experiments for conductivity and Seebeck coefficient were 

carried out on different samples, a qualitative description of PF is given below.  

Table 6.5 Implications of the trends of the electrical conductivity and Seebeck 

coefficient on the power factor.   

Parameter 
N-type Results P-type Results 

(+) strain (-)strain (+) strain (-)strain 

σ ↑ ↓ ↓ ↑ 

α ↓ ↑ ↓ ↓ 

PF ~invariable ~invariable ↓ ~invariable 

 

Based on the conductivity and Seebeck trends shown in table 6.3, along with the 

correlation (𝜎𝛼2), a good approximation of the PF trends can be obtained. Overall, it can 

be expected a marginal change in the PF in the cases where the electrical conductivity 

and Seebeck coefficient show an opposite trend under the concurrent effect of 

temperature and strain. The results also show that only in p-type samples under tensile 

strain, the PF might experience a clear drop due to the simultaneous fall of both 
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parameters. Unfortunately, a notably increase of PF might not be achieved through the 

application of uniaxial strain and temperature, however, it is remarkable the fact that this 

parameter remains largely unchanged for large strain values, in most cases. 

Even when the PF seems to remain largely unchanged with strain at the material 

level, the Seebeck coefficient and the conductivity in particular indeed changed. This 

variation might pose some difficulties to achieve a maximum power output at the device 

level. In most flexible thermoelectric developments, the conductivity and Seebeck 

coefficient would have likely been measured in the unstrained state [294], or after cyclic 

bending to characterise the stability of the power output [113]. Even though the 

characterisation approach adopted herein likely results in a more realistic determination 

of the power output with respect to the cited approaches, it highlights another important 

hurdle to be solved. The maximum power output in a TED is obtained when the load 

resistance matches the electrical internal resistance of the device [295]. Thus, the first 

obvious difficulty is to match an electrical internal resistance that varies as significantly 

as a function of strain, as noted in the experimental measurements. Additionally, the 

unbalanced coupling of the thermoelements and electrodes can further enhance this 

problem as well as creating supplementary strain at the device level that might deteriorate 

the performance in the short term and reduce device lifetime in the longer term. Therefore, 

even though the trends of TE properties found in this study can permit one to define a 

preferential strain in relation to the doping type to mitigate a decay of PF, this gain can 

be lost if strain from other sources are not controlled.      

To summarise the findings, one can conclude that the absolute unstrained PF 

values from the hole-doped film surpass by about one order of magnitude those from the 

electron-doped films. Weighting the influence of each parameter on the PF, these 

difference can be attributed to the larger Seebeck of the hole-doped films despite the 

relative lower conductivity with respect to the electron-doped films. Likewise, strain 

demonstrated to change the conductivity and Seebeck, but unfortunately a noticeable 

enhancement of PF could not be obtained for the range of bending used in this study. 
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Chapter 7-Conclusions and Future Work 

Thermoelectric technology has not shown a steady evolution since its discovery; 

instead, it is characterised by marked technological generations, which have been boosted 

periodically by notable breakthroughs such as the introduction of semiconductors, and 

LDS. In the last three decades, significant progress has been achieved in TE performance 

at the material level, thanks to promising emerging approaches which have received 

financial support, but unfortunately only a low fraction of such developments have 

accomplished performance matching the requirements for the fabrication of practical 

TEDs. As a result, an increasing lag has taken place at the device level, that will likely 

lead in another period of technological stagnation. Even worse, the technological 

evolution in potential areas of TE application, i.e. the transport sector, that have been 

waiting for functional and efficient TEDs, are rapidly becoming incompatible with 

thermoelectrics due to the progressive shift to electric vehicles. If the course of 

technological development of thermoelectrics does not shift the focus to low-cost, 

functional and non-toxic materials with potential for direct translation to TEDs, i.e. 

silicon thin films, the now-niche applications will narrow down even more making this 

technology unattractive in traditional applications. That said, a new generation of 

functionality in TEDs, such as their flexibility, coupled with the explosion of low-power 

sensors required by the internet-of-things, provides new opportunities. 

µc-Si: H thin films are widely used in the solar cell sector due to their good 

stability and electrical transport properties, and thus, their applicability cannot be solely 

devoted to this sector considering their intrinsic microstructure, ease of doping, and 

mature material processing, which are essential attributes for commercial thermoelectrics. 

Only one development based on this material system has previously been reported in 

literature focusing on the TE optimisation, but the results are fluctuating and in a narrow 

range of temperature with films deposited only on rigid substrates. 

This work, apart from the TE optimisation, and the better thermal stability, the 

unique contribution to the TE field is giving by a progress on the flexible thermoelectrics. 

Inorganic µc-Si: H thin films deposited on Kapton substrates to integrate the relative good 

TE properties of the first ones with flexibility of the latter are investigated for the first 

time aiming to TE applications. Furthermore, the characterisation of TE properties 

carried out herein in bending state under large and controlled strains has almost never 
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been reported in this field due mainly to the lack of appropriate equipment, and/or 

methodology. Finally, the film robustness, essential for the film integrity under service, 

is characterised based on a standard methodology approved by the ASTM. These features 

along with the capacity of material processing at commercial quantities could provide the 

potential for a direct translation into practical TEDs.     

7.1 Accomplishment of research objectives     

This section is devoted to summarise the accomplishment of the three objectives 

identified at the beginning of this investigation. 

1) To demonstrate the suitability of the PECVD technique to produce robust µc-

Si: H thin films with controllable doping, crystallinity and grain size at low-

cost.  

The PECVD deposition technique, widely used for the production of µc-Si: H for 

thin-film solar cells, was employed herein for the fabrication of low-cost thin films for 

TE applications. Amongst the advantages that this technique offers for thermoelectrics 

are the high material quality, reproducibility, higher carrier mobility and crystallinity as 

compared to others techniques, i.e. WHCVD. 

In this thesis, also the degree of robustness of the films deposited on glass 

substrates was evaluated through an approved method. This property is essential to assure 

the mechanical integrity of the film/substrate system when it is under the effect of strain 

and/or temperature, which are typical effects during the assembly of TEDs or functioning, 

in the case of flexible thermoelectrics.  

Furthermore, this technique demonstrated to provide discretional material 

characteristics necessary to optimise the PF. High and different carrier concentrations in 

the range from 1019 to 1020 cm-3 was demonstrated in n-/p-type as-grown samples, which 

are in the right order for thermoelectric applications. Likewise, a desirable microstructure 

with high crystallinity and small grain size (larger grain boundaries) to enhance the 

electrical conductivity and reduce the thermal conductivity, respectively, was shown in 

both sample types. Finally, the scalability of this deposition method was succinctly 
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evidenced in the fabrication of all batches, which were performed in sheets of 10 cm x 10 

cm, and subsequently cut in samples of suitable sizes for characterisation. 

2) To demonstrate that TE properties can be further enhanced from the as-grown 

state via thermal annealing in both films deposited on rigid and flexible 

substrates.  

In this investigation, it appears that overall, thermal annealing induces an increase 

of electrical conductivity producing similar factors of improvement within n- and p-type 

samples independently of the type of substrate employed for deposition, as shown in 

figure 7.1. Likewise, a more pronounced effect on p-type samples ~x 8 due to a concurrent 

increase of both carrier concentration and mobility was found, while the counteracting 

effect of these parameters evidenced in n-type samples led to a minimum increase. 

Although the individual behaviour of these parameters were not provided in the work 

carried out by Loureiro et al., using a similar approach, qualitatively, the improvement of 

conductivity agrees very well with those found herein. However, it is important to remark 

the higher improvement factor (~ x 2 in average) achieved in this work at a higher 

temperature, making this approach suitable for extending the range of application since 

film degradation tends to occur more readily at operation temperatures in excess of 

deposition temperature. 

The conspicuous higher improvement in p-type samples upon annealing is likely 

related to a larger reserve of passivated boron atoms as compared to phosphorous ones in 

n-type samples, in the as-grown state. In this way, thermal annealing in p-type samples 

has a relative higher capacity to de-passivate boron atoms.  

In conclusion, post-processing seems to be an effective technique to push the 

electrical conductivity to the upper limits for a set of given deposition parameters. 
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Figure 7.1 Factor of improvement of electrical conductivity with thermal 

annealing. Conductivity enhances with a strong dependence on the doping 

type, showing a larger increase in p-type samples.  

Thermal annealing also demonstrated to modify the as-grown Seebeck coefficient 

although not always improving it, as can be seen in figure 7.2. By observing the 

magnitude of change, it is clear the lower effect of annealing on the Seebeck as compared 

to electrical conductivity. In addition, similar to the electrical conductivity, the change in 

the Seebeck coefficient seems to be driven by the nature of predominant dopant atoms. 

Indeed, while phosphorous-doped films on both rigid and flexible substrates showed an 

improvement of Seebeck coefficient, for boron-doped films it decreased. These results 

partially coincide with the experimental measurements carried out by Loureiro et al. in a 

specific range of temperature, but the trends found herein are far more stable and 

consistent. The minimal deterioration of Seebeck coefficient with annealing is essential 

for the enhancement of PF, but is important to define a ‘safe’ annealing range in both 

rigid and flexible samples, as these values become unstable due to sample degradation or 

mechanical failure. 
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Figure 7.2 Factor of change of the Seebeck coefficient with thermal 

annealing. The Seebeck coefficient changes depending on the doping type, 

increasing for phosphorous dopants and decreasing for boron dopants. 

3) To experimentally unveil the combined effect of uniaxial-strain and 

temperature on µc-Si: H thin films deposited on flexible substrates. 

Experimental evidence of the behaviour of the electrical conductivity and Seebeck 

coefficient in µc-Si: H thin films under the simultaneous effect of strain and elevated 

temperature has not been reported to date. Likewise, the characterisation method 

employed in this study has rarely been applied in flexible thermoelectrics, and is 

particularly relevant to know the evolution of transport properties in a more realistic way. 

Overall, the electrical conductivity increases for n-type material under tensile, and p-type 

films under compressive strain, showing a reverse trend for the conjugated strain cases. 

These results are in qualitative agreement with the theoretical predictions reported by 

Hinsche et al. for bulk silicon, and multiple studies realised in the TFTs field for Si-based 

structures. The deviations in the rate of change are likely related to the intrinsic 

microstructure of µc-Si: H and the doping concentration. These findings make µc-Si: H 

thin films an interesting alternative for flexible thermoelectrics from the operative point 

of view, as depending on the doping nature, films can be set to work in compressive or 

tensile mode to mitigate losses by strain. 

On the other side, the Seebeck coefficient was also altered with strain. Unlike the 

electrical conductivity, the Seebeck coefficient could be measured under larger strains 
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because of the two-probe linear method adopted. Although these results might not be 

suitable to directly combine with conductivity for strains > ±0.7 % to determine the PF, 

the trends are useful to get insight about the rate of change at very small radius of 

curvature. Overall, this parameter decreased in all strain cases except for n-type films 

under compressive strain. These results are in qualitatively agreement with the theoretical 

predictions reported by Hinsche et al., which were ascribed to changes in the band 

structure.  

The inclusion of temperature in the experiments, overall, resulted in a decrease of 

mechanical resistance of the film. This effect could be corroborated by comparing the 

conductivity results between the samples with and without the effect of temperature.  

Although electrical conductivity was improved in certain cases due to strain, a 

clear improvement of the PF might not be achieved due to the compensating effects of 

the Seebeck coefficient for the given experimental conditions.  

7.2 Future work  

These findings open new routes for exploration of µc-Si: H thin films for 

thermoelectrics. The higher as-grown values of electrical conductivity achieved in this 

study for both n- and p-type samples with respect to the “optimised” values obtained by 

Loureiro et al, implies that better achievements could be realised through a suitable 

combination of deposition parameters in future attempts. For instance, having a higher 

carrier mobility would increase the conductivity with minimal change in the Seebeck if 

the carrier concentration is preserved. As carrier mobility is directly related to the film 

thickness (grain size) [296], it would be interesting to attempt the characterisation in 

thicker films.    

Besides flexibility properties, deposition of µc-Si: H thin  films on Kapton 

substrates demonstrated to degrade the absolute values of conductivity along with a 

higher residual stress creation as compared to rigid samples. The residual stress created 

during deposition and post-processing plays an essential role in accelerating the 

mechanical failure in flexible samples during the bending experiments. Deposition on 

flexible substrates with a CTE more similar to that of µc-Si: H would be promising to 

extend the strain-dependent resistance of the films. Attempting on flexible glass 
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substrates, which have a similar CTE, appears as an alternative. They might provide 

similar conductivity values along with minimum residual stress, but the maximum 

allowable strain after post-processing needs to be defined.    

TEDs are usually submitted to cyclical load during operation, i.e. TEGs to harvest 

energy from the exhaust. In this thesis, the variation of TE properties with static fatigue 

has been addressed (strain plus temperature) in flexible samples. However, for realistic 

understanding of the performance of practical TEGs, the evolution of TE properties with 

dynamic fatigue needs to be covered. For example, an experimental TE characterisation 

in samples progressively submitted to cyclical bending up to 10.000 cycles in cantilever 

mode could provide a good picture of the lifespan of the material as a function of the 

evolution of its TE properties.    

7.2.1 Proposed Design and manufacturability for the direct translation into a 

practical TEG 

Finally, the direct translation into a practical TEG based on the deposition 

technique used herein remains to be demonstrated with consideration of the 

manufacturability and the TE performance. In this section, a simplified description of the 

fundamentals involved in each phase along with a design proposal is presented for a 

potential fabrication.     

Before proceeding with the fabrication, it is necessary to define the dimensions of 

the legs, the number of thermocouples, the configuration of the TEG, all of which are a 

function of the desired power output and voltage. The analytical expression to obtain the 

maximum output power (Pmax) is defined by [100] 

𝑃𝑚𝑎𝑥 = 𝑉 ∗ 𝐼 =
𝑉2

4𝑅𝐺
=  

𝑁2 ∗ (𝛼𝑝 − 𝛼𝑛)
2

∗ ∆𝑇𝐺
2

4𝑅𝐺
                  (7.1) 

where V and I are the voltage and the current. N represents the number of thermocouples, 

𝛼𝑝 and 𝛼𝑛 are the Seebeck coefficient found for p and n-doped µc-Si: H films, 

respectively, ∆𝑇 is the temperature difference between the hot and cold junctions of the 

TEG, and 𝑅𝐺  is the internal resistance of the generator. This equation does not consider 

the variation of TE properties with temperature. Further simplifications in the calculation 

of 𝑅𝐺  are done by considering only the electrical resistances of the thermocouples while 
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the electric and thermal contact resistances are neglected. For∆𝑇 = 60°𝐶, Pmax= 1.04 

µW, and V~0.15, twelve thermocouples electrically connected in series with dimensions 

(n: 20 x 10; p: 20 x 9) mm are required. This was obtained with the average values of TE 

properties found in chapter 4 and 5 for flexible samples, (n: σ =3952.5 s/m, α=-120 µV/K; 

p: σ =1821, 5 s/m, α= 289 µV/K). 

The found design parameters could possibly be better translated into a practical flexible 

TEG adopting a lateral/lateral circuit configuration like that shown in figure 7.1. 

 

 

 

 

Figure 7.1 Lateral/lateral configuration proposed for the fabrication of a TEG based on 

the PECVD technique. The TEG comprises twelve thermocouples electrically connected 

in series and thermally in parallel. Electric contacts should be made of highly conductive 

material such as copper, silver or gold.  

  The fabrication process for the proposed configuration comprises the deposition of the 

active material on the substrate, the optimisation process via annealing, and the deposition 

of electric contacts. The PECVD technique permits the deposition of TE material one at 

a time, i.e. the n-type legs can be first deposited onto the Kapton substrate while the space 

for the p-type ones is temporarily masked; the process should be reversed for the 

deposition of p-type legs. This approach of direct deposition of TE material, with the 

desired configuration, onto a unique large substrate is feasible only if a common 
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annealing temperature (200 °C) is used for both n and p-type material. Considering the 

different annealing temperatures for TE optimisation (n: 200 °C; p: 350 °C), it implies 

that only the n-type legs will reach the maximum values while the p-type values will be 

below the maximum possible. Then, the circuit is completed with the deposition of 

electric contacts, preferably with a material of high conductivity and corrosion resistance, 

i.e. copper, silver, and gold. The fabrication can be considered low cost and simple 

because this technique is compatible with the processes used in the manufacture of large 

area solar cells. 

Alternatively, a practical TEG could be produced by assembly of components with a 

higher efficiency but with a more complicated fabrication process. Both n and p-type 

material could be deposited in separate Kapton substrates covering the area dictated by 

the quantity of legs of each material (n: 2400; p: 2160) mm2. Then, from each large sheet, 

the legs can be obtained by cutting in the specified dimensions. In this approach, the n 

and p-type legs can be optimised at the corresponding annealing conditions achieving the 

maximum PF values; however, the deposition of electric contacts becomes complicated 

due to alignment limitations. 

In summary, a practical TEG could be easily fabricated as part of a future work, 

based on the present approach, without restrictions of material processing, and with a 

good translation of the TE coefficients from the material to the device level if good 

electric and thermal contacts are engineered.    
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