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Chapter 1. Introduction. 
 
1.1.  Impact of the energy generation on climate change. 

 
Climate change is a major global challenge affecting the planet Earth and its 

inhabitants1. The current warming trend must be considered because most of it is the 
result of human activity and proceeding at a rate that is unprecedented over decades2. 
Generally, energy demand is increasing globally, resulting in the escalation of 
greenhouse gas emissions. The aforementioned trend will be continuing, driven by a 
rising population and economic growth3. Recent studies predict that if the world keeps 
consuming fossil fuel, average surface temperatures will have risen between 2°C and 
6°C by the end of the 21st-century4, resulting in the melting of ice in the arctic regions. 
It has been estimated that if all the ice in the world is molten due to climate change, 
it will result in a drastic rise of the sea level5, as shown in Figure 1.1. It looks like we 
might have to look for another place to call home if the sea levels would rise tomorrow. 
Climate change, thus, presents increasing challenges for renewable energy generation.  

 

 
Figure 1.1. – The predicted rise of the world sea level (of approximately 65 meters) 
due to climate change. Adapted from reference 5. 

 
In order to prevent such irreversible consequences, certain steps toward 

sustainable energy production must be taken. To illustrate this challenge, the energy 
generation and consumption in the USA are shown in Figure 1.2. 



Introduction 

 

11 
 

Figure 1.2. – The energy flow chart released by Lawrence Livermore National 
Laboratory details the sources and consumption of energy (in percentage) in the 
USA, and how much waste exists (2018). Adapted from reference 6. 

 
Based on the diagram, it can be concluded that petroleum (36.9 % of the total 

produced energy) remains the primary source of energy for transportation (26.0 %) and 
industrial use (8.86 %). Surprisingly, ‘old’ and ‘dirty’ coal so far contributes up to 12.1 
% to the electricity generation. However, cleaner but still exhaustible energy source 
like natural gas (31.0 % of the total produced energy) is extensively used for electricity 
generation (11.0 %), as well as for industrial (10.4 %) and residential purposes (11.9 
%). Renewable sources generate around 6.4% of the total produced energy. Hydro and 
wind energy sources create about 2.6 % and 2.5 % of the energy, respectively, while the 
contribution of solar energy giving almost 1% of the total energy. Despite the positive 
contribution of renewable energy sources, it can be concluded that nearly 70% of the 
produced energy is rejected in the form of heat6. Most of the rejected energy is coming 
from electrical generation and transportation. Even if only a relatively small percentage 
of the waste heat can be converted into electricity, it will have a beneficial effect on 
climate change and slow down the rise of the surface temperature. Thus, besides using 
renewable energy sources, such as wind, geothermal, hydro, and solar power, it is 
essential to gain back rejected energy via the concept of energy harvesting. Recently, 
many efforts have been made in developing large-scale energy harvesting systems like 
solar power, windmills, and hydroelectric plants. Here we are focusing on the small-
scale energy harvesters that can be used in autonomous devices and which are expected 
to become core components of zero-energy systems. 

 
1.2.  Energy harvesting for autonomous devices and systems.  

 
Energy harvesting is a vital focus of the 21st century due to the increased demand 

for energy. Typically, energy harvesting is assigned to the accumulation of energy from 
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the environment; this energy would otherwise be lost. Commonly, motion (vibrations, 
wind, etc.), light (photovoltaic), heat, and chemical energy (biodiesel, fuel cells, etc.) 
can be used as energy harvesting sources, as shown in Figure 1.3. There are physical 
effects involved in energy transitions. For instance, in the case of motion, three 
mechanisms are available, particularly electromagnetic, piezoelectric, and electrostatic. 
Electromagnetic harvesters transform the energy from electromagnetic fields to 
electrical7. Piezoelectric harvesters convert the kinetic energy in the form of vibrations 
into electricity8. The electrostatic potential energy that results from Coulomb forces 
can be converted into electrical energy using electrostatic harvesters. The typical 
output of these generators is in the range of a few µW9–11. Thermal harvesters use the 
thermoelectric effect (Seebeck effect), and light harvesters employ the photovoltaic 
effect. The efficiency of commercially available large-scale solar panels is up to 22.8 % 
12.  
 

 
Figure 1.3. – Categories of energy harvesting sources. 

 
Nowadays, large scale harvesting power plants (solar cell farms and windmills) 

are widespread since they can provide a significant amount of electrical power12. In 
contrast, the energy output of small-scale harvesters (electromagnetic, electrostatic, 
thermoelectric harvesters) is relatively low (in the range from nanowatts to hundreds 
of milliwatts); nevertheless, these harvesters are promising for autonomous devices and 
zero-energy systems. Such systems will have a positive impact on sustainable energy13. 
In this thesis, we focus on thermoelectric energy generators, which can find an 
application on the Internet of Things (IoT) devices and zero-energy systems14. 

 
1.3.  Thermoelectricity and thermoelectric efficiency.  

 
In thermoelectric energy harvesting, the Seebeck effect is used into convert heat 

to electricity15. Currently, the efficiency of commercially available thermoelectric 
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generators (TEGs) is up to 10%16. It is necessary to increase the thermoelectric figure 
of merit ZT to make an efficient and modest thermoelectric generator. It has been 
predicted that the use of low-dimensional structures could help to increase efficiency. 
These aspects are addressed in the next section. 

The thermoelectric efficiency of a material is defined as17:  
 

, 
(1.1) 

 
where σ is the electric conductivity, A and l are geometrical parameters (cross-sectional 
area and length of wire, respectively), S the Seebeck coefficient, and  the thermal 
conductivity. The SI unit of Z is [K-1], so it is often multiplied by the temperature T 
to form the dimensionless number ZT, which is referred to as the figure of merit (see 
Eq. (1.2)). 

 

. 
(1.2) 

 
It can be concluded from Eq. (1.2) that the efficiency depends on the intrinsic 

properties of materials used in thermoelectric devices. To maximize the electrical power 
output, both electrical losses (Joule heating) and thermal losses must be minimized. 
Therefore, a thermoelectric material should feature a high electrical conductivity σ, but 
low thermal conductivity . However, it is challenging to increase electrical 
conductivity without effecting thermal conductivity, since the thermal conductance has 
a lattice and an electronic contribution. For metals thermal and electrical conductivity 
are correlated via the Wiedemann-Franz Law (see Eq. (1.3)) and cannot be tuned 
independently18. 

 

, 
(1.3) 

 
where L is Lorenz number (L = 2.44·10-8 W·Ω·K-2), and T is the temperature. 

The Seebeck coefficient is associated with the density of states (DOS) and can 
be increased by modulation of the DOS, as discussed in Chapter 2.  

Undoped semiconductors have a Seebeck coefficient on the order of mV/K. 
Doped semiconductor materials show a decrease in the Seebeck coefficient, leading to 
values of a few µV/K for highly doped materials19–22

. In contrast to the Seebeck 
coefficient, the electrical conductivity increases with doping because it is proportional 
to the number of charge carriers and their mobility23. In Figure 1.4, the dependence of 
the electrical conductivity, the Seebeck coefficient, and the thermal conductivity are 
given as a function of carrier concentration, illustrating the complexity of material 
optimization.  

Among materials, semiconductors have high charge carrier mobility, medium 
range of carrier concentration, and a smaller number of electrons, which improve their 
ZT24. More precisely, a high range of carrier concentration increases the electrical 
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conductivity and the thermal conductivity and decreases the Seebeck coefficient, which 
results in an optimum carrier concentration distinctive for semiconductors.  

 

 
Figure 1.4. – The Seebeck coefficient (S), electrical (σ), and thermal () 
conductivities, the figure of merit ZT and the power factor S2σ plotted as a function 
of the carrier concentration n. The Seebeck coefficient decreases as n increases, which 
is expected12. Adapted from reference 25. 

 
In the same manner as in all engines, the maximum thermoelectric efficiency is 

limited by the Carnot efficiency as26: 
 
 

, 

(1.4) 

 
where ηc is the Carnot efficiency, ZTmax the maximum figure of merit, and TH and TC 
the temperatures of the hot and cold sources, respectively. Here TH>TC. The higher 
the value of ZTmax, the closer the efficiency of the thermoelectric generator approaches 
the Carnot efficiency (Figure 1.5). 
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Figure 1.5. – The thermoelectric efficiency (ZT) as a function of temperature. The 
Carnot efficiency limit is plotted for comparison27. 

 
Given this, a thermoelectric device with a figure of merit of ZT = 3 can convert 

around 25-30% of waste heat to useful electrical energy at the range of high 
temperatures (T>500 oC). 

Recently, many attempts have been made to reach high ZT values28–31. A 
summary of thermoelectric materials is presented in the next section.  

 
1.4.  State-of-the-art thermoelectric materials. 

 
Semiconductor materials are used widely in thermoelectric applications 32–34. 

Tremendous efforts have been undertaken to engineer materials to reach higher ZT 
values35,36. Figure 1.6 reviews the historical development of thermoelectric materials 
over the last 50 years35. The first generation of thermoelectric materials with ZT ~ 0.5 
is represented by Bi2Te3, PbTe, and SiGe, as shown in the left part of the figure (1960-
1990s). The second generation was based on utilizing size effects37–39, as shown in the 
middle part of the figure. In this part the thermoelectric efficiency was enhanced to 
about 1.7 by nanostructuring (AgPbmSbTem+2 40, nano-Bi2Te3 41, nanoamorphous-
Bi2Te3 42, nano-SiGe 43, nanostructural PbS 44) and electronic structure engineering (Tl 
doped PbTe 45, PbTe1-xSex 46), and modulation doping (SiGe)47,48. The third generation 
of bulk thermoelectric materials has established new concepts, and new technologies 
has pushed ZT to 1.8 46 and even higher, as shown in the right part of Figure 1.6. The 
right part of the plot shows the high performance realized in hierarchical PbTe and 
promising thermoelectric materials, including PbSe 48,49, band alignment PbS 50,51, 
BiCuSeO 52, Cu2S systems 53,54, SnS 55,56, Cu2Se systems 57–60, Half-Heusler systems 
61,62, and SnSe 63.  
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Figure 1.6. – ZT of bulk thermoelectric materials as a function of time. The graph 
is adapted from reference 35. 

 
Even though some materials show ZTs higher than 2.0, it is still challenging to 

use these materials in thermoelectric generators due to their toxicity and high cost. 
There have been several essential milestones in increasing the ZT of thermoelectric 
materials, as summarized in Table 1.147,50, 53, 63-83. The ZT enhancement originates 
either from the increase of the power factor (S2σ) 45,46,71 or decrease of the lattice 
thermal conductivity lat through microstructure engineering40–44. Several materials 
have now been reported to display high ZT values (>2.0) at relatively high 
temperatures53,64,73,77,84–90. However, these materials do not have high efficiency at 
temperatures around 300 – 400 K, which limits their application.  
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Table 1.1. – Record ZTs of some thermoelectric materials. 
Ref. Material ZTmax Temperature 

(K) 

p/n 

78 Bi83.5Sb16.5 0.52 80 n 
79 CsBi4Te6  0.8 225 p 
80 Bi2Te2.79Se0.21 1.2 375 n 
81 Bi0.5Sb1.5Te3+x%Te 1.86 320 p 
82 MgAg0.97Sb0.99 1.3 533 p 
83 PbTe0.998I0.002-3%Sb 1.8 773 n 
64 Pb0.98Na0.02Te-8%SrTe 2.5 923 p 
65 PbSe0.998Br0.002-2%Cu2Se 1.8 723 n 
66 Pb0.98Na0.02Se-2%HgSe 1.7 973 p 
67 PbS-4.4%Ag 1.7 850 n 
50 Pb0.975Na0.025S-3%CdS 1.3 923 p 
68 β-Zn4Sb3 1.4 750 p 
69 Ba0.08La0.05Yb0.04Co4Sb12 1.7 850 n 
70 DD0.7Fe2.7Co1.3Sb11.8Sn0.2 1.45 823 p 
71 Mg2.15Sb0.006Si0.28Sn0.71 1.3 700 n 
72 Mg2Li0.025Si0.4Sn0.6 0.7 650 p 
73 SnSe1−xBrx 2.8 773 n 
63 SnSe 2.6 923 p 
47 (Si95Ge5)0.65(Si70Ge30P3)0.35 1.3 1173 n 
74 Si80Ge20Bx 0.6 1100 p 
75 Zr0.2Hf0.8NiSn0.985Sb0.015 1.1 1000 n 
76 Nb0.88Hf0.12FeSb 1.5 1200 p 
77 Cu2Se-x%CNT 2.4 1000 p 
53 Cu1.97S 1.7 1000 p 

 

Nonetheless, according to some proposals37,39, when the material system 
dimensions are reduced to the nanoscale (e.g., nanowires), carrier confinement can be 
achieved, leading to an increase of ZT at relatively low temperatures. The effect of 
nanostructuring is addressed in the next section. 

 
1.5.  Nanowires for thermoelectric energy conversion.  

 
Nanostructuring plays a crucial role in optimizing the thermoelectric properties 

of materials. It has been shown that the properties of materials change when the size 
of the system is scaled down to the nanoscale91. It has been stated that the 
thermoelectric properties of materials at the nanoscale can be adjusted separately from 
the electrical properties to some extent, improving the figure of merit. For instance, 
the thermal conductivity can be decreased by using smaller crystals (due to increased 
scattering of phonons at the boundaries), and, simultaneously, the power factor can be 
increased due to quantum confinement38. Based on theoretical predictions by Hicks & 
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Dresselhaus, nanowires are promising for thermoelectric energy conversion, since the 
modified density of states leads to an increase in the Seebeck coefficient (see Chapter 
2)39. In NWs, the power factor can be increased due to a low effective electron band 
mass, which allows for a high mobility of the carriers92,93. Besides, the conduction of 
heat by the lattice is significantly reduced due to boundary scattering effects and a 
lower phonon group velocity. See Figure 1.7a, where lattice thermal conductivity (lat) 
as a function diameter (L) is plotted for different III-V semiconductors. Nevertheless, 
the expected increase in the power factor in nanostructures has not yet been shown 
experimentally94. 

Among III-V materials, InSb is predicted to be the most promising material for 
thermoelectric devices because of its high electrical conductivity and relatively small 
thermal conductivity95. However, to create highly efficient thermoelectric generators 
(ZT = 6), the nanowires should have a diameter of around 10 nm (Figure 1.7b). 

 

 
Figure 1.7. – a, Lattice thermal conductivity as a function of the thickness, for 
InSb, InAs, GaAs, and InP nanowires, for diffusive (thick lines) and partially specular 
(thin lines) phonon boundary scattering. b, Calculated ZT as a function of the 
thickness (Thick: Diffusive boundary scattering; Thin: Partially specular). Adapted 
from reference 95. 

 
Concluding, it is essential not only from the application point of view but also 

fundamentally, to study the aspects of phonon and electron transport in nanowires for 
thermoelectric energy conversion. 
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1.6.  Scope of this thesis. 
 

In this thesis, phonon and electron transport in semiconductor nanowires is 
studied in detail to provide a fundamental understanding of the possibilities to enhance 
the efficiency of nanowire-based thermoelectric generators. This thesis is composed of 
seven chapters, including the introductory one.  

Chapter 2 introduces the theoretical background relevant to the work discussed 
in this thesis.  

In Chapter 3, the processing of the microdevices, as well as the preparation of 
the samples for measurements, are addressed.  

In Chapter 4, the experimental setups and measurement techniques are 
discussed.  

In Chapter 5, we demonstrate ballistic transport in ultrathin and ultraclean, 
GaP nanowires at room temperature over unexpectedly long distances of more than 15 
micrometers.  

In Chapter 6, we study the thermoelectric properties of InSb nanowires and 
estimate their thermoelectric efficiency.  

In Chapter 7, we develop the prospective nanowire-based thermoelectric 
generator, which has potential advantages compared to conventional thermoelectric 
generators.  
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Chapter 2. Theoretical background. 
 

In this chapter, the theoretical aspects of thermal and electrical transport 
phenomena are addressed. The theoretical foundation of this thesis covers the topics of 
heat transfer and the effects of boundaries in nanowire systems, including specular and 
diffusive scattering. The Seebeck effect as a thermoelectric phenomenon is discussed. 
Additionally, the influence of  field-effect gating on the thermoelectric power factor of 
a material is addressed. Lastly, the Landauer formalism is explained for the estimation 
of thermal transport in nanowires. 

 
2.1. Thermoelectric energy conversion. 

 
It has been shown in the previous chapter that semiconductors are promising 

candidates for efficient thermoelectric conversion1–3. According to the theoretical 
predictions by Hicks & Dresselhaus, nanowires are interesting for thermoelectric 
applications, because decreasing the dimension of a bulk 3D material to a 1D system 
increases the figure of merit4. 

Generally, the efficiency of thermoelectric generation5 can be defined as: 
 

, 

(2.1) 

 
where ηc is the Carnot efficiency, Z the figure of merit, Tm the mean temperature, and 
T1 and T2 the temperatures of the hot and cold sides, respectively. It is assumed that 
T1>T2 in this case. The higher the value of Z, the closer the thermoelectric efficiency 
approaches the Carnot efficiency. Thus, a large value of Z  is desired for efficient 
thermoelectric energy conversion. 

The figure of merit is defined as: 
 

, 

(2.2) 

 
where S is the Seebeck coefficient, and Gth and R are the thermal conductance and 
electrical resistance of a thermocouple, respectively6. Eq (2.2) can be simplified to (2.3) 
by taking into account material properties: 
 

, 

(2.3) 

 
where A and l are the cross-sectional area and length of the wire, and  and σ are the 
thermal and electrical conductivity, respectively. The SI unit of Z is [K-1], thus to get 
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a dimensionless number it is often multiplied by the temperature T. ZT is commonly 
referred to as the figure of merit:  
 

. 

(2.4) 

 
Therefore, it can be concluded that it is essential to characterize the thermal and 
electron transport in order to calculate the thermoelectric figure of merit (ZT).  
 
2.2. Thermal transport. 

 
In semiconductors, the main heat carriers are phonons, the quasiparticles of 

atomic vibrations7. The concept of a phonon was introduced by the Soviet physicist 
Igor Tamm in 1932 8. Phonons can be considered as particles with a velocity υ, a heat 
capacity Cv and a relaxation time τ, which is the average time it takes for a phonon to 
undergo a scattering event that changes its momentum. The phonon mean free path 
lmfp = υ·τ  is the average distance that a phonon travels before it changes its direction. 
The scattering events reduce lmfp. Next to scattering in the bulk, phonons in a finite-
sized system can scatter at the boundaries, which is addressed in detail in the next 
section. The lattice thermal conductivity lat can be written as: 

 

, (2.5) 

 
where the sum is over all phonon modes.  

In the same way as for electrons, different transport regimes can be identified 
for phonons. Diffusive heat transport results from multiple scattering events. Structural 
imperfections and interactions of a phonon with other phonons and with electrons lead 
to scattering and reduction of the phonon mean free path9. However, when the size L 
of the structure through which the phonons travels becomes much smaller than the 
mean free path, phonons can travel without scattering, i.e., ballistically, similar to 
classical ballistic particles10. Classical ballistic particles propagate while transferring a 
hundred percent of their energy. Since a phonon travels ballistically for L << lmfp the 
thermal resistance is independent of L for ballistic phonons, and, thus, the thermal 
conductivity is linearly proportional to the length:   L. In the ballistic regime the 
value of the thermal conductivity depends linearly on the system size. The diffusive 
and ballistic phonon transport regimes are sketched in Figure 2.1. 
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a) b) 

  
Figure 2.1. – Sketches of ballistic and diffusive transport regimes: a, the thermal 
resistance remains constant in the ballistic regime and is linearly proportional to the 
system length in the diffusive regime; b, for the thermal conductivity the opposite 
holds. 

 
Since the scattering rate is often frequency-dependent, thermal transport is 

typically governed by a combination of ballistic and diffusive phonons. Low-frequency 
phonons tend to be ballistic due to their relatively high group velocities, long mean free 
paths, and weak scattering rates11. At room temperature, low-frequency phonons 
usually do not significantly contribute to thermal transport because of their low energy 
density12–14. Therefore, to experimentally observe ballistic phonon transport, 
measurements must be performed for  short channel lengths and/or low temperatures. 
Experimental studies have demonstrated the breakdown of diffusive thermal 
transport15–17. Deviations from diffusive heat flow can occur due to hydrodynamic 
effects18–25, but also due to ballistic behavior16,17,26–31. The experimental observation of 
ballistic and diffusive phonon transport in nanowires is discussed in detail in Chapter 
5. 

 
2.2.2. Boundary scattering. 

 
In a finite-sized system, additionally to bulk scattering mechanisms, boundary 

phonon scattering should be considered. More specifically, to include boundary 
scattering, the scattering time must be adjusted. For simplicity, it is assumed that the 
reduction of size does not affect the phonon density of states. Below, two approaches 
are discussed to consider boundary scattering. They are applicable to diffusive and 
specular scattering. 

 
2.2.2.1. Diffusive scattering.  

 
Diffusive scattering is the reflection of a wave at a surface where the reflected 

wave is distributed over many angles. For ideal diffusive scattering, the reflected 
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intensity distribution is independent of the reflection angle. The phonon mean free path 
lmfp resulting from different scattering mechanisms can be approximated by 
Matthiessen's rule. 

Matthiessen’s rule is empirically derived from work by Augustus Matthiessen in 
1864 32. It is identical to adding the thermal resistances as parallel resistances. In the 
case of phonon scattering, this can be done by adding the inverses of the phonon mean 
free paths. The contributions of different scattering mechanisms are included in 
Matthiessen’s rule as follows: 

 

, 

(2.6) 

 
where lmfp(total) is the total mean free path, and lmfp(N) is the mean free path for a specific 
scattering mechanism N. In order to take into consideration the boundary scattering in 
a nanowire, the mean free path resulting from boundary scattering is assumed to be 
equal to the diameter of the wire, while the bulk scattering is assumed to be 
unaffected33. Applying Matthiessen’s rule, the following equation for the mean free path 
holds:  

 

. 
(2.7) 

 
The phonon mean free path due to boundary scattering is dependent on the diffusive 
and specular scattering. It can be estimated by Eq (2.8):  
 

, 

(2.8) 

 
where d  is the diameter of the nanowire. The parameter p varies in the range from 0 
to 1, where p = 0 represents ideal specular scattering and p = 1 fully diffusive 
scattering34. Hence, ideal diffusively scattered phonons will travel over a length d, and 
perfectly specularly scattering phonons will propagate with an infinite mean free path. 
The latter will not happen in practice, but for high values of p, phonons will propagate 
along the whole length of the nanowire. Such a propagation phenomenon is known as 
ballistic transport34. 

Eq. (2.7) has been used in many different nanoscale systems35,36 to estimate the 
influence of scattering on thermal and electronic transport. However, the assumption 
that scattering mechanisms can be considered independently has been challenged37,38. 
Additionally, since the phonons are scattered more frequently near the boundary, the 
phonon density is locally enhanced39. The enhanced phonon density results in increased 
phonon-phonon scattering near the boundary40. This effect comes in addition to the 
scattering at the boundary itself. This enhancement is not taken into consideration in 
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Matthiessen’s rule. Hence, it is expected that the influence of the boundary is 
underestimated. 

Another approach that addresses boundary scattering has been proposed by 
Ziman35. This approach leads to the following equation: 
 

. 

(2.9) 

 
This approach assumes that the phonon mean free path is limited to the diameter of 
the wire. Typically, in a nanowire, the phonon modes that have a large component of 
their momentum along the wire propagate much further before meeting the boundary 
than phonons that have a small such component. Thus, the approximation that the 
mean free path is limited to the diameter overrates the effect of the boundary. The real 
solution is expected to be in between the results obtained using Matthiessen’s rule and 
the expression of Ziman’s approach. 

Both approximate results Eq. (2.8) and (2.9) behave analogously in the limit of 
small diameter, where they are both linear in d. In case of a large diameter, both results 
become equal to the bulk mean free path. The result of Eq. (2.8) based on Matthiessen’s 
rule approaches bulk behavior much slower than the result of Eq. (2.9) based on 
Ziman’s approach. This comes from the fact that Matthiesen’s rule is an 
underestimation, while the equation based on Ziman’s approach is an overestimation 
of the mean free path35,41. Both approximations are sufficient to model the data 
obtained in this thesis. 

 
2.2.2.2. Specular scattering. 

 
The absence of a disorder may result in specular scattering in the case of a thin, 

smooth, and single-crystalline nanowire. Specular scattering occurs when the phonons 
are reflected at the boundaries under a single angle. The edges of the boundaries might 
have a disordered region with thickness h, as shown in Figure 2.2, leading to surface 
roughness. 

 
Figure 2.2. – Schematic illustration of a nanowire boundary. k is the phonon wave 
vector, h is the thickness of the disordered region, d is the diameter of the nanowire, 
and θ the angle of incidence. Shown is the relation k⊥ = k·cos(θ) – adapted from 
reference 42. 
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Specular scattering occurs when the phase difference of the reflected wave ∆φ 

<<1. The reflected wave undergoes destructive interference when ∆φ ≈ 1. The phase 
difference can be expressed as42: 

 

, 
(2.10) 

 
where λ is the wavelength of the phonon, and k⊥ is the component of the wave vector 
perpendicular to the surface: 
 

. (2.11) 

 
In the case of specular scattering, the mean free path depends on the frequency 

and can be obtained from44: 
 

, 

(2.12) 

 
where B is a dimensionless constant depending on the details of the disorder, ω is the 
frequency of the phonon mode, ωD is the Debye frequency, and N(ω) is the number of 
modes with frequency ω 42. 

The experiments on the influence of  specular scattering on phonon transport 
are presented in Chapter 5. 

 
2.4. Electronic transport. 

2.4.1. The Seebeck effect. 

 
The Seebeck effect describes the phenomenon of the establishment of an electric 

field inside a material in the presence of an applied temperature gradient. Thomas 
Johann Seebeck discovered in 1821 43 that a voltage appears at the junction of two 
materials when a temperature difference is applied. Figure 2.3 shows the effect in the 
case of a semiconductor nanowire. 
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Figure 2.3. – A schematic illustration of the Seebeck effect, where two ends of a 
semiconductor nanowire are kept at different temperatures T1 and T2. The 
established temperature gradient creates a thermoelectric voltage measured by a 
voltmeter. 

 
The Seebeck coefficient S can be obtained from the current density j  flowing as 

the result of the applied temperature gradient ∇∇∇∇T and the electric field E: 
 

, (2.13) 

 
where σ the electrical conductivity. By interrupting the circuit, the current density 
drops to zero, and the equation simplifies to:  

 
. (2.14) 

 
To obtain the value of the Seebeck coefficient, the electric field should be 

measured indirectly through the Seebeck voltage (VS) (see Figure 2.3). The Seebeck 
voltage can be written as: 

 

, 

(2.15) 

or 

. (2.16) 

 
The created Seebeck voltage is equal to the difference of the Fermi levels of both 

metal contacts. As a result, the Fermi level changes within the semiconductor. In the 
case of an n-type semiconductor, the change in the Fermi level leads to an electron 
density that is higher at the hot end than at the cold end. This creates a diffusion 
current from the hot to the cold end. As a result, the negative potential on the cold 
side is enhanced. The created electric field inside the semiconductor (caused by the 
potential gradient) activates a drift current, which is flowing opposite to the diffusion 
current. When drift and diffusion currents cancel each other, the Seebeck voltage (VS) 
can be defined as the potential difference between two ends of the semiconductor44. For 
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a p-type semiconductor with holes as the charge carriers, the explanation is similar (the 
sign in Eq. (2.16) changes).  

The energy diagram of an n-type semiconductor with metal contacts at each end 
is shown in figure 2.4.  

 
Figure 2.4. – A schematic band diagram of an n-type semiconductor, where a 
Seebeck voltage (VS) arises as a result of diffusion and drift currents due to a change 
of the Fermi level at both ends, induced by an applied temperature gradient. 

 
2.4.2. Quantum confinement effect.  

 
Generally, the electrical conductivity σ is obtained as: 
 

, (2.17) 
 

where e the charge of the carriers, n the carrier concentration, and µ the carrier 
mobility. Assuming a constant mobility, a maximum in the power factor (S2σ) will be 
reached when S2n is maximized. Based on the Boltzmann transport equation within 
the relaxation time approximation, the factor S2n can be written as45: 
 

, 

(2.18) 

 
where EF is the Fermi level, and <τE>/<τ> is the average energy of the electrons with 
relaxation time τ. Τ is the time that an electron of energy E propagates before being 
scattered. When the relaxation time (τ) is independent of energy <τE>/<τ>=<E>, 
the power factor (S2σ) increases with increasing difference between <E> and EF. These 
two quantities depend on the filling of the energy levels in a semiconductor, which is 
affected by quantum confinement.  

The density of filled levels in an energy interval dE is equal to DOS(E)·f(E) dE, 
where DOS(E) is the density of states (DOS) and f(E) the Fermi-Dirac distribution 
function46. The DOS changes with energy as shown in Figure 2.5a. 
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Figure 2.5. – a, Density of states (DOS) of a semiconductor as a function of electron 
energy. b, Fermi–Dirac distribution as a function of energy. c, Filling of the energy 
states in a semiconductor material. Colored areas represent levels filled with 
electrons. – Adapted from reference 47.  

 
The Fermi-Dirac distribution function f(E) is the probability that an electron 

level with an energy E is occupied. The distribution is centered around the Fermi level 
EF. The probability changes from 1 to 0 in a range of a few kT energy units (Figure 
2.5b). The distribution of filled electron levels in a semiconductor is shown in Figure 
2.5c. 

The DOS(E) is the number of allowed energy levels per unit volume per unit 
energy range. If any dimension is sufficiently reduced, the DOS  starts to show a 
sawtooth-like pattern because of the formation of subbands, as illustrated in Figure 
2.6a. Pronounced subbands appear when the diameter is further reduced. In this case, 
the DOS has a higher magnitude, and the lowest energy E0 is increased46,49. The 
magnitude of the DOS increases as 1/d2 for nanowires, which boosts S2n 50,51. Figure 
2.6b and c show the filling of the energy levels in a semiconductor with a carrier 
concentration n, for the bulk and a thin nanowire with d = 1 nm, respectively. 

It has been theoretically predicted that the diameters required for quantum 
confinement effects for some semiconductors are in the range of 4–8 nm50,51. 
Theoretically, at smaller diameters, the 1/d2 dependence of the DOS can enhance the 
thermoelectric power factor. So far, experimental evidence of the increase in power 
factor has only been  observed in the work of Wu et al. (2013), where the rise of the 
power factor was measured for comparably thick (20–70 nm) InAs nanowires52. 
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Figure 2.6. – a, Density of states of a bulk semiconductor (continuous line), of a 
semiconductor nanowire with d = 50 nm (dashed line) and of a nanowire with d = 

1 nm (dotted line). b, Energy filling distribution for a bulk semiconductor. c, Energy 
filling distribution for a semiconductor nanowire with d = 1 nm. The Fermi level 
(EF) and the average energy <E> are indicated. Colored areas show levels occupied 
by electrons. – Adapted from reference 47. 

 
2.4.3. Field-effect gate structures.  

2.4.3.1. Field-effect conductivity, charge carrier density, and 

mobility.  

 
The electrical conductivity σ is defined as the inverse of the electrical resistivity 

and is related to the geometrical properties of the wire53:  
 

, 

(2.19) 

 
where R  is the resistance of the wire, ρ the electrical resistivity of the material, l  the 
length, and A the cross-section of the wire.  

In a traditional field-effect transistor (FET), the conductivity of the channel is 
controlled by a gate voltage, which can either deplete or enrich the channel, as shown 
in Figure 2.754. A source-drain voltage (VSD) induces a current through the device, for 
an open gate. 

 

  
Figure 2.7. – Schematic illustration of a traditional FET with an n-channel: a, the 
enrichment regime. b, the pinching off (depleting) regime – Adapted from reference 
55.  
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The charge carrier density of the conducting channel can be extracted from the 
dependence of a source-drain current ISD versus the gate voltage VG.  

In this thesis, the geometry of the traditional FET is modified to a nanowire 
field-effect transistor (NW-FET). The field-effect mobility and the carrier density are 
derived from the field-effect measurements, following the standard square-law model, 
which is commonly used for nanowire field-effect devices56–58. The mobility (µ) of a 
nanowire with a length L is estimated using Eq. (2.20). 

 

, 

(2.20) 

 
where VSD is the applied source-drain voltage. The transconductance (dISD/dVG) is 
determined as the slope of a drain current vs back-gate voltage sweep59. Cox is the gate-
nanowire capacitance. The approximation of a metallic cylinder of diameter d and 
length L on an infinite plate embedded in an insulating layer with the thickness of tox 
and dielectric constant ε is made for the global-gate capacitance calculation60. The 
thickness of the insulating layer is defined as tox. The capacitance can be calculated 
using Eq. (2.21) 

 

, 

(2.21) 

 
where ε  is the dielectric constant of the embedding medium, ε0 is the vacuum 
permitivity, d is the diameter of the wire, and tox is the thickness of the dielectric layer.  

The effective charge carrier density n of the nanowire can be obtained from the 
back-gate sweep dependence by extracting the threshold voltage Vth of the FET as 
follows61: 
 

, 
(2.22) 

 
where e is the electron charge62. Vth is the threshold voltage, which is equal to the gate 
voltage where the tangent (dISD/dVG)max intersects the horizontal axis. This 
extrapolation in the linear region technique is widely used in different works63–65.  

 
2.5. Landauer formalism for the thermal conductance. 

 
The Landauer formalism is originally formulated for electrical conduction, but 

it can also be applied to phonon conduction66–70. The formalism determines the 
conductance as the integral of the conductances of all quantum channels in the wire. 
The Landauer formalism assumes that there is no coupling between the channels71. The 
conduction of an individual channel is modeled via a throughput function. The 
Landauer model for thermal conductance can be written as41,42: 
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, 

(2.23) 

 
where T(ω) is the throughput function, which contains the channel density at frequency 
ω with their transmission probability; the last factor is the derivative of the Bose-
Einstein distribution for phonons42. 

Here, the scattering processes are included in the throughput function. The 
formalism does not consider dephasing processes like Umklapp scattering42. Scattering 
at an interface can take place both specularly and diffusively; however, only the 
diffusive scattering reduces the thermal conduction. In case of specular scattering, the 
energy and the momentum of the phonons along the direction of the wire are conserved, 
while for diffusive scattering the energy is conserved but the momentum along the 
direction of the wire is not. The surface roughness determines the separation between 
specular and diffusive scattering. Specular scattering happens if the wavelength 
component of a phonon perpendicular to the surface is larger than the surface 
roughness. In this case, a cut-off frequency can be determined, which is the frequency 
of the modes that still undergo specular scattering at the surface. This frequency is 
defined as:  

 

, 
(2.24) 

 
where  is the speed of sound, and h is the thickness of the surface roughness.  

The throughput can be expressed as follows41: 
 

, 

(2.25) 

 
where N(ω) is the number of modes, L is the length of the system, and lmfp(avg) is the 
average mean free path at frequency ω. When lmfp(avg) >> L, the throughput becomes 
independent of the length, implying ballistic transport. When lmfp(avg) << L, the 
throughput is proportional to lmfp(avg)/L, characterizing diffusive transport. 

The application of the Landauer formalism to phonon transport in GaP 
nanowires is discussed in detail in Chapter 5. 

 
2.6. Summary. 

 
The theoretical aspects of thermal and electrical transport in semiconductor 

nanowires have been discussed in this chapter. It has been shown that to estimate the 
effect of boundary scattering on heat transport, several techniques can be used. Aspects 
of electrical transport, conditions for establishing a high Seebeck coefficient in 1D 
systems and the influence of the field effect on the thermoelectric power factor of 
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nanowires have been addressed. The Landauer formalism was reviewed, which provides 
an estimation of the thermal conductance in nanowire systems. 
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Chapter 3. Device fabrication.  
 

In this chapter, the growth of the nanowires, the processing of the microdevices, 
and the preparation of the samples for measurements are described. Since the growth 
optimization is not part of this research, the nanowire growth is discussed only briefly 
in Section 3.1. In Section 3.2, the fabrication process of the thermal conductivity 
microdevice is described in detail. Section 3.3 addresses the fabrication process and 
technological parameters of thermopower device fabrication. All additional information 
is given in Appendix A3.  
 
3.1. Nanowire growth. 

 
Nanowires can be made using a wide variety of methods. In general, growth 

methods can be divided into two groups: top-down and bottom-up techniques. In the 
top-down techniques, a layer of material is grown, and after that, the layer is locally 
etched away to form nanowires1. In bottom-up methods, the nanowires are grown on 
selective parts of the substrate2. Bottom-up approaches contain catalyzed and non-
catalyzed growth techniques. In catalyzed growth, catalyst particles are used to boost 
the growth and, hence, form nanowires. Nanowires studied in this thesis were grown 
using the catalyzed bottom-up method called Vapor-Liquid-Solid (VLS) growth2, which 
is described in the next section. 
 
3.1.1. VLS growth. 

 
Small catalytic particles are formed on a substrate to grow nanowires. Electron 

Beam Lithography (EBL)3, nanoimprint lithography4, or dispersed colloidal particles 
over the substrate5 can be used for this purpose. In a chemical vapor deposition (CVD) 
growth reactor, gas precursors are introduced into the chamber. After decomposition, 
the precursors are absorbed in the catalytic particle, forming a liquid alloy. The crystal 
growth nucleates at the liquid/solid interface when the alloy is supersaturated6. A 
schematic overview of the VLS technique is shown in Figure 3.1. 
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Figure 3.1. – Stages of catalyzed VLS growth: I) A catalytic particle (in our case 
Au) is placed on the sample; II) The sample is heated under a gas flow with the 
group V constituents of the final nanowire; III) VLS growth of the nanowire is 
initiated by switching on the group III flow; IV) Axial and radial NW growth. 

 
In the VLS method, the diameter of the nanowire depends on the dimensions of 

the liquid alloy2. The growth process can be tuned by changing the substrate 
temperature, gas flows, and chamber pressure. Additionally, selective-area epitaxy 
(SAE), involving a patterned mask substrate that directs one-dimensional growth, has 
emerged as a natural candidate to provide highly regular arrays of NWs with perfect 
vertical yield7. SAE is highly successful in producing uniform arrays of III−V nanowires 
without the necessity to use catalytic metal particles. The benefits of the VLS and SAE 
techniques can be combined, resulting in high yield and better control of the NW 
diameter8,9. The SAE-VLS growth technique is schematically illustrated in Figure 3.2. 
This technique has been applied to grow InSb nanowires. The detailed growth 
description can be found in Section 3.1.4. 
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Figure 3.2. – Stages of SAE VLS growth technique: I) a Si3N4 layer (colored in 
green) is deposited using plasma-enhanced chemical vapor deposition, and holes are 
etched with a buffered oxide etchant; II) 8 nm gold particles are deposited using 
electron beam lithography (EBL) and a lift-off process; III) The sample is heated 
under a gas flow with the group V constituent of the final nanowire and forms an 
alloy; IV) VLS growth of the nanowire underneath the catalytic particle; V) Axial 
and radial NW growth. 

 
3.1.2. Sample growth. 

 
This section provides a short overview of the growth processes used for the 

different nanowire samples. More detailed information on the substrate preparation, 
and growth parameters presented in Appendixes A3.1 and A3.2.  
 
3.1.2.1. GaP nanowires. 

 
GaP nanowires (NWs) are grown by the VLS method, using an array of gold 

catalyst droplets on a (111)B GaP substrate inside a metal-organic vapor-phase epitaxy 
(MOVPE) reactor. A schematic illustration of the growth technique is shown in figure 
4.1. The patterns for NW growth are fabricated by EBL, followed by a lift-off process 
of the 4 nm thick gold layer to achieve NWs with small diameters. The NWs were 
grown at 750 °C using Tri-Methyl Gallium (TMG) and Phosphine (PH3) as 
precursors10. In order to obtain nucleation of NWs with diameters smaller than 40 nm, 
the V/III ratio has to be increased by a factor of five during the nucleation step (the 
absolute values are given in Appendix A3.1) and by a factor of two during the growth 
of the NWs, as compared to the V/III ratio used for NWs with a larger diameter. This 
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effect can be attributed to the Gibbs-Thomson effect11,12, where the high surface tension 
of small-diameter catalyst droplets leads to a lower supersaturation than for large-
diameter droplets. By increasing the V/III ratio, the supersaturation is brought to an 
optimal level for the NW growth. In this way, it is possible to create NWs with a 
diameter in the range 25-140 nm on the same substrate. Figure 3.3 shows a SEM image 
of nanowire arrays. 

 

Figure 3.3. – a, SEM image of GaP NW arrays. b, The zoomed-in image of 25 nm 
thin GaP nanowires. The images are taken with 5 kV acceleration voltage and under 
45o tilt. 

 
A high-resolution transmission electron microscopy (TEM) image, shown in 

Figure 3.4, indicates that the NWs have a uniform diameter along their length and a 
defect-free wurtzite (WZ) crystal structure, although the bulk crystal structure of GaP 
is zinc blende10. A native gallium oxide layer of about 2 nm thick is present on the 
surface of each NW. 
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Figure 3.4. – a, TEM image of a 25 nm diameter GaP nanowire (NW), grown along 

the <0001> direction. b, A high-resolution TEM image was taken along the <1120> 
direction showing defect-free wurtzite (WZ) crystal structure and a layer of gallium 
oxide (orange arrows). 
 

3.1.2.2. InSb nanowires.  

 
The InSb nanowires are grown on InSb (111)B substrates using the SAE VLS 

growth technique stated in the previous section (see Figure 3.2). The nanowires are 
grown in a horizontal Aixtron 200 MOVPE reactor. A schematic illustration of the 
growth process is shown in Figure 3.2. In this process, a Si3N4 mask is used to decrease 
the parasitic growth13. The sample is heated to 495 °C. The precursors, trimethyl 
indium, and trimethyl antimony are introduced in the gas phase, and In, and Sb atoms 
dissolve in the Au particle, resulting in a liquid catalyst droplet. InSb growth nucleates 
below the droplet when the catalyst is supersaturated. A detailed description of the 
fabrication process is presented in Appendix A3.2. A typical SEM image of the InSb 
nanowires used in the thesis is shown in Figure 3.5. 
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Figure 3.5. – SEM image of the InSb nanowires grown by the VLS technique. The 
picture is taken at 5 kV acceleration voltage and under 30o tilt. 

 
TEM images, shown in Figure 3.6, indicate that the NWs have a uniform 

diameter along their length and a defect-free zinc blende (ZB) crystal structure, the 
same crystal structure as bulk InSb13. 
 

 
Figure 3.6. – a, Transmission electron microscope micrograph of an InSb nanowire. 
b, High-resolution TEM of the marked area showing the zinc blende crystal structure 
of the nanowires.  
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3.2. Fabrication of microdevice to measure thermal conductivity. 

 
In order to study the thermal properties of nanowires (NWs), microdevices are 

fabricated, which allow measuring the thermal conductance of nanowires (see Chapter 
4 for more details). In this section, the processing steps of the device fabrication are 
discussed. All the processing took place in the cleanroom facilities of Nanolab@TUe at 
the Eindhoven University of Technology. The chapter will follow the order of the 
manufacturing technology.  

An overview of the processing steps is presented in Figure 3.7. 
 

Figure 3.7. – Schematic overview of the microdevice fabrication steps: 1) i-Si (100) 
wafer used as a substrate; 2) Si3N4 layer grown by plasma-enhanced chemical vapor 
deposition (PECVD); 3) Au contact pads are defined using electron beam lithography 
(EBL) and lift-off process; 4) Pt lines and meanders are created by EBL and lift-off 
process; 5) Si3N4 membranes are defined using EBL and reacting-ion etching (RIE) 
process; 6) Si wet etching with Tetramethylammonium hydroxide (TMAH); 7) Si 
down-etch with KOH; 8) NW placed between the membranes; 9) Pt/C top contacts 
are deposited by electron beam-induced deposition (EBID).  

 
3.2.1. Si3N4 film growth. 

 
The growth of the Si3N4 film is performed on the Si [100] using a Plasma 

Enhanced Chemical Vapour Deposition (PECVD) process. PECVD is a Chemical 
Vapour Deposition process where a plasma is used to break the chemical bonds of the 
precursor material. Because a plasma is used to break these bonds, the growth can take 
place at lower temperatures, 300 °C in our case. The PECVD reactor used for this 
growth has a parallel plate reactor. Therefore, the plasma is created between two 
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parallel plates. One of them acts as a sample holder. In order to form the plasma, a 
high AC voltage between the plates was applied. A combination of two different 
frequencies of the AC voltage was used to fabricate a stress-free Si3N4 film in the 
PECVD reactor14. It is essential to have a stress-free layer, to avoid damaging the 
suspended membranes. If the tensile stress in the layer is too high, it will break the 
membranes once they are released from the substrate, while a compressive strain would 
cause buckling of the membranes. Thus, during the growth, the frequency is repetitively 
changed from high to low frequency and back, which helps to reduce the stress in the 
growing layer14.  

A high frequency will mainly accelerate the electrons since the ions are unable 
to follow such higher frequency15. Contrary, a low frequency activates the ions, and, 
therefore, they will be accelerated towards the surface and bombard it14. This process 
creates two effects. First, the ions can be implanted into the film, resulting in a higher 
packing density and, thus, inducing compressive strain in the film. Second, the ions 
deliver energy to the surface, enhancing surface migration and reactions, reducing the 
tensile stress in the film. Hence, high frequency gives tensile strain; contrary, low 
frequency gives compressive strain. Stress-free film formation can be achieved by 
choosing a proper combination of the frequencies15. SiH4, N2, and NH3 precursors were 
used to grow the Si3N4 film. The composition of the film depends strongly on the ratio 
between these precursors. A combination of high and low frequency of 13.56 MHz and 
50 kHz, respectively, was used. The exact ratio between the high (HF) and the low-
frequency (LF) pulse time was varied. The used pulse times were consistently 5-7 s and 
13-15 s for the LF and the HF pulses, respectively. This set of parameters allows keeping 
the tensile strain small enough. The determined growth rate is around 11 nm/min 
depending on the machine condition. A growth time of 60 min was used, giving a 
thickness of the Si3N4 layer around 650 nm. 
 
3.2.2. Au contact pads. 

 
It is crucial to make contact pads, that are mechanically stable when contacted 

with the measurement probes. Thus, Au has been chosen for this purpose. The contact 
pads are created using EBL and lift off. In order to prepare the sample for EBL, the 
sample is cleaned using a 300 W oxygen plasma for 10 minutes. Right after that, a 950 
K PMMA A11 resist is spun at 6000 RPM in an open-air spinner for 30 s. Afterward, 
the resist is baked in an oven at 175 °C for 30 min. Baking removes all the solvents 
from the resist, forming a stable layer with a thickness of about 1.3 µm. After that, the 
sample is loaded in the EBL chamber. The 950K PMMA A11 is a positive resist, 
meaning that electron exposed parts will disappear after development. The higher the 
electron dose, the more material will be removed. A higher dose will also result in 
steeper slopes of the exposed resist sidewalls due to the backscattering of electrons on 
the surface, which might affect the lift-off process. Therefore, the appropriate dose must 
be chosen carefully. In order to estimate the right dose, Monte Carlo simulations have 
been done17. The results of the simulations are shown in figure A3.1. Based on the 
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obtained results, the proper dose is chosen for every EBL step. The detailed parameters 
of the EBL exposure can be found in Appendix A3.4.  

After the exposure, the photoresist is developed using the PMMA developer 
Methyl-iso-butyl ketone (MIBK: IPA solution with the ratio of 1:3) for 80 s followed 
by IPA cleaning for 80 s. Once the resist is developed, the sample is placed inside an 
evaporator. A flux of metal atoms towards the surface is created by evaporation using 
heating from accelerated electrons. The process is controlled using a crystal monitor to 
ensure reproducible thicknesses. A stack of 14/140 nm Ti/Au layers is deposited for 
the contact pads in this way. The Ti layer is used as an adhesive layer18. The sample 
is placed in a closed beaker above the acetone for the lift-off process of the Ti/Au layer. 
The sample is kept in the acetone vapor for 15 min. During that time, small cracks 
appear at the metallization layer, which helps to access the polymer layer in the next 
step. After that, the sample is directly placed inside acetone for 5 minutes, followed by 
an ultrasonic bath for 5 minutes until all undesired metal is gone. As a result, all the 
resist is removed, and the designed contacts are left. As a final step, the sample is 
placed inside Isopropyl alcohol (IPA) for 2 min to remove acetone leftovers. 
 
3.2.3. Pt meanders and lines. 

 
In a next step, the Pt meanders and lines are manufactured in a similar way as 

the Au contact pads. Samples are cleaned using a 300 W Oxygen plasma for 10 minutes. 
After that, the resist, 950 K PMMA A4, is spun at 8000 RPM in an open-air spinner 
for 30 s. The sample is placed inside the oven at 175 °C for 30 min removing the 
solvents and creating a stable resist layer with a thickness of 140 nm. The sample is 
then directly placed in the EBL chamber. For the development process, an MIBK: IPA 
solution was used with a ratio of 1:3 and a development time of 80 s, after which the 
sample was rinsed in IPA for 80 s. After the development, the sample is cleaned by a 
100 W O2 plasma for 10 s to remove residues from the surface. After the oxygen plasma, 
the sample is placed in the chamber of the Pt evaporator for metal deposition, and a 
30 nm thick Pt layer is deposited. The thickness has been chosen based on COMSOL 
Multiphysics simulation results presented in Chapter 4. 

In this process, the Pt layer has been deposited without any sticking layer 
(commonly used are Ti or Ni to enhance the adhesive properties of a noble metal to 
the substrate). It is essential to reduce the thermal conduction and improve the 
temperature dependence of the meanders' resistance. Even a thin adhesive layer would 
have a significant effect on these parameters. Nevertheless, without an adhesive layer, 
the Pt is less likely to stick to the Si3N4 layer. Thus, special care has to be taken during 
processing. After 15 min inside the acetone, vapor cracks appear, and the sample is 
placed vertically inside the acetone and left in the solution overnight. After that, the 
lifted Pt layer is gently blown away using a pipette. The sample is placed inside IPA 
for 20 min to remove acetone leftovers and in a 300 W O2 plasma for 10 minutes to 
remove organic leftovers. 
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3.2.4. Si3N4 dry etching. 

 
Once the Pt meanders and lines are created, a protective Si3N4 layer is deposited 

on top. Without this layer, the Pt structures would be slightly under-etched, and as a 
result, the entire structure could be removed. Therefore, the sample is placed inside a 
PECVD reactor for 31 minutes in order to grow a 350 nm stress-free Si3N4 layer on top 
of the metals. After deposition of the protection layer, the shapes of the membranes 
and supporting beams are defined using EBL. The process is similar to the process for 
the Au pads definition. However, in this case, a thicker layer of 950 K PMMA A11 
resist is used. The resist spun at 2000 RPM for 30 s results in a thickness of 1.3 µm. In 
order to remove all the solvents after spinning, the sample is baked inside an oven for 
30 minutes at 175 °C. The parameters of the EBL exposure can be found in Appendix 
A3.4. 

The exposure is followed by a developed step using an MIBK: IPA 1:3 solution 
for 80 s and IPA cleaning for 80 s. After the development, the sample is placed inside 
a Reactive Ion Etching (RIE) reactor. The machine etches materials using a 
combination of physical ion bombardment to increase the energy at the surface and 
reactive ions, which induces selectivity for different materials. The Si3N4 is etched using 
a mixture of a CHF3 and an O2 plasma. In this way, all the components are etched. 
However, the etch rate for Si3N4 (110 nm/min) is much higher than for PMMA (65 
nm/min). Thus, according to estimations, about 1.2 µm of Si3N4 could be etched. Hence, 
an etching time of 11 min is more than required. However, a longer etching time could 
compensate for fluctuations in the etch rate and the thickness variation. After the Si3N4 
is etched all the way through, the Si might be etched but with a lower etching rate 
than the Si3N4. A thin layer of reaction products of the etching process is created on 
the etched surfaces after the RIE process. This layer has to be removed before the next 
etching step. Thus, a 300 W O2 plasma cleaning and 5 s HF (1%) dip is used to 
eliminate the unwanted layer. After this step, the sample is ready for the Si wet etching 
steps. 
 
3.2.5. Si wet etching. 

 
In order to suspend the Si3N4 membranes, the underlying Si layer is etched. The 

Si etching step is performed using an AZ 826 MIF developer solution, a mixture of a 
2.38% Tetramethylammonium hydroxide (TMAH) solution with certain surfactants, at 
a temperature of 80 °C19. It has been found that a low concentration of TMAH etches 
isotropically19. 

The chemical reaction mechanism of the Si wet etching can be written as Eq. 
(3.1). This reaction is based on the basic character of the substances, which causes the 
OH– group to bind to the silicon. 
 

. (3.1) 
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The orthosilicic acid formed by the chemical reaction will be dissolved in the 
etching solution. The etching rate of Si is about 2 µm/hr. In order to make the 10 µm 
undercut, the sample has been placed in the solution for 5 hours. The TMAH slightly 
etches Si3N4 (around 40 nm/hour) and, thus, will marginally change the dimensions of 
the membrane structure and partly remove the protective Si3N4 layer. 
 
3.2.6. Si down etching. 

 
After the undercut etching step, the membrane structures are almost suspended. 

However, anisotropic etching of Si will result in the pyramid-like structure formation 
under the membranes (Figure 3.7 step 6). Therefore, an extra etching step must be 
implemented to make the structures fully suspended. KOH serves as an anisotropic 
etching agent with the [111] stop plane20; thus, it can be used to remove the pyramid-
like structures underneath the membranes. Directly after the previous fabrication step, 
the sample is rinsed in ultra-pure-water (UPW) and then placed inside a 33% KOH 
water-based solution at 80°C for 5 minutes. It is crucial to keep the sample wet at all 
wet etching steps to prevent collapsing of the membranes by capillary forces. The 
simplified chemical reaction of the KOH etching can be written as: 
 

. (3.2) 

 
The KOH solution has a highly anisotropic etching, preferably etching in the 

[100] direction with an etching rate of about 1.4 µm/min. KOH has a negligible etching 
rate of Si3N4 and also does not attack Pt, which might be exposed because the 
protective Si3N4 layer could be partially open during the first wet etching step. After 
etching for 5 min, the membranes are fully suspended and ready for the drying step. 
 
3.2.7. IPA vapor drying. 

 
After the Si down etching step, the sample is rinsed in (UPW). In order to 

prevent collapsing of the membranes from the drying water, the sample is placed in 
IPA at 80 °C, in which the water will dissolve. The sample is kept above heated IPA. 
IPA vapor has a smaller surface tension than water. Thus, this reduces capillary forces, 
preventing pulling down of the membranes, which would cause collapsing.  

 
3.2.8. Si3N4 layer elimination. 

 
Finally, the leftovers of the protection Si3N4 layer are removed by RIE etching 

using a similar method as applied to define the membranes and beams discussed in 
Section 3.2.4. A recipe with an etching rate of about 15 nm/min was used. Typically, 
the etching time for this process is in the range from 3 to 4 min. An SEM picture of 
the manufactured device is shown in Figure 3.8. 
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Figure 3.8. – a, An overview SEM image of Si3N4 membranes. b, Zoomed-in SEM 
image of the marked area of the suspended Si3N4 membranes. Pictures are taking 
under a 45o tilt with a 20 kV acceleration voltage. 
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3.2.8. Nanowire manipulation. 

 
Once the fabrication process is completed, a nanowire has to be placed between 

the membranes. Nanowires are transferred using a Kleindiek micromanipulator under 
an optical microscope, as shown in Figure 3.9.  
 

 
Figure 3.9. –Photo of the micromanipulator used for the nanowire transferring. 

 
A small tungsten tip with a diameter of 100 nm is attached to the manipulator 

and used for picking up the nanowires. Van der Waals' forces cause the nanowire to 
stick to the tungsten tip, allowing lifting the nanowire from its substrate so that it can 
be placed on the device. The micromanipulator has a piezo-controlled tip, which helps 
to move the tip with high accuracy (down to nm)21. The manipulator can be used both 
in a vacuum environment inside an SEM chamber, for instance, and under an optical 
microscope. However, nanowires will be contaminated with some C-based materials 
after electron beam exposure, which can significantly influence the thermal properties 
of the nanowires22. Thus, it is crucial to perform the transfer under an optical 
microscope. Although the nanowires have a diameter smaller than the wavelength of 
visible light, they can be transferred optically. The nanowires cause an optical 
distortion on a large and thin area, which makes them visible under the microscope. 
The sample is arranged in such a way that the wire is located perpendicular to the 
sides of the membranes. The manipulator tip is brought down in the such a way that 
the wire touches either or both of the membranes. Then, the manipulator is pushed 
down a bit more, and the membranes will be slightly bent. Thanks to their geometry 
and flexibility, no permanent deformation is made. When the Van der Waals forces are 
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high enough, the nanowire is landed on the first membrane, can be released from the 
tip, and is landed on the second membrane. A transferred nanowire bridging between 
the membranes is shown in Figure 3.10. 
 

Figure 3.10. – An optical image (top view) of a nanowire placed between the 
membranes. 

 
3.2.9. Top Pt/C contacts.  

 
In case the thermal contact between the nanowire and membrane is insufficient, 

additional Pt/C top contacts are deposited on top of the NW by electron beam induced 
deposition (EBID) of Pt inside an FEI Strata dual-beam DB235 FIB system. The 
sample is placed inside the chamber, and top contacts can be defined using a gas 
injection system. The precursor molecules are cracked due to the influence of the 
electron beam23. This technique allows local deposition and prevents nanowires to be 
exposed to the electron beam.  

An SEM image of the fabricated device with top Pt/C contacts is shown in 
Figure 4.11. The effect of the Pt/C contacts on the thermal measurement is addressed 
in Chapters 5 and 6. Once Pt/C contacts are made, the device is ready for the thermal 
transport measurements described in Chapter 4. 
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Figure 3.11. – SEM image of the fabricated device with Pt/C top contacts. The 
picture is taken at 20 kV under a 45o tilt. 

 
3.3. Power factor microdevice fabrication process. 

 
In order to measure the Seebeck coefficient of the InSb nanowires, the device 

shown in Figure 3.12 has been fabricated. The schematic illustration of the fabrication 
process of the microdevice to measure the power factor is shown in Figure 3.12. 
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Figure 3.12. – Schematic illustration of fabrication process of the microdevice to 
measure the power factor: 1) SiO2/Si ++ wafer used a substrate; 2) Au back contact 
deposited on the backside to provide sufficient gate response; 3) Au contact lines and 
pads created on the top side; 4) NW transferred to a prefabricated device; 5) Top 
contacts and heaters are defined.  

 
3.3.1. Back contact. 

 
First, a Ti/Au back contact is made to the highly doped Si substrate, which is 

used as a back gate. An RIE step is required to remove the native oxide on the backside. 
The protective 950 K PMMA A11 is spun at 2000 RPM in an open-air spinner for 30 
s on the top side of the sample to protect the thermal oxide on the front side. Afterward, 
the sample is placed on a hot plate at 180 °C for 4 min. The resulting thickness of the 
PMMA is around 1.3 µm. The SiO2 etching is performed using dry etching. The etching 
rate of SiO2 in CHF3 plasma is around 50 nm/min. Thus, the layer is etched for 2 min 
15 s in order to remove the native oxide. Right after this step, the sample is loaded 
into the evaporator, and Ti/Au 15/150 nm layers are deposited. The Ti layer is used 
as an adhesive layer. After deposition, the sample is cleaned by a 300 W oxygen plasma 
for 10 min, which removes the protective PMMA layer. 
 
3.3.2. EBL contact pads and lines. 

 
Au contact pads are created using EBL and a lift-off process, as described in 

Section 3.2.2. The 950 K PMMA A6 resist spun at 3000 RPM in an open-air spinner 
for 30 s. Afterward, the resist is baked on a hot plate at 180 °C for 3 min and 30 s. The 
baking removes all the solvents from the resist creating a stable layer with a thickness 
of about 520 nm. After that, the sample is loaded in the EBL chamber. The parameters 
of the EBL exposure can be found in Appendix A3.4. After the exposure, the photoresist 
is developed using MIBK:IPA solution with a ratio of 1:3 for 80 s followed by IPA 
cleaning for 80 s. Once the resist is developed, the sample is placed inside an evaporator. 
A 15/150 nm Cr/Au layer is deposited for the contact pads in this way. Cr is used as 
an adhesive layer in this case. After deposition, the sample is placed in a closed beaker 
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above the acetone for the lift-off process of the Cr/Au layer. The process is the same 
as described in Section 3.2.2. 
 
3.3.3. Nanowire manipulation. 

 
Samples are cleaned using a 300 W oxygen plasma for 10 min. At this point, the 

nanowires can be transferred from the as-grown sample to the prefabricated device. 
The transferring technique is similar to the process described in Section 3.2.8. The only 
difference is that the nanowires have to be placed in a particular position on the flat 
SiO2 substrate. Ideally, the nanowires are positioned horizontally in the center of every 
device. An SEM image of a transferred nanowire is shown in Figure 3.13. 
 

 
Figure 3.13. – SEM image of the nanowire transferred to the prefabricated device. 
This image is imported to AutoCAD to define individual contacts and heaters. 

 
3.3.4. EBL top contacts. 

 
After wire transfer, individual top contacts are designed using AutoCAD 

software. The sample is covered with two layers of PMMA: 1) 495 K PMMA A6 spun 
at 2000 rpm for 30 s; 2) 950 K PMMA A2 spun at 2000 rpm for 30 s. The measured 
total thickness of the layer is around 470 nm. The structure is defined using EBL. The 
parameters of the EBL exposure can be found in Appendix A3.4. The sample is 
developed using an MIBK:IPA solution with a ratio of 1:3 for 80 s followed by IPA 
cleaning for 80 s. After development, the resist residues are removed by a 10 W O2 
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plasma for 10 s. The InSb nanowire surface is passivated with sulphur in an ammonium 
sulfide solution4,25. Finally, the electrodes and resistive lines of Cr/Au 10/150 nm are 
deposited by electron beam evaporation. Cr is used as an adhesive layer but also 
provides an ohmic contact to the InSb nanowires24. An SEM image of the manufactured 
device is shown in Figure 3.14. 
 

 
Figure 3.14. – SEM image of the microdevice to measure power factor. 

 
It is essential to keep the nanowires clean22. Therefore, the SEM image, as shown 

in Figure 3.14, has been taken after all desired measurements have been made. 
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Appendix A3.1. GaP nanowires growth parameters. 

 
# Step name Parameters Time 

 
1 

 
Cleaning GaP substrate 

H3PO4 

UPW 
O2 Plasma (300 W) 

2 min 
5 min 
10 min 

2  950K PMMA A2 spinning 8000 rpm 30 s 
3 Resist baking Hot plate 180 oC 3 min 
4 EBL exposure Appendix A4.4.1 60 min 
5 Development MIBK:IPA 

IPA 
80 s 
80 s 

6 Descum O2 Plasma (100W) 10 s 
7 Catalytic particles formation Au 4 nm 10 min 
8  

Lift-off 
Acetone vapor 

Acetone 
IPA 

15 min 
30 min 
5 min 

9 Cleaning H2SO4: H2O2 4:1 10 s 
 
 
10 

 
 

Nanowire growth 

750oC  
Xi (TMG) = 1.9 × 10-5, 
Xi (PH3) = 3.4 × 10-2, 

the reactor pressure was 30 
mbar, with a total flow of 4000 

sccm, and H2 was used as a 
carrier gas. 

 
 

160 min 

 

Appendix A3.2. InSb nanowires growth parameters. 

 
# Step name Parameters Time 

 
1 

 
Cleaning InSb substrate 

NH4F:HF = 7:1 
IPA 
UPW 

5 min 
5 min 
10 min 

2 Si3N4 mask growth PECVD 25 nm Si3N4 3 min 
3 Cleaning O2 Plasma (40W) 1 min 
4 ZEP spinning 4000 rpm 30 s 
5 Resist baking Hot plate 180 oC 3 min 
6 EBL exposure Appendix A4.4 60 min 
7 Development MIBK:IPA (1:1) 

IPA 
80 s 
80 s 

8 Descum O2 Plasma (100 W) 10 s 
9 Si3N4 etching BHF (20:1)  20 s 
10 Catalytic particles formation Au 10 nm 25 min 
11  PRS 3000 at 80oC 30 min 
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Lift-off IPA 10 min 
12 Cleaning O2 Plasma (300 W) 10 s 
 
 
13 

 
 

Nanowire growth23 

495oC  
Xi (TMI) = 2.8 × 10-7, 

Xi (TMSb) = 5.1 × 10-5, 

the reactor pressure was 50 
mbar, with a total flow of 6000 

sccm, and H2 was used as a 
carrier gas. 

 
 

60 min 

 
Appendix A3.3. Thermal properties microdevice fabrication. 

 
# Step name Parameters Time 

1 Cleaning O2 Plasma (300 W) 10 min 
2 Deoxidation HF (1%) 1 min 
3 PECVD Si3N4 growth 650 nm Si3N4 LF+HF 60 min 
4 Cleaning O2 Plasma (300 W) 5 min 
5 950K PMMA A11 Spinning 6000 rpm 30 s 
6 Resist baking Oven 175 oC 30 min 
7 EBL exposure Appendix A4.4.3 120 min 
8 Development MIBK: IPA 

IPA 
80 s 
80 s 

9 Descum O2 Plasma (100 W) 10 s 
10 Contact pads formation Ti/Au 14 nm/140 nm 60 min 
 
11 

 
Lift-off 

Acetone vapor 
Acetone 

IPA 

15 min 
480 min 
5 min 

12 Cleaning O2 Plasma (300 W) 10 min 
13 950K PMMA A4 spinning 8000 rpm 30 s 
14 Resist baking Oven 175 oC 30 min 
15 EBL exposure  60 min 
16 Development MIBK:IPA 

IPA 
80 s 
80 s 

17 Descum O2 Plasma (100 W) 10 s 
18 Pt lines and meanders formation Pt 30 nm 30 min 
 
19 

 
Lift-off  

Acetone vapor 
Acetone 

IPA 

15 min 
480 min 
5 min 

20 Cleaning O2 Plasma (300 W) 10 min 
21 Protection Si3N4 layer (350 nm) PECVD Si3N4 LF+HF 30 min 
22 Cleaning O2 Plasma (300 W) 10 min 
23 950K PMMA A11 spinning 2000 rpm 30 s 
24 Resist baking Oven 175 oC 40 min 
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25 EBL exposure Appendix A4.4.4 180 min 
26 Development MIBK:IPA 

IPA 
80 s 
80 s 

27 Dry Si3N4 etching RIE O2+CHF 12 min 
28 Cleaning O2 Plasma (300 W) 10 min 
29 Deoxidation HF (1%) 5 s 
30 Si underetch TMAH at 80oC 360 min 
31 Cleaning UPW 5 min 
32 Si downetch KOH (33%) at 80oC 5 min 
33 Cleaning UPW 5 min 
34 Drying IPA at 80oC 10 min 
35 Protection layer removing RIE O2+CHF3 90 s 
36 Cleaving  5 min 
37 Nanowire transferring – – 
38 EBID Pt top contacts  45 min 

per NW 

 

Appendix A3.4. Electron beam lithography parameters. 

 
Figure A3.1. – The results of the Monte-Carlo simulation of 500 electron 
trajectories (33 nm beam size) with the energy 100 kV incident on a PMMA resist-
SiO2-Si structure (#7 in the table below).  
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# Step EBL parameters Section 

 
1 

 
GaP catalytic particles 

Beam current: 1 nA; 
Beam size: 21 nm; 
Apperture: 300 µm; 
Dose:1500 µC/cm2. 

 
4.1.3 

2 InSb opening SAE mask Beam current: 1 nA; 
Beam size: 21 nm; 
Apperture: 300 µm; 
Dose:1800 µC/cm2. 

4.1.4 

3 InSb catalytic particles Beam current: 1 nA; 
Beam size: 21 nm; 
Apperture: 300 µm; 
Dose:2000 µC/cm2. 

4.1.4 

 
4 

 
Membranes contact pads 

Beam current: 50 nA; 
Beam size: 33 nm; 
Apperture: 300 µm; 
Dose:1340 µC/cm2. 

 
4.2.2 

 
 
 
5 

 
 
 

Membranes Pt metallization 

Pt lines: 

Beam current: 80 nA; 
Beam size: 44 nm; 
Apperture: 300 µm; 
Dose:2000 µC/cm2. 
Pt meanders:  

Beam current: 4 nA; 
Beam size: 19 nm; 
Apperture: 300 µm; 
Dose:1800 µC/cm2. 

 
 
 

4.2.3 

 
6 

 
Membranes etching pattern 

Beam current: 30 nA; 
Beam size: 29 nm; 
Apperture: 300 µm; 
Dose:1340 µC/cm2. 

 
4.2.4 

 
 
 
 
7 

 
 
 
 

Power factor device contact metallization 

Contact pads: 

Beam current: 50 nA; 
Beam size: 33 nm; 
Apperture: 300 µm; 
Dose:1500 µC/cm2. 
Contact lines: 

Beam current: 20 nA; 
Beam size: 24 nm; 
Apperture: 300 µm; 
Dose:1500 µC/cm2. 

 
 
 
 

4.3.2 

 
 
 

 
 
 

Top contact lines: 

Beam current: 1.5 nA; 
Beam size: 19 nm; 
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8 

 
 
 

Power factor top contact metallization 

Apperture: 300 µm; 
Dose:1900 µC/cm2. 
Top contact lines 

(fine): 

Beam current: 1.5 nA; 
Beam size: 19 nm; 
Apperture: 300 µm; 
Dose:2000 µC/cm2. 

Heaters: 
Beam current: 8 nA; 
Beam size: 20 nm; 
Apperture: 300 µm; 
Dose:1900 µC/cm2. 

 
 
 

4.3.4 

 
Appendix A3.5. Power factor microdevice fabrication.  

 
# Step name Parameters Time 

1 Cleaning O2 Plasma (300 W) 10 min 
2 Protection sacrificial layer (950K 

PMMA A11 spinning) 
2000 rpm 30 s 

3 SiO2 removing RIE O2 +CHF3 2 min 15 s 
4 Back contact formation Ti/Au 15 nm/150 nm 30 min 
5 Protection layer removing and 

cleaning 
O2 Plasma (300 W) 15 min 

6 950K PMMA A6 Spinning 3000 rpm 30 s 
7 Resist baking Hot plate 180 oC 3 min 30 s 
7 EBL exposure Appendix A4.4.5 60 min 
8 Development MIBK:IPA 

IPA 
80 s 
80 s 

9 Descum O2 Plasma (100 W) 10 s 
10 Contact pads and lines formation Cr/Au 10 nm/120 nm 40 min 
 
11 

 
Lift-off 

Acetone vapor 
Acetone 

IPA 

15 min 
480 min 
5 min 

12 Cleaning O2 Plasma (300 W) 10 min 
13 Nanowire transferring – – 
13 495K PMMA A6 spinning 2000 rpm 30 s 
14 Resist baking Hot plate 180 oC 3 min 
15 950K PMMA A2 spinning 2000 rpm 30 s 
16 Resist baking Hot plate 180 oC 3 min 
17 EBL exposure Appendix A4.4.6 60 min 
18 Development MIBK:IPA 

IPA 
80 s 
80 s 
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19 Descum O2 Plasma (100 W) 10 s 
20 Sulfur passivation  180 min 
21 Top contacts and heaters formation Cr/Au 10/120 nm 40 min 
22 Lift-off  Acetone vapor 

Acetone 
IPA 

15 min 
480 min 
5 min 

23 Drying N2 flow 10 s 
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Chapter 4. Experimental methods. 
 

In this chapter, the experimental methods used to measure the thermoelectric 
properties of nanowires are described. In order to determine the thermoelectric 
efficiency of a device, both the thermal conductivity and power factor have to be 
obtained, as explained in Chapter 1. The measurements have been performed using two 
different measurement platforms: 1) In order to measure the thermal transport of a 
nanowire, high sensitivity and thermal isolation are required because the thermal 
conductivity of a single nanowire is relatively low. The fabrication of the microdevice 
to perform the measurements has been discussed in Chapter 3. Section 4.1 describes 
the principles of operation of the thermal transport microdevice. 2) The thermopower 
measurements platform should provide the temperature gradient along the nanowire 
and at the same time allow to measure the current-voltage characteristic of the 
nanowire. The fabrication of the devices is discussed in Chapter 3. In Section 4.2, the 
device for the power factor measurements described. In Section 4.3, the probe station 
in which the sample is placed and the electronics are described. In Section 4.4, several 
limitations of the measurement technique and errors are addressed. Finally, Section 4.5 
describes alternative measurement techniques applied in this thesis, which help to 
overcome some of the limitations. 
 
4.1 Thermal transport microdevice. 
 

The microdevice used to explore the thermal transport of nanowires is based on 
the devices described by Swinkels et al3-5. The device consists of two suspended Si3N4 
membranes with platinum meander structures on top of each membrane that act as 
heaters and thermometers. The fully suspended membranes are supported by 0.5 mm 
long Si3N4 beams to provide thermal isolation. A schematic illustration of the device is 
shown in Figure 4.1.  
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Figure 4.1. – Illustration of the microdevice for thermal transport characterization. 
The nanowire (colored in red) is bridging between the suspended membranes. 

 
A single nanowire is placed on top of the membranes, such that it is bridging 

the platforms. The temperature on both sides of the nanowire can be measured using 
the Pt resistance-thermometers. To eliminate the influence of the contact lines, a four-
point probe technique (4W) is applied to measure the resistance of each meander 
thermometer. Platinum has been chosen because it has a linear resistance-temperature 
dependence down to 50 – 70 K, depending on the film quality. The sensitivity of the 
measurement depends on α, (α=1/R·dR/dT) and the film quality. A typical Pt 
thermometer resistance – temperature dependence is shown in Figure 4.2. 
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Figure 4.2. – Resistance and α coefficient as a function of temperature dependences 
for a Pt meander thermometer, used in the measurements. Blue data points are 
experimental measurement results and the green dotted line is fit to determine the α 
coefficient. 

 
The specific resistance is calibrated for each meander structure. This is done by 

ramping a small sensing current from -20 nA to 20 nA with a step of 2 nA at each 
temperature step. The low current prevents the sample from Joule heating during the 
calibration step. Additionally, the power dissipated in the meander thermometer is 
measured to determine the heat flowing through the nanowire. Part of the dissipated 
heat will be conducted to the meander structure. Additionally, the dissipated power in 
the contact leads will be partly heating the membrane and hence the wire. It is assumed 
that the temperature of one platform, determined by the background temperature and 
heating by the Pt meander structure, is uniform throughout the membrane. This 
implies that the temperature completely drops over the suspended nanowire. In order 
to confirm this assumption, the temperature distribution across the membrane has been 
measured using thermoreflectance (Figure 4.3a) and simulated using COMSOL 
Multiphysics (Figure 4.3b). A finite element analysis in COMSOL of the simplified 
device confirms the heat distribution in the device, as shown in Figure 4.3.  
 Due to the limitation of the thermal imaging measurement technique, it is not 
possible to precisely measure heat the distribution along the Si3N4 30. Nevertheless, the 
shape of the measured temperature distribution on the membrane is in good agreement 
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with the simulated temperature map. A high temperature of the edges corresponds to 
the vibrations of the membranes over time and the edge effects of the measurement 
technique. 
 
a) b) 

 
 

 

Figure 4.3. – a, Thermal image of the temperature distribution in the suspended 
membranes device. b, Simulated temperature distribution in the suspended 
membranes device. The heat dissipates from the meander heating structure via the 
beams.  

 
The total resistance of the lines and meander structure is measured using a two-

point measurement, to correct for heating in the contact leads. The dissipated power 
is proportional to the resistance. Thus, the total heating power can be calculated using 
Eq. (4.1)4: 
 

, 

(4.1) 

 
where PM and PL are the power dissipated in the meanders and lines, respectively. 

Part of the total dissipated power is going through the nanowire. An overview 
of the power dissipations and heat flows involved is shown in Figure 4.4.  
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Figure 4.4. – Schematic illustration of the microdevice with nanowire used for the 
thermal conductance measurements. The indicated quantities are explained in the 
text. The arrows represent heat flows.  

 
Part of the power flows from the heating membrane via conduction through the 

supporting beams to the chip (environment), which acts as a heat sink (Figure 4.3). 
Hence, the energy balance for the whole system can be written as4: 
 

, 

(4.2) 

 
where PH, PS is the power dissipated in the heating/sensing meander, respectively, Gb,H 

and Gb,S are the thermal conductances of the suspension beams, and ∆TH and ∆TS are 
the temperature differences between the heater and sensor, respectively, and the 
environment. The subscript H stands for the heating side, whereas subscript S stands 
for the sensing side. Assuming that the beam conductance Gb,H = Gb,S = Gb we obtain4: 
 

. 

(4.3) 
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In order to calculate the nanowire thermal conductance, a heat balance for the 
sensing membrane is given in Eq. (4.4). It is assumed that the heat transported through 
the wire is also transported to the heat sink through the Si3N4 beams. 
 

, 

(4.4) 

 
where GNW is the thermal conductance of the nanowire. 
 

Actually, the dissipated power will increase with the heating current, and thus 
the slope of the temperature-power relation with power can be determined. Hence, Eq.’s 
(4.3) and (4.4) can be adapted by applying: 
 

. 

(4.5) 

 
Additionally, a linear relationship between power and temperature is assumed 

in the case of a small temperature difference and the absence of temperature-dependent 
effects. Therefore, inserting Eq. (4.5) into Eq.’s (4.3) and (4.4) gives: 
 

, 

(4.6) 

. 

(4.7) 

 
The assumption that the two beams have equal conduction is not always valid6. 

In order to correct for different beam conductions, it is assumed that the nanowire 
conduction GNW is symmetric, following this assumption,we have. 
 

. 

(4.8) 

 
All parameters in Eq. (4.8) can be measured. Therefore, the equation can be 

used to determine the ratio of the beam conductions. This is then used in equation 
(4.2) to obtain the nanowire conduction. Solving Eq. (4.8) gives two solutions; at which 
only one is physical. Writing down the solution of Eq. (4.8) provides the following 
equation: 
 

. 
(4.9) 

 
Where 
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, 
 

(4.10) 

, 
 

(4.11) 

, 
 

(4.12) 

. 

(4.13) 

 
The applied Joule heating power (P) dissipated by the heater (PL) raises its 

temperature by ∆TH while the remaining part of the power (P2) goes through the NW 
and raises the temperature of the sensor by ∆TS: 

 

. 

(4.14) 

 
Solving Eq. (4.14) for G yields for the case of identical Si3N4 beams (Gb,H = Gb,S): 

 

. 

(4.15) 

 
Thanks to the linear relation between the Pt film resistance and temperature, 

as shown in Figure 4.2, the temperature changes ∆TH and ∆TS of the heating and 
sensing membranes can be found by accurately measuring the resistance changes. Since 
the applied heating power P is known, GNW can be calculated from Eq. (4.15). 

The obtained thermal conductance can be converted into thermal conductivity, 
, by using the geometrical properties of the nanowire (diameter and length)7:  
 

, 
(4.16) 

 
where L is the nanowires length, and D is the diameter. 
 
4.2 Power factor microdevice. 
 

A device to measure the power factor of the nanowires, shown in Figure 4.5, has 
been designed and fabricated. The microdevice consists of a nanowire, two heaters, two 
thermometers, and top contacts. The nanowire is placed on a Si/SiO2 chip, and top 
contacts and thermometers/heaters are defined by electron beam lithography (EBL) 
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and lift-off processes (see Chapter 3). Importantly, the Si++ substrate can be used as 
a back gate such that the nanowire is the channel in a field-effect device. With this 
device we want to measure the power factor, which is determined by the following 
parameters: 1) carrier mobility; this is measured from the slope of the transconductance 
as defined by Eq. (2.20). 2) carrier concentration in the nanowire can be determined 
from the threshold potential according to Eq. (2.22). 3) the Seebeck coefficient is 
measured from the resulting voltage at open circuit when a temperature gradient is 
induced as described in Eq. (2.16). The nanowire has four top contacts, two of which 
are used to provide the current, and the others are shared for both voltage 
measurements and temperature measurements via resistor thermometers. Each heater 
is operated by a heating current (12 mA in our case). A schematic illustration of the 
device is shown in Figure 4.5. In order to induce a thermal gradient across the wire, it 
is important that the heat is dissipated in the direct surrounding of the meandering 
heating structure and not in the contact leads. 
 

 

 

 

Figure 4.5. – a, Schematic illustration of the microdevice, and b, its cross-section. 
The device consists of a nanowire, two heaters, two thermometers, and top contacts. 

 
The electrical equivalent circuit of the microdevice is shown in Figure 4.6. 

b a 



Chapter 4 
 

76 
 

 
Figure 4.6. – An equivalent circuit of the microdevice for the power factor 
measurements. The indicated quantities are explained in the text. 

 
In order to dissipate the majority of the heat around the meandering heating 

element, the resistance of the heating element (RH) should be much higher than the 
resistance of the contact lines connected to the heating element (RL)8. A calculation of 
the ratio of RH and RL can be found in Appendix A4.1. The heat dissipation of the 
structure is modeled in a simplified COMSOL Multiphysics simulation. As an input 
parameter, the heating current of 12 mA is used. The model assumes that the 
temperature of the backside is equal to T = 300 K, not taking into account cooling via 
convection. The modeling results confirm that most of the heat is generated in the 
meandering structure, inducing a thermal gradient across the nanowire, as shown in 
Figure 4.7.  
 



Experimental methods 
 

77 
 

 
Figure 4.7. – Simulation results of the temperature distribution in the simplified 
power factor microdevice. The nanowire is located next to the center of the heating 
device. 

 
In order to calculate the Seebeck coefficient, the temperature difference ∆T 

between the two ends of the nanowire must be measured. This is done by using resistive 
thermometers, as shown in Figure 4.5a. The electrical contact to the nanowire must be 
ohmic. As discussed in Chapter 3 for InSb nanowires, Pt is not suitable for this. Instead 
Au has been used9. The resistance of the Au lines increases with the temperature. In 
an acceptable approximation, this relation is linear in the range from 300 K to 400 K, 
as shown in Figure 4.8.  
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Figure 4.8. – Typical resistance of Au lines as a function of temperature, which is 
used in the Seebeck coefficient measurements. Data points represent experimental 
measurement results, lines are fits, which are used to determine the α coefficient. 

 
The resistance–temperature curve is used to calibrate the thermometers before 

each measurement. As explained in Chapter 2, the Seebeck coefficient is determined 
from the open-circuit voltage (VOC) induced by the applied temperature difference 
(∆T). The power factor microdevice can be operated in two directions since it is 
symmetric. Moreover, the device configuration is suitable for traditional four-probe 
measurements, which allows determining the electrical conductivity of the nanowire.  

In this device, the Seebeck coefficient can be studied as a function of the carrier 
concentration (by using the back gate), and as a function of the temperature. 
Furthermore, the device configuration allows estimating the charge carrier mobility in 
the nanowire, by sweeping the gate voltage at a given source-drain voltage. An example 
of a back-gate sweep is shown in Figure 4.9. 
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Figure 4.9. – Typical source-drain current (I S-D) back gate (VG) sweep 

dependence of a nanowire. VS-D = 0.01 mV. 
 

The carrier mobility can be derived from the slope. A tangent of the maximum 
slope can be calculated. Then, using Eq. (2.20), the mobility can be estimated. Eq. 
(2.20) assumes constant carrier mobility. However, in reality, this is not the case. 
Typically, as a benchmark for a nanowire performance, the maximum value of dG/dVG 
is taken, and the quantity determined in this way is called ‘field-effect mobility’11, 12. 
We follow this convention in this thesis. The specific capacitance Cspec for the nanowire 
is given by Eq. (2.21)10. For the sample used in this thesis, tox = 100 nm and ε = 3.9. 
The carrier density is extracted from the threshold voltage (Vt).  

 
4.3 Probe station and measurement configurations.  
 

It is crucial to perform the measurements described above in a low-pressure 
atmosphere in order to prevent thermal transport between the membranes through 
convection and conduction in the gas phase. Thus, all the measurements described 
above are performed inside a Janis ST-500 probe station. A schematic drawing of the 
probe station chamber is shown in Figure 4.10. The probe station’s chamber is pumped 
down to a pressure of around 1·10-6 mbar (at room- temperature) with a pump set 
containing an Edwards backing pump and a turbopump. All room- temperature 
measurements have been performed at this pressure. The vacuum chamber is equipped 
with a thermocouple and an internal heater to measure and control the temperature at 
the sample chuck, respectively. The probe station allows a wide range of working 
temperatures (2.5 K – 400 K). The combination of the temperature controller and 
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heater allows keeping the desired temperature within 0.1 K accuracy. The sample is 
placed on top of the sample chuck using thermal paste, which provides a proper thermal 
contact. We assume that the sample has the same temperature as the chuck. For the 
electrical measurements, the sample is glued to the chuck by electrically conductive Ag 
paste to provide an acceptable gate response. 
 

 
 

Figure 4.10. – Drawing (top view) of the Janis ST-500 probe station (image courtesy 
of Janis Research Company, LLC). The essential components and some of their 
dimensions are indicated in the drawing.  

 
Two moveable arms are connected to the probe station. As shown in Figure 

4.11, six BeCu probe tips are connected to each arm, providing the twelve connections 
needed to perform thermal and electrical measurements as described in Sections 4.1 
and 4.2. A standard optical microscope is used to accurately place the probes on the 
contact pads. Four outer tips of each probe are used for the four-point measurement of 
the meandering structures to perform the thermal analyses. In the case of electrical 
measurements, all twelve probes are used.  
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Figure 4.11. – Image of the sample inside the cryostat. BeCu probe tips are placed 
on the sample’s contact pads. 

 
The probe tips are wired to a Keithley 4200 Semiconductor Characterization 

System (SCS) via current amplifiers and a switching board, as shown in Figure 4.12. 
The Keithley 4200 SCS is a system with four source measure units (SMUs) combined 
in a single device. These SMU’s can be employed as current/voltage sources or meters. 
All SMUs have two connections: ‘force’ and ‘sense’. The force unit has a low input 
impedance, and it is thus used as a current/voltage source, or as a current meter. The 
sensing unit has a high input impedance and therefore it is suitable for measuring 
voltages. In order to perform a four-point measurement, the ‘force’ SMU is connected 
as a current source, and the ‘sense’ part of the same SMU is connected to measure the 
voltage. The National Instruments (NI) NI USB-3625 switching board allows measuring 
heat transport in two directions, by applying heating current to one of the membranes 
and sensing to another one, and vice versa. The high input impedance of the sensing 
units protects current to flow to the voltage meter. Therefore, there is no voltage drop 
across the leads from the probe station and the platinum lines to the voltage measuring 
unit. When the sensing unit is disconnected, the voltage is measured in the force unit 
(2W measurements).  

The Keithley 4200 system has a low current noise level (5·10-12 A) due to the 
preamplifiers connected close to the sample. However, the system has limited sensitivity 
to low voltages; therefore, another Keithley configuration, described below, has been 
used for the power factor measurements. 
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Figure 4.12. – Schematic configuration of the wiring for thermal properties 
measurements. 

 
An external Keithley 2182A nano voltmeter and Keithley 6220 low noise 

precision current source have been added to the configuration. The NI USB-3625 
switching board is used to share the nano voltmeter between the two device 
thermometers. The combination of external equipment, together with the Keithley 4200 
SCS, allows reaching acceptable measurement sensitivity. Figure 4.13 shows the 
configuration; essential components are mentioned in the picture. 
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Figure 4.13 – The wiring scheme of the setup used for power factor measurements. 
When the switch on the board is flipped, the lines and dashed lines of a specific color 
are swapped. Both switches are switched at the same time. The switches of the 
Keithley 6220 current source allow applying a heating gradient in two directions 
separately. The source of the gate voltage is shown in the figure with a black dashed 
line. 

 
After all measurements have been completed, the sample is inspected with a 

Scanning Electron Microscope (SEM) to estimate the geometrical properties of the 
nanowire. It is essential to perform these measurements at the final step since there 
have been reports on the influence of carbon and other contaminations inside the SEM 
chamber affecting the transport properties of the nanowire13. After finding the nanowire 
dimensions, the power factor is calculated using the following equations14: 
 

, 

(4.17) 
 
 

, 
(4.18) 

 
where RNW is the nanowire resistance and D the diameter of the nanowire. As an 
approximation, a circular wire is assumed because it is impossible to determine the 
exact faceting of the nanowire in the SEM.  
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4.4. Limitations of the measurement technique.  

4.4.1. Sensitivity. 

 
As explained in the previous section, the main limitation of the thermal 

conductance measurement technique is the sensitivity of the temperature measured on 
the sensing side. It lies in the precision of the determination of the resistance difference, 
and thus the temperature difference. A large part of the measurement error is due to 
the small resistance change (several Ohms ,which correspond to ∆T=1 K), on a 
resistance exceeding 10 kOhm. Thus, a high accuracy is required. Moreover, the 
resistance change needs to be measured at very low power to prevent Joule heating 
effects, which would lead to a reduction of accuracy. One way to overcome this issue is 
to use a Wheatstone bridge setup configuration15. This technique allows measuring the 
change in the desired resistance and not the total resistance. A Wheatstone bridge is 
based on resistors with two parallel lines of resistors in series, as shown in Figure 4.1520. 
 

 
 

Figure 4.15. – Schematic illustration of the Wheatstone bridge setup. The unknown 
resistance Rs is to be measured. The resistances R1, R2, and R3, are known, and R3 
is adjustable.  

 
The setup is arranged in such a way that the voltage measured across the bridge 

is zero when the bridge is balanced. Therefore, a voltage will be created over the bridge 
when one resistance changes. The established voltage is related to the resistance 
changes via Eq. (4.19): 
 

, 

(4.19) 
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where Vs is the voltage applied by the source, VBr the voltage over the bridge, and RX 
the resistances as shown in Figure 4.15. In this work, the Wheatstone bridge is used to 
measure a small resistance change on the sensing side. The resistance change on the 
heating side is measured using the standard four-probe technique described in Section 
4.1. A neighboring meander structure, which is not part of the measurement, is used 
as paired resistance. Resistance fluctuations, caused by temperature fluctuations, are 
balanced out since the meanders are in the cryostat and relatively close to each other. 
Nevertheless, in this scheme, the sensing meander is measured through a two-point 
measurement. Thus, platinum contact lines will contribute to the measurement results. 
The platinum contact lines connected to the meander heat up during the measurements, 
changing their resistance. Assuming a linear temperature profile along the Si3N4 
beams21, the total change of the sensing resistance can be given as: 
 

, 

(4.20) 

 
where RB is the resistance of the Si3N4 beams, and RM the resistance of the meander. 
The first factor 2 in Eq. (4.20) comes from the fact that current is going via two Si3N4 
beams, and the second factor 2 comes from the linear temperature profile. Determine 
derivative of RM is crucial since it has been used in the previous analysis. The derivative 
can be extracted using the equation: 
 

. 

(4.21) 

 
It is assumed that αB = αS, thus the correction factor will be 15: 
 

. 
(4.22) 

 
Usually, αB will be larger than αS because the meanders are thinner and have 

more scattering on the sidewalls. In fact, by assumption, the correction factor is 
overestimated and with this also the temperature changes of the meanders. 
Nevertheless, using values obtained from the measurements described in Section 4.1, 
the deviation due to the difference in values of α is ≤5%.  

It was experimentally found that the bridge voltage VBr could never be reduced 
to zero by changing the variable resistance. This effect is attributed to a parasitic 
frequency-dependent impedance of the variable resistance. The effect increases with 
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frequency. Hence, an optimal frequency was found, which results in low impedance and 
reduced noise21. Furthermore, this value is still below the measurement accuracy of the 
standard technique by two orders of magnitude. The experiment shows that the bridge 
method can be used to measure thermal conductance below 10-11 W/K. Results using 
the standard and the Wheatstone bridge technique are compared in Figure 4.16.  
 

 
 

Figure 4.16. – Comparison of the obtained data between the standard technique 
and Wheatstone bridge technique. 

 
The sensitivity obtained from both methods is comparable. However, the 

standard technique is much faster and more convenient than the Wheatstone bridge 
method. Therefore, most of the thermal conductance measurements were done using 
the conventional technique. The Wheatstone bridge method was only used to validate 
the measurement results in which the conductance was close to the resolution provided 
by the standard procedure. 
 

4.4.2. Thermal contact resistance. 
 

Another essential limitation of the measurement technique is the thermal contact 
resistance4, which is the resistance between the nanowire and the Si3N4 membrane. 
This resistance fundamentally arises due to a mismatch in phonon wavevector of the 
different materials, but in practice it is determined by the poor mechanical contact. 
The thermal contact resistance can never be obviated entirely since the thermal 
mismatch between two materials is a fundamental issue. Therefore, it is essential to 
estimate the influence of the thermal contact resistance, especially at the nanoscale16. 
The resistance can be determined by measuring the difference in voltage for a known 
current through the nanowire or contact lead, following Ohm’s Law: R=δU/δI. In order 
to determine the influence of the contact resistance, the measurements have been 
performed using both a two-probe (2W) and four-probe measurement (4W). For the 
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2W measurement technique, a current is sent through two contacts and the voltage is 
measured via the same contacts. However, a 4W measurement allows probing the 
voltage difference by the other two contacts, which are placed in between the current 
contacts. Thus, it will fully avoid contact resistance. In order to determine the influence 
of the contact resistance in both cases (thermal measurements and power factor 
measurements), two and four-probe measurements are compared in Figure 4.14. 
 

 
Figure 4.14. – Comparison between 2W and 4W measurements: Resistance-
temperature dependence of Pt thermometers. 

 
Based on the obtained results, it can be concluded that the contact resistance is 

significant (5 kOhm) and that the thermometer measurements thus require the 4W 
technique, which has been used in all experiments19.  

 
4.5. Alternative measurement techniques. 

4.5.1. Thermal imaging. 
 

A thermal imaging (TI) technique has been applied to validate the temperature 
distributions in the designed measurement devices. TI is a thermography technique 
that detects small changes in the light reflectance from a surface due to a change in 
temperature through the following equation22: 
 

, 
(4.23) 

 
where R' is reflectance, and CTR is the thermoreflectance coefficient. CTR depends on 
the wavelength and the material22. A photo of the TI setup is shown in figure 4.17. A 
microscope and a CCD camera are used to obtain a 2D temperature distribution with 
a spatial resolution of a few hundred nanometers, determined by the Rayleigh 
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criterion23. The main limitation of this technique is the restricted number of materials 
which can be measured24.  
 

 
Figure 4.17. – Photo of the thermal imagine setup. Essential components are 
indicated in the picture. 

 
For example, the temperature of SiO2 cannot be measured using 

thermoreflectance since SiO2 (as well as Si3N4) is mostly transparent to visible light 
(530 nm light was used)25. On the other hand, the temperature of the Au leads and 
contacts can be accurately measured using this technique. TI has been used to verify 
some of the assumptions made in the previous sections. For example, a thermal image 
of one of the fabricated power factor devices has been made and is shown in Figure 
4.18, which shows that indeed it is not possible to capture temperature distribution 
along the SiO2 layer. 

 

 
Figure 4.18. – 2D temperature map of the fabricated power factor device, 
confirming that the heat is dissipated in the meandering structure and not in the 
contact lines. The dissipation of the heat in SiO2 cannot be captured by TI, due to 
the limitations of the method. 
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However, the obtained results confirm that the simulated (Figure 4.7) and the 
measured (Figure 4.18) temperature profiles are similar. 
 

4.5.2. Raman thermography. 

 
Another measurement technique, which is used in the thesis to verify thermal 

conductivity measurement results, is Raman thermography. Raman thermography is a 
laser-based microscopy measurement technique26-28. Laser light is focused through the 
objective of a microscope onto the nanowire, as shown in Figure 4.19.  
 

 
 

Figure 4.19. – Schematic illustration of the Raman thermography technique: a laser 
spot is moved along the wire, and Raman spectra are acquired with and without 
applied temperature gradient across the nanowire. 

 
By moving the laser spot over the suspended nanowire, temperature maps can 

be obtained by measuring each point. At each position, a Raman spectrum is taken 
with and without applying a temperature gradient (for both directions of the applied 
temperature gradient). Then every spectrum is deconvoluted with Lorentzian functions, 
and since dω  dT the shift of the TO mode as a function of position along the nanowire 
for the different applied temperature gradient provides a value of the lattice 
temperature29.  

Raman thermography was performed by exciting the samples with a 488 nm 
Coherent Sapphire laser. The measurements were performed in a backscattering 
geometry using a 100x (NA=0.5) objective, which provides a spatial resolution of about 
700 nm29. The polarization of the laser light and the outcoming scattered beam can be 
controlled and selected by polarization optics. In order to maximize the absorption and 
thus the Raman scattering intensity, the polarization of the excitation light is set 
parallel to the nanowire axis. The scattered light is collected by a 750 mm focal length 
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monochromator equipped with a 1.800 g/mm, providing a spectral resolution of < 1 
cm-1. The temperature resolution is defined by the system’s spectral resolution and the 
material temperature-dependent Raman shift of the optical phonon modes. In the 
system used in this thesis, a temperature resolution of a few K can be reached. Typical 
Raman spectra obtained from a nanowire are presented in Figure 4.19. 

 

 
Figure 4.20. – Typical Raman spectra obtained from a nanowire: black represents 
the spectrum without a temperature gradient, red and green with a temperature 
gradient applied in both directions, respectively. Data points represent experimental 
data, and lines are fitted spectra.  

 
Appendix A4.1. Seebeck device architecture. 

 
The heating element should work such that most of the heat will dissipate in 

the heating structure and not in the contact lines connecting the heating structure. The 
proposed design must meet this requirement. In order to check that a relation exist 
between Rh and Rl has to be calculated. Using Eq. (A4.1)  

 

. 

(A4.1) 

 
The relation can be estimated by the formula (A4.2.):  
 

, 

(A4.2) 

 
where L and A are the length and cross-sectional area of the lines, respectively. 

The subscripts h and l refer to the meandering heating structure and the lines 
connecting the heater, respectively. The higher the Rh/Rl ratio the more heat will be 
dissipated in the meandering heater. It can be concluded that the ratio depends only 
on the geometrical properties of the contact lines. Figure A4.1 shows the proposed 
design with some of the dimensions. 
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Figure A4.1. – The dimensions of the wires connecting the meandering structure 
to the contact pads. 

 
The total length of the gold lines is 2 x (270 + 180) µm. The thickness of the 

gold lines is 800 nm, and their width is 10 µm. The dimentions of the meandering 
structure are around 270 µm long and 300 nm wide. The thickness of the meandering 
structure and lines are 150 nm. Putting the parameters into Eq. (A4.2) gives the 
calculated value Rh/Rl = 53.333. Therefore, most of the heat will dissipate in the 
meandering structure, which is further confirmed by the TI heat distribution map 
(Figure 4.18). 
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Chapter 5. Ballistic phonons in ultrathin 

nanowires. 
 

According to Fourier’s law, a temperature difference across a material results in 
a linear temperature profile and a thermal conductance that decreases inversely 
proportional to the system length. These are the hallmarks of diffusive heat flow. Here, 
we report heat flow in ultrathin (25 nm) GaP nanowires in the absence of a temperature 
gradient within the wire and find that the heat conductance is independent of wire 
length. These observations deviate from Fourier’s law and are direct proof of ballistic 
heat flow, persisting for wire lengths up to at least 15 µm at room temperature. When 
doubling the wire diameter, a remarkably sudden transition to diffusive heat flow is 
observed. The ballistic heat flow in the ultrathin wires can be modeled within 
Landauer’s formalism by ballistic phonons with extraordinary long mean free path.  
 

5.1. Introduction. 
 

Heat flow in macroscopic systems is traditionally described by Fourier’s law for 
diffusive heat flow1. The advancement of micro and nanotechnology has led in the last 
few years to observations of non-diffusive heat flow. Deviations from diffusive heat flow 
can occur due to the wave nature of phonons2, hydrodynamic effects3–10 but also due 
to ballistic behavior11–18. In nanowires (NWs), the scattering of phonons at the NW 
surface reduces the thermal conductivity as compared to the bulk19. However, when 
the surface is atomically flat, phonons may reflect specularly from the surface20, 21 and 
ballistic heat flow in the axial direction may occur. Realizing ballistic flow over large 
distances at room temperature requires a long phonon mean free path (MFP), which is 
challenging due to different scattering mechanisms. 

In this chapter, we demonstrate room-temperature axial ballistic heat flow in 
ultrathin, 25 nm diameter, GaP NWs up to wire lengths of at least 15 µm, and a sharp 
transition to diffusive heat flow when the diameter is doubled to 50 nm. The 
temperature profile along the NWs is obtained by Raman thermometry, confirming the 
presence of a temperature gradient in the diffusive flow regime and its absence in the 
ballistic regime.  

 
5.2. Nanowire devices.  

 
We grow GaP NWs with 25-140 nm diameters by metal-organic vapor phase 

epitaxy using the vapor-liquid-solid growth technique (see Appendix A5.1). The NWs 
are grown in arrays by substrate/catalyst patterning. Within an array, the NWs have 
a uniform diameter along their length with a <5 nm diameter spread. We analyze the 
structural properties of the NWs by transmission electron microscopy (TEM). TEM 
images show stacking-fault-free NWs, grown along the <0001> direction; see Figure 
5.1a. The NWs have atomically flat {11-00} side facets covered by an approximately 2 
nm thick amorphous oxide layer; see Figure 5.1b. Electron diffraction patterns taken 
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in the TEM further show that NWs with different diameters used in our study all have 
the wurtzite (WZ) crystal structure (see Figure A5.1). Atom-probe tomography (APT) 
demonstrates the chemical purity of the NWs and the absence of heavy element 
impurities; see Figure 5.1c and Appendix A5.2.  

 

 
Figure 5.1. – GaP nanowire properties and device for thermal conductance 

measurements. a, TEM image of a 25 nm diameter GaP nanowire (NW), grown 

along the <0001> direction. b, High-resolution TEM image taken along the <1120> 
direction of an NW showing defect-free wurtzite (WZ) crystal structure and a layer 
of oxide (orange arrows). c, APT analysis of a 25 nm diameter NW showing its high 
chemical purity. d, 45o-tilted SEM image of the thermal conductance measuring 
device, with suspended heating (red) and sensing (blue) membranes. e, Zoom-in of 
the NW bridging the suspended membranes. Electron beam-induced deposited Pt/C 
improves the thermal contact. 



Chapter 5 

 

96 
 

The NWs are therefore atomically clean and defect-free. Limitations of the APT 
technique prevent the detection of the oxide layer22. We fabricate microdevices23, 24 to 
study the thermal conductivity of individual NWs (see Appendix A5.3). The devices 
consist of two suspended membranes with Pt meander structures on top, which can be 
used as heater and thermometer; see the scanning electron microscopy (SEM) picture 
in Figure 5.1d. Different spacings between the membranes allow measuring NWs of 
different lengths. Using a micromanipulator under an optical microscope, we place as-
grown single NWs with selected diameter between the membranes. Pt/C contacts are 
deposited on top of the NWs to improve the thermal contact; see Figure 5.1e. We 
determine the thermal conductivity  from the measured thermal conductance G and 
the NW dimensions.  

 
5.3. Diffusive to ballistic heat flow transition. 

 
The extracted  at room temperature T = 300 K is plotted in Figure 5.2a as a 

function of diameter d for NWs with approximately the same length L = 6.7 ± 0.1 µm, 
with d ranging from 25 to 140 nm. These results were fitted to expose the influence of 
the thermal contact resistance, Rc 24. In an NW with heat flow dominated by diffuse 
scattering at the NW surface,  increases with d according to Mathiessen’s rule   
(1+lbulk/d)-1, where lbulk is the bulk MFP, as indicated by the dashed line. A reduced  
with respect to this line, which is observed for d  75 nm, indicates that Rc is no longer 
negligible compared to the NW resistance24. For thin wires (d < 50 nm), on the 
contrary, an enhanced  is observed, indicating that a non-diffusive transport 
mechanism, not dominated by contact resistance, becomes progressively important with 
decreasing diameter. To investigate the transport mechanism in the thin wires, the 
thermal resistance R = 1/G has been plotted as a function of NW length L for diameters 
d = 25 and 50 nm in Figure 5.2b (main panel). For the 50 nm NWs R is linearly 
dependent on L, in accordance with diffusive heat flow. For the 25 nm NWs, however, 
R is independent of L for all measured NWs, up to L = 15 µm, which is proof of ballistic 
transport. We attribute this resistance to a small number of ballistic modes 
contributing to transport (see below). We note that the extrapolation of the 50 nm 
data goes through the origin, corroborating a negligible Rc, in agreement with a model 
where Rc is taken inversely proportional to the contact area between contact and NW 
(solid curve in Figure 5.2a). Although we cannot estimate Rc for the 25 nm NWs 
directly from the measurements, a negligible contact resistance follows from this model. 
The measured linear dependence of the device conduction with the number of NWs for 
d = 25 nm and L = 6.7 ± 0.1 µm (inset in Figure 5.2b) excludes the influence of a 
possible background conduction. The data therefore unequivocally point at a transition 
from diffusive to length-independent ballistic heat flow in 25 nm NWs over 
unprecedented distances. 
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Figure 5.2. – Transition from diffusive to ballistic heat flow. a, Room-
temperature (300 K) thermal conductivity  of GaP NWs of length L = 6.7 ± 0.1 
m as function of diameter d. Full curve: fit of results for d  50 nm to  = (1/c1d 

+ c2d/4L)1 (diffusive heat flow with MFP l = d<<lbulk and contact resistance Rc 
= c2/d, with c1 = 1.7108 W/m2K and c2 = 4.6 mK/W). Dashed line:  = c1d 
(diffusive heat flow without contact resistance and d<<lbulk). b, Symbols: measured 
length dependence of resistance R of NWs with d = 25 and 50 nm. Lines: modeling 
results based on Landauer’s formalism, using the numbers of specular phonon modes 
Ns (d = 25 nm, solid line: MFP l = , dashed line: l = 100 µm) and diffusive phonon 
modes Nd (d = 50 nm, MFP l = d) from Figure A5.10. For d = 25 nm, the curve for 
l = 100 µm is obtained by dividing the result for l =  by the transmission coefficient 
l/(l+L) 28. Inset: conductance G of a device without an NW (see Appendix A5.3) and 
with 1, 2 and 3 NWs with d = 25 nm and L = 6.7 ± 0.1 m. Dashed line: linear fit. 
c, Same results as in the main panel of B, but for the conductivity . Inset: results 
for d = 40 nm NWs measured at 300 and 50 K. Dashed line: a guide to the eye. d, 
Measured (symbols) and modeled (curves) T-dependent thermal conductance G of d 
= 25 and 50 nm NWs with length L = 12.7 ± 0.2 µm. 
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To further investigate the features of the diffusive-to-ballistic transition we plot 
in Figure 5.2c (main panel)  vs L for d = 25 and 50 nm NWs at 300 K, clearly showing 
the remarkable fact that for long wires the thermal conductivity of the ultrathin 25 nm 
NWs exceeds that of the thicker 50 nm NWs. The inset displays results for 40 nm NWs 
at 300 and 50 K, showing that at both room and low temperature this is a transition 
case: the heat flow is ballistic up to L  11 µm and then becomes diffusive. Figure 5.2d 
shows a very weak T-dependence of the thermal conductance G for both 25 and 50 nm 
NWs of 12.7 ± 0.2 µm length down to about 100 K (below this temperature, G steeply 
decreases due to phonon freeze-out). Results for 75 nm NWs are comparable to those 
for 50 nm NWs, showing also a very weakly T-dependent diffusive heat flow (see Figure 
A5.4). The T-insensitivity rules out explanations for the diffusive-to-ballistic transition 
based on phonon-phonon interactions, which are strongly T-dependent. In particular, 
Umklapp scattering, which leads to a strong decrease of  in bulk GaP above 50 K25, 
appears to play no significant role. Also, the involvement of phonon-polaritons as heat-
conducting species is unlikely, because they would yield a contribution to G that is 
linear in T 26. 

 
5.4. Diffusive and ballistic thermal profiles. 

 
 To substantiate the ballistic transport in the thin NWs, we probe the thermal 
profile of 25 and 50 nm NWs with Raman thermometry, which is a contactless method, 
in the same devices as used for the thermal conductivity measurements; see Figure 
5.3a. Here, the local average lattice temperature is measured using the Raman shift of 
the transverse optical (TO) mode27 (see Appendix A5.5 for experimental details). We 
keep the system temperature at T = 300 K and heat the hot contact by T = 30 K. 
Swapping the contacts yields the same results (see Figure A5.5). The frequency shift, 
δω, of the TO mode (at about 363 cm-1 in GaP) with respect to the case without 
applying a temperature difference provides an estimate of the local lattice temperature 
increase, δT, since δω δT; see Figures 5.3b and d. This differential measurement 
cancels out changes in the TO mode frequency along the wire caused by other effects 
than the temperature difference, such as small laser heating effects and local strains. 
The temperature profile along the 50 nm NW (Figure 5.3c) is linear, in agreement with 
diffusive transport. Importantly, the Raman thermometry measurements on the 50 nm 
NW further confirm the absence of significant contact resistance, since the measured 
temperature gradient agrees with the applied temperature difference, which was 
calibrated in an independent manner. 
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Figure 5.3. – Temperature profiles in the diffusive and ballistic regimes. 
a, Illustration of the microdevice with NW used for the measurements of the thermal 
profile. A laser spot is moved along the wire, and Raman spectra are acquired for T1 
= T2 = 300 K and T1 = 300 K, T2 = 300 K + T. b, Spectra measured at the 
position indicated by the arrow in c for an NW with d = 50 nm and L = 14.7 ± 0.3 
µm. Solid lines: Lorentzian fits to the spectra. c, Resulting temperature profile along 
the NW while applying T = 30 K using the Pt meander heaters. Solid line: modeled 
profile for purely diffusive heat flow. d and e, The same as b and c but for an NW 
with d = 25 nm and L = 14.0 ± 0.3 µm. Solid line in e: modeled profile for purely 
ballistic transport with MFP l = . Dashed line: profile for l = 100 µm with a 
transmission coefficient l/(l+L), having a slope [1-l/(l+L)]∆T/L 28. The bars at the 
left and right y-axis in c and e show the temperature of the contacts. 
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In the 25 nm NW (Figure 5.3e), however, we observe symmetric temperature 
jumps at the contacts and a constant temperature along the whole wire with δT close 
to 15 K, exactly as predicted by ballistic heat transport theory28. We note that the TO 
mode itself contributes negligibly to the heat flow because of its very short MFP, but 
probes the average temperature of the heat-carrying phonons. In ballistic heat flow, 
heat-carrying phonons traveling in either direction through the NW have the 
temperature of the contact from which they were injected. The lattice thermalizes 
equally with the ‘hot’ and ‘cold’ phonons and therefore the TO mode probes the average 
of the contact temperatures, i.e., δT = 15 K. These results demonstrate the analogy 
with electrical transport through a ballistic quantum wire, where the electrical potential 
along the wire is constant and equal to the average of the potentials applied at the 
contacts29. To the best of our knowledge, this is the first measurement of the 
theoretically predicted temperature profile for ballistic heat transport. Together with 
the heat transport measurements of Figure 5.2, this provides strong experimental proof 
for ballistic heat flow.  

 
5.5. Modelling within Landauer’s formalism. 

 
We are not aware of an existing model in the literature that can capture a 

diffusive-to-ballistic transition for decreasing dimensions with the features discussed in 
this work. To give a tentative explanation, we apply a model based on Landauer’s 
formalism for phonon transport. It neglects anharmonic effects that lead to phonon-
phonon scattering, in accordance with the weak T-dependence of our experimental data 
(see inset of Figure 5.2c and Figure 5.2d). The model we apply has been developed by 
Murphy and Moore20 and Chen et al30. (see Appendix A5.6) and was successfully used 
to describe heat flow in silicon NWs30 and holey silicon15. It distinguishes between two 
different types of phonon scattering at the NW surface: the surface appears sharp 
(diffuse) to phonons with an inverse perpendicular wave vector component longer 
(shorter) than the surface oxide layer thickness, leading to mostly specular (diffuse) 
scattering with long (short) MFP20, 30. This description is also consistent with Lévy 
walk dynamics18. We obtain the numbers of modes Ns and Nd of the ‘specular’ and 
‘diffusive’ phonons at each frequency from ab-initio calculations of the phonon band 
structure of WZ GaP and phonon subband formation in the NW (see Appendix A5.7). 
In Figure A5.10 these numbers are plotted for d = 25 and 50 nm, and an oxide layer 
thickness h = 2.45 nm (fitted to obtain agreement with the d = 25 nm thermal transport 
data, see below). This value of h is close to the measured thickness, see Figure 5.1b. 
We note that the number of specular phonon modes Ns is only a small fraction (~ 1%) 
of the number of diffusive modes Nd. We only consider phonons with a frequency below 
the Debye frequency. Higher-frequency phonons are hardly excited at the considered 
temperatures and have too short MFPs to significantly contribute to the heat flow. 

A model where both contributions of specular phonons with a strongly increased 
MFP and of diffusive phonons with an MPF l = d are considered equally does not agree 
with our data (see Figure A5.11). The contribution of diffusive phonons in the 25 nm 
NWs would lead to an offset in the thermal conductivity  and the contribution of 
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specular phonons in the 50 nm NWs would lead to a linear increase in , both of which 
are not observed. Suppression of the contribution to the heat flow of diffusive phonons 
in the 25 nm NWs accompanied by an enhancement of the contribution of specular 
phonons is in our model a necessary ingredient to explain the experimental data. As 
shown by the solid lines in Figures 5.2b-d, we obtain agreement with experiment both 
for 25 and 50 nm NWs if we 1) neglect for the 50 nm NWs the heat flow carried by 
specular phonons in Landauer’s expression for G (Eq. A5.1 in Appendix A5.6.) and 2) 
disregard for the 25 nm NWs the contribution of diffusive phonons, taking only into 
account the heat flow carried by specular phonons with strongly increased MFP. A 
finite but strongly increased MFP l up to 100 m would still agree with the heat 
transport data (dashed lines in Figures 5.2b and c) and would result in a small 
temperature gradient in the 25 nm NW that is within the experimental uncertainty of 
the Raman measurements (dashed line in Figure 5.3e). Phonons in the 25 nm NWs 
therefore travel practically unimpeded and can truly be called ballistic. The weak T-
dependence of the heat transport shown in Figure 5.2d is explained by the fact that 
the main features in both Ns and Nd appear at phonon energies significantly below the 
thermal energy (see Figure A5.10).  

 
5.6. Discussion and conclusion. 

 
A possible cause for the suppression of the heat flow carried by diffusive phonons 

is Anderson localization31 of these phonons in the 25 nm NWs. Recent works show that 
in NWs with rough or amorphous surfaces, Anderson localization could take place32, 33. 
The effect was shown to be increasingly important for thinner wires20. Another cause 
could be the coupling of the localized modes in the amorphous oxide layer to 
propagating modes in the crystalline core34, 35. Such coupling could result in an effective 
layer near the boundary of the wire where the thermal conductivity is greatly reduced, 
an effect that can be much stronger for thinner wires. Finally, within the hydrodynamic 
framework3–5, 10, the so-called no-slip condition could also lead to a strong reduction of 
the thermal conductivity near the boundary of the nanowire, quenching the 
contribution to the heat flow of diffusive phonons. A possible origin for the 
enhancement of the contribution of specular phonons is a strongly reduced scattering 
of these phonons into diffusive modes caused by localization-induced decoupling of 
specular and diffusive phonons. This scenario, which would agree with the observed 
weak T-dependence of the transition, is explained in Appendix A5.9. 

These qualitative explanations of the reduction of the contribution of diffusive 
phonons to the heat flow and the enhancement of the contribution of specular phonons 
should be quantified, such that they can be experimentally verified. Ballistic phonon 
transport may find application in phonon transistors36, 37, phonon waveguides38, and in 
novel cooling solutions for computer chips, which require rapid removal of heat from 
ever-decreasing volumes. Ballistic heat flow could possibly be realized more easily in 
other compound semiconductors composed of lighter elements than Ga and P, such as 
Al and N, because of even longer MFPs. 
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Appendix A5.1. Nanowire growth. 
 

GaP nanowires (NWs) are grown by the vapor-liquid-solid (VLS) method, using 
an array of gold catalyst droplets. In order to achieve small diameters, the patterns for 
NW growth are fabricated by electron beam lithography (EBL). To obtain nucleation 
of NWs with diameters smaller than 40 nm, the V/III element ratio has to be increased 
by a factor of five during the nucleation step and by a factor of two during the growth 
of the NWs, as compared to the V/III ratio used for NWs with a larger diameter. This 
can be attributed to the Gibbs-Thomson effect39, 40, where the high surface tension of 
small-diameter catalyst droplets leads to a lower supersaturation than for large-
diameter droplets. By increasing the V/III ratio, the supersaturation is again brought 
to an optimal level for the NW growth. In this way, we obtain NWs with diameters in 
the range 25-140 nm needed for the diameter-dependent study of the thermal transport. 
Figure A5.1 show SEM images of GaP nanowire arrays together with TEM analysis. 
Based on the SEM images it can be concluded that the nanowire arrays are 
homogeneous (Figures A5.1a, e, i, m). TEM images further validate that the NWs have 
a uniform diameter along their length and defect-free wurtzite (WZ) crystal structure 
(Figures A5.1b, f, j, n). A native gallium oxide layer of about 2 nm thick is present on 
the surface of each NW (Figures A5.1c, g, k, o). Electron diffraction patterns 
additionally confirm the WZ crystal structure of the NWs with different diameters 
(Figures A5.1d, h, l, p). 
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Figure A5.1. – a, e, i, m, SEM images of arrays of GaP NWs with increasing 
diameter. Scale bars: 2 µm. b, f, j, n, Representative TEM images of the NWs. Scale 
bars: 100 nm. c, g, k, o, Enlarged high-resolution TEM images of NWs with different 
diameters. d, h, l, p, Electron diffraction patterns of the NWs. Scale bars: 10 nm-1. 
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Appendix A5.2. Elemental analysis.  
 

Atom Probe Tomography (APT) is used to determine the elemental purity of 
the NWs. Samples are prepared in an FEI Nova Nanolab 600i based on the method 
described by S. Koelling et al41. The APT is performed in a LEAP 4000X HR using 
laser powers in the range 0.3-0.7 pJ and a base temperature of 20 K. The data are 
analyzed using IVAS 3.8.0. 

We analyze five NWs with diameters ranging from 25 to 70 nm and check for 
contaminants that we expect to be present in the reactor. The results are shown in 
Table A5.1. An exemplary mass spectrum is shown in Figure A5.2c. For all elements 
heavier than Si, the concentrations estimated by APT coincide with the noise level41, 
showing variations between measurements that are comparable to or larger than the 
average; see Table A5.1. 

Signals above the noise level are only observed for H, C, O, and Si/N. Si has 
nearly exactly twice the mass of N, and hence the two elements cannot be distinguished 
from their mass-to-charge ratio. Apart from Si, all these species are known to be present 
in the vacuum chamber. It is, therefore, not possible to determine whether the signals 
result from contamination of the NWs or from the absorption of atoms from the vacuum 
on the NW surface during the analysis. Hence, the measured values are upper limits 
for potential contaminations. All potential contaminations are well below levels for 
which we expect any influence on the thermal properties. 

In addition, the APT analyses can be used to check whether the two Ga isotopes 
69Ga and 71Ga are distributed homogeneously throughout the NW. As shown in Figures 
A5.2a and b both isotopes are present at the expected natural abundance along both 
the radial and axial directions. 

Table A5.1. Average concentration and standard deviation of elements that are potential 
contaminants in the GaP NW, based on APT measurements on 5 NWs. Only elements are 
known to be present in the vacuum chamber of the APT show a significant signal. 
Elemen

t H C O N/Si Au In Al Ge As Zn Sn 

Conc. 
(%) 0.0286 0.0023 0.0210 0.0013 0.0002 0.0001 0.0001 0.0012 0.0002 0.0004 0.0003 

SD (%) 0.0117 0.0003 0.0069 0.0006 0.0004 0.0001 0.0001 0.0017 0.0004 0.0034 0.0008 
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Figure A5.2. – a, Radial and b, axial distribution of 69Ga and 71Ga inside a GaP 
NW. The isotopes are present in the expected abundance and homogeneously 
distributed in the NW. c, Mass spectrum of an NW, showing only peaks resulting 
from Ga ions, P ions and elements known to be present in the vacuum chamber (H, 
C, O, N). 
 

Appendix A5.3. Background conductance. 
 

To obtain an estimate of the background conductance (caused, for example, by 
radiative heat transport) we show in Figure A5.3 results for TH and TS as a function 
of the applied power P, measured without an NW bridging the heater and sensor. This 
measurement has been done using a Wheatstone bridge technique, which has a high 
sensitivity. Using Eq. (4.15), the background conductance is estimated to be Gbackground 
= (1.4  0.1) 10-10 W/K, which is at least one order of magnitude lower than the 
conductances reported in the main text.  
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Figure A5.3. – Temperature difference TH of the heater (dark red, left axis) and 
TS of the sensor (dark yellow, right axis) as a function of applied power P, measured 
without an NW bridging heater and sensor. 

 
 

Appendix A5.4. Diffusive heat flow in 75 nm diameter nanowires. 
 

Figure A5.4 shows room-temperature values of  for d = 75 nm as a function of 
NW length L. The results for d = 50 nm NWs are shown for comparison. Just like for 
d = 50 nm, the d = 75 nm results show diffusive heat flow. The sizes of  for d = 75 
nm are not very different from those for d = 50 nm because of the non-negligible contact 
resistance for d = 75 nm (see Figure 5.2a). The inset of Figure A5.4 compares the T-
dependences of G of NWs of about equal length for d = 75 nm (L = 12.5 ± 0.2 µm) 
and 50 nm (L = 12.7 ± 0.2 µm), showing a weak T-dependence above 100 K for both 
diameters. 
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Figure A5.4. – Room-temperature thermal conductivity as a function of length L 
for d = 50 and 75 nm diameter NWs. Inset: temperature dependence of the thermal 
conductance of d = 75 nm (L = 12.5 ± 0.2 µm) and d = 50 nm (L = 12.7 ± 0.2 µm) 
diameter NWs. 

 
Appendix A5.5. Raman thermometry. 
 

The temperature profile along the NW length is probed using the Raman shift 
of the transverse optical (TO) phonon mode of the NW43,44. The excitation laser spot 
employed for the Raman spectroscopy is moved along the wire, while a temperature 
difference ∆T is applied between the ends of the wire using the resistive elements 
designed on the suspended Si3N4 membranes. A schematic of the method employed for 
our measurements is presented in Figure 5.3a in the main text. At each position along 
the nanowire, we collect a Raman spectrum without applying a temperature gradient 
and Raman spectra for both directions of the applied temperature difference to check 
for the symmetry of the response. Each spectrum is then fitted with Lorentzian 
functions. The frequency shift δω of the TO mode (at about 363 cm-1 in GaP) with 
respect to the case without applying a temperature gradient provides an estimate of 
the local lattice temperature, since δω δT. Local variations in the Raman shift due to 
other factors than the temperature gradient, such as small laser heating effects and 
locally varying strains, are canceled out by this technique. Figure A5.5 shows the results 
of the measurements for an NW with d = 25 nm and L = 14.0 ± 0.3 µm. 
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Figure A5.5. – a, Raman spectra for the case T1 = T2 = 300 K, the case T1 = 300 
K, T2 = 330 K and the case T1 = 330 K, T2 = 300 K, acquired at about 9 µm from 
contact 1 along an NW with d = 25 nm and L = 14.0 ± 0.3 µm. b, Extracted Raman 
shifts of the TO mode along the NW. c, Temperature profile determined from the 
Raman shifts in B for both directions of the applied temperature difference. 

 
We have measured the temperature profiles along d = 25 and 50 nm NWs with 

L = 14.0 ± 0.3 and 14.7 ± 0.3 µm, respectively, displayed in Figures 5.3c and e, for 
T = 30 K, which is also the temperature difference used in the thermal conductance 

measurements. In order to improve the signal-to-noise ratio, each Raman spectrum is 
integrated over 300 s and is the result of the average of 2 spectra in the case of the d 
= 25 nm NW and 3 spectra in the case of the d = 50 nm NW. In the Raman 
experiments, the samples are excited with the 488 nm line of a coherent Sapphire (SF) 
laser. The measurements are performed in a backscattering geometry using a 100 (NA 
= 0.5) objective, which allows a spatial resolution of about 700 nm. The polarization 
of the incident laser light and the outgoing scattered light can be controlled and selected 
by means of polarization optics. In these measurements, the polarization of the 
excitation light is set parallel to the NW axis in order to maximize the absorption and, 
thus, the Raman scattering intensity. The scattered light is collected by a 750 mm focal 
length monochromator equipped with an 1800 g/mm grating and a thermoelectrically 
cooled back-illuminated deep-depletion CCD detector, providing a spectral resolution 
better than 1 cm-1. 
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Figure A5.6. – Calibration of the shift of the TO mode for d = 25 and 50 nm NWs. 
The lines are linear fits to the data. 

 
The spatial resolution of the Raman thermometry is determined by the size of 

the laser spot size, which is diffraction-limited. The temperature resolution is a few K 
and is limited by the spectral resolution of the system and the material-characteristic 
temperature-dependent Raman shift of the TO mode. In order to account for size effects 
in the dependence of the TO mode frequency on temperature, we have calibrated the 
frequency shift of this mode as a function of temperature for the d = 25 and 50 nm 
NWs before the measurement; see Figure A5.6. To this end, the nanowires were 
transferred onto a Si substrate, with a temperature defined by the temperature 
controller inside the sample holder of the probe station. The actual temperature was 
determined using the shift of the degenerate TO/LO mode of the Si substrate as a 
thermometer. 

Finally, we checked the effect of the laser power on the measurements of the 
temperature profile. We want to avoid local heating by the excitation laser, which 
would alter the measured lattice temperature. To exclude this effect, we performed 
spatially resolved Raman measurements along the NWs without applying an external 
temperature gradient but using different laser powers (10 and 25 µW). The results for 
a d = 25 nm wire with L = 14.0 ± 0.3 µm are shown in Figure A5.7. No significant 
dependence of the TO frequency on laser power is observed. We performed the 
measurements of the temperature profile along the NWs using a laser power below 25 
µW for the d = 25 nm wire and below 50 µW for the d = 50 nm wire, avoiding heating 
effects. 
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Figure A5.7. – Raman shift of the TO mode measured along a d = 25 nm diameter 
NW with length L = 15 µm for two different laser powers, 25 and 10 µW. 

 
Appendix A5.6. Application of Landauer’s formalism for heat 

flow. 
 

We model the heat flow in the NWs with Landauer’s formalism, as formulated 
by Murphy and Moore20 and Chen et al.30. In this formulation, the thermal conductance 
G of an NW is given by 

 

, 

(A5.1) 

 
where ħ is the reduced Planck constant and kB Boltzmann’s constant. The number of 
propagating phonon modes in the NW at the frequency , N(), is split into a ‘specular’ 
part Ns() and a ‘diffusive’ part Nd() (N1() and N2(), respectively, in Ref. 30. 
‘Specular’ phonons have a small wave vector k (long-wavelength component) 
perpendicular to the NW surface, k < 1/h, where h should be comparable to the oxide 
layer thickness. ‘Diffusive’ phonons have a large perpendicular wave vector (small 
perpendicular wavelength component) k > 1/h. In the next section (Appendix 5.7), 
we explain how we obtain Ns and Nd for a given value of h. We perform the integration 
in Eq. (A5.1) up to the Debye frequency D (581012 s1, corresponding to a Debye 
temperature of 445 K45 ). Phonons with higher frequency are hardly excited at the 
considered temperatures and have very short MFPs. Such phonons will, therefore, not 
contribute significantly to the heat flow. 

Diffusive phonons reflect diffusely from the NW surface and therefore have an 
MFP l = d, leading to the transmission probability 1/(1+L/d) in the diffusive 
contribution in Eq. (A5.1). Chen et al. use an expression for the frequency-dependent 
MFP l() of specular phonons that was originally derived by Santamore and Cross46. 
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In this derivation, the disorder is treated as a perturbation, giving rise to a probability 
for incident phonons in forward propagating modes in the NW to be reflected in 
backward propagating modes. In the diffusive regime (d  50 nm), all phonon modes, 
diffusive and specular, are propagating. Scattering of specular phonons into diffusive 
phonon modes is then an important process that limits their MFP. Because also Ns << 
Nd (see Figure A5.10) we can assume that the specular contribution in Eq. (A5.1) is 
then small compared to the diffusive contribution. We obtain the L-dependent 
resistance R and conductivity , and the T-dependent conductance G for d = 50 nm 
(green curves in Figures 5.22b-d) by taking into account only the second, diffusive, 
contribution in Eq. (A5.1). Because d << L, R is proportional to L and the heat flow 
is diffusive. Since Nd  d2 we have G  d3 and, using Eq. (4.16),   d (see the dashed 
line in Figure 5.2a). We note that since Ns << Nd and Ns + Nd does not depend on h, 
Nd is almost independent of h.  

In our modeling, we assume that the situation is reversed for d = 25 nm: the 
diffusive contribution in Eq. (A5.1) is now negligible and the specular contribution is 
dominant because of a very long MFP of the specular phonons, which have become 
ballistic. Possible causes for this are discussed in the main text. We now assume that 

( )l L   which leads to the observed ballistic heat flow. In Figure A5.8 we explore 
various values of h in evaluating the first, specular, contribution in Eq. (A5.1) for d = 
25 nm at T = 300 K, putting l(ω)= . These results show that the calculated 
conductance (proportional to the slope of the lines) very sensitively depends on h. 
Taking h = 2.45 nm yields results in good agreement with the experiment. These results 
are reproduced in Figure 5.2c (solid red line). This value of h is close to the 
experimentally found oxide layer thickness of about 2 nm, which, considering the 
sensitive h-dependence in Figure 5.8, demonstrates the consistency of our approach. 
The corresponding T-dependence of G is shown in Figure 5.2d (red curve).  

 
Figure A5.8. – Room-temperature thermal conductivities  of d = 25 nm NWs 
calculated from the first, specular, term in the Landauer expression Eq. (S4) for l(ω)= 
 and various values of h, compared to the measurements displayed in Figure 5.2c. 
The value of h determines the number of specular phonon modes Ns(). 
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Appendix A5.7. Calculation of the numbers of specular and 

diffusive phonon modes. 
 

For Si NWs Murphy and Moore20 and Chen et al.30 used the Debye 
approximation to calculate the number of modes N and the contributions Ns and Nd. 
We find, however, that the Debye approximation is too crude to be applied to GaP 
NWs. Instead, we use the full ab-initio calculated the phonon band structure of bulk 
WZ GaP and a similar method as introduced by Mingo47 to obtain from the phonon 
band structure the numbers of modes in the NW. 

Figure S11 shows the bulk phonon band structure calculated using the software 
package Phonopy48 with force constants obtained from ab-initio density functional 
theory (DFT) calculations within the local density approximation (LDA) of the 
exchange-correlation potential, as implemented in the VASP package49. We use cut-off 
energy of 282 eV for the plane-wave basis set, a 444 k-point grid for sampling the 
hexagonal Brillouin zone, with Gaussian smearing of 0.1 eV width, and a 443 
supercell (192 atoms) for the phonon calculations, using atomic displacements of 0.01 
Å. The relaxed hexagonal lattice constants of our ab-initio calculations are a = 3.79 Å 
and c = 6.26 Å. 

 
Figure A5.9. – Phonon band structure of bulk WZ GaP. The inset shows the 
hexagonal Brillouin zone. The dashed line indicates the Debye frequency D. In all 
our calculations, we take into account only the bands below D. 

 
The boundary conditions at the NW surface lead to the discretization of the 

allowed wave vectors 

�

k  perpendicular to the growth direction of the NWs (the c-axis) 
and to the formation of phonon subbands. The type of boundary conditions (free or 
frozen) and the shape of the NW cross-section become irrelevant when d >> a 47, which 
is the case for our NWs. Following Ref. 47, we choose for convenience frozen boundary 
conditions and a rhomboidal cross-section with a surface area equal to the 
approximately circular cross-section of the NWs. We obtain the subband dispersion 
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along within the growth direction from the phonon band structure of Figure A5.9 for 

each discrete 

�

k  and this the number of modes at each frequency. If k < 1/h, the 
subband contributes to Ns, otherwise to Nd. The results for Ns and Nd for the cases d 
= 25 and 50 nm are given in Figure A5.10. We note that Ns and Nd are proportional 
to d2 when d >> a. 

 

 
Figure A5.10. – Calculated numbers of specular (Ns, purple) and diffusive (Nd, 
blue) phonon modes as a function of frequency , for an oxide layer thickness h = 
2.45 nm. Numbers along left (right) axis: results for d = 25 nm (50 nm). Notice the 
multiplication factor for Ns. Vertical dashed line: phonon energy equal to thermal 
energy at 300 K. 

 
Appendix A5.8. Contributions of specular and diffusive phonons 

to the thermal conductivity. 
 

In Figure A5.11, we show the results from the model considering the specular 
and diffusive contributions in Eq. (A5.1) for NWs with d = 25 and 50 nm. It is clear 
that adding a diffusive contribution to d = 25 nm NW would result in an offset in 
thermal conductivity , while adding a specular contribution (with l = ) to d = 50 
nm NW would result in a  that increases linearly with L (dashed lines). These results 
clearly do not match what is observed experimentally. We, therefore, assume that the 
contribution of specular phonons is negligible for d = 50 nm NWs, while the 
contribution of diffusive phonons is negligible for d = 25 nm NWs (solid lines, same as 
in Figure 5.2c). 
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Figure A5.11. – Contributions of specular and diffusive phonons to thermal 
conductivity  of d = 25 nm and d = 50 nm NWs. Symbols: same as in Figure 5.2c. 
Full lines: model results with the only contribution of specular phonons with MFP l 
=  for d = 25 nm and only contribution of diffusive phonons with l = d for d = 50 
nm (same as in Figure 5.2c). Dashed lines: contributions of diffusive and specular 
phonons added for both cases d = 25 and 50 nm. 

 
Appendix A5.9. Decoupling of specular and localized diffusive 

phonons. 
 

In the Landauer formalism, the heat conductance is obtained by calculating in 
the harmonic approximation the transmission coefficients of phonons in all propagating 
modes impinging on the NW from the contacts. Figure A5.12 shows a specular phonon 
impinging on the NW from the left contact. Following the usual methodology in solving 
scattering problems, the phonon is described as a wave packet consisting of a linear 
combination of normal modes of the complete NW, including the amorphous oxide 
layer inducing the scattering. The normal frequencies in the wave packet are narrowly 
distributed around a central frequency. Each normal mode in the linear combination 
evolves periodically in time with its normal frequency, yielding the time evolution of 
the wave packet. When time proceeds, the wave packet moves into the NW and gets 
scattered by the amorphous oxide layer. After the scattering, the wave packet consists 
of a transmitted and a reflected part, the amplitudes of which determine the 
transmission and reflection coefficients. 
 We assume that in the diffusive regime (d  50 nm), all normal modes are 
extended over the whole NW, i.e., all normal modes are propagating. The normal modes 
are mixtures of specular and diffusive modes because of the coupling between these 
modes by the amorphous oxide layer. When an impinging specular phonon (built up 
from specular modes) is expanded as a linear combination of normal modes and 
propagated in time, it will become a linear combination of transmitted and reflected 
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specular and diffusive modes after the scattering. This leads to the scattering of specular 
phonons into diffusive modes, which limits the MFP of specular phonons. 
 In the localization scenario proposed to occur for d = 25 nm, the ‘diffusive’ 
normal modes (being composed of predominantly diffusive modes) become localized at 
specific locations in the NW, showing an exponential spatial decay; see Figure A5.12. 
Because the impinging phonon wave packet has no spatial overlap with the now 
localized diffusive normal modes, these modes do not occur in the linear combination 
constituting the wave packet. This holds for all times: before, during, and after the 
scattering. Impinging specular phonons can, therefore, no longer scatter into localized 
diffusive modes and are decoupled from the diffusive phonons. Because the diffusive 
modes constitute the great majority of modes, the scattering length of specular phonons 
would strongly increase. 
 

Figure A5.12. – Specular phonon wave packet impinging from the left contact onto 
a d = 25 nm diameter NW. The NW contains diffusive normal modes that are 
localized because of the disorder induced by the amorphous oxide layer. Since there 
is initially no spatial overlap, the wave packet will not contain these normal modes 
as components. The resulting decoupling of specular and localized diffusive phonons 
would lead to a greatly increased scattering length of specular phonons, making them 
ballistic. 
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Chapter 6. Thermoelectric properties of InSb 

nanowires. 

 
Introduction. 

 
As has been indicated in Chapter 1, among the group III–V materials InSb is 

the most promising semiconductor for thermoelectrics1. It has been predicted that the 
thermoelectric efficiency can be enhanced by going towards low-dimensional structures. 
For instance, the magnitude of the density of states increases as the inverse of the 
squared diameter of the nanowire (1/d2), leading to enhanced efficiency. Therefore, it 
is interesting to study the thermoelectric properties of InSb nanowires and estimate 
their thermoelectric efficiency (ZT). Recent papers have studied the influence of doping 
on the thermoelectric efficiency and reported ZT values of 0.015 – 0.025 2 and 0.002 – 
0.005 3 for Se-doped InSb nanowires with diameters 145-195 nm, and 133-171 nm, 
respectively. Here we focus on enhancing the thermoelectric efficiency by reducing 
nanowire diameters down to 50 nm4–6.  

In this chapter, an analysis of the thermoelectric properties of relatively thin 
InSb nanowires is presented. The thermal conductivity of single InSb nanowires has 
been measured using the suspended membranes technique7. The Seebeck coefficient and 
electrical conductivity, which together determine the power factor, have been studied 
based on the field-effect nanowire transistor measurements technique8. The 
thermoelectric properties of undoped InSb nanowires have been examined for the first 
time. We obtain ZT values of around 0.04 for undoped InSb nanowires with a diameter 
of about 50 nm. We expect that the thermoelectric efficiency can be further increased 
by impurity doping of InSb nanowires or by a reduction in the nanowire diameter down 
to 10 nm1. 

 
6.1. Structural properties of InSb nanowires. 
 

InSb NWs with diameters from 50 to 180 nm are grown by metal-organic vapor 
phase epitaxy (MOVPE) using the SAE VLS growth technique9. Detailed information 
about NW growth is given in Chapter 4. The structural properties of the NWs have 
been analyzed by transmission electron microscopy (TEM), as presented in Figure 6.1a. 
TEM and high angle annular dark-field (HAADF) images (Figure 6.2b) show defect-
free NWs with the zinc blende crystal structure and uniform diameter, grown along the 
<111>B direction. The TEM images show that the NWs have atomically flat {110} 
side facets covered by a few nanometer-thick amorphous native oxide layer. The 
electron diffraction pattern of the InSb NW confirms the zinc-blende (ZB) crystal 
structure (Figure 6.1c). 
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Figure 6.1. – a, Overview dark-field TEM image is showing the Au-catalyst particle 
on the top, and b, high-resolution TEM image showing the zincblende (ZB) crystal 
structure of the InSb nanowire. The wires are defect-free and grow along a <111>B 
direction. c, Fourier Transform pattern of the InSb nanowire showing defect-free ZB 
crystal structure9. These images are taken along the [110] zone axis. 

 
Atom Probe Tomography (APT) has been used to determine the elemental 

purity of the NWs10. The characterization process is similar to the one described in 
Chapter 5. NWs are analyzed with a particular focus on contaminants that are expected 
to be present in the growth chamber. The atomic concentration along an InSb NW is 
shown in Figure 6.2a. Arsenic (As) is incorporated at a level of 0.0006 ± 0.0002%, and 
phosphorus (P) at 0.0010 ± 0.0005%, which is about an order of magnitude lower than 
the InSb NWs grown with InP stems9. The low concentrations of P and As elements 
presented in the NWs are likely attributed to the background levels in the growth 
chamber. All potential contaminations are well below levels for which any influence on 
the transport properties is expected11,12. The atom probe tomography (APT) 
reconstruction image of an InSb nanowire is shown in Figure 6.2b. The APT analysis 
demonstrates the chemical purity of the NWs and the absence of heavy element 
impurities. 
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a) 

 
b) 

 
Figure 6.2. – a, Concentrations of atomic species along an InSb NW. A 50/50 ratio 
of In/Sb is found as expected for a III−V compound. b, Atom probe tomography 
reconstruction image of an InSb nanowire. Adapted from reference 9.  

 
6.2. Thermal conductivity of InSb nanowires. 
 

We now continue studying the thermoelectric efficiency. We start by measuring 
the thermal conductivity using suspended membranes. As explained previously 
(Chapter 5), it is essential to verify that the thermal contact resistance does not 
dominate the overall device thermal resistance. The extracted thermal conductivity  
at room temperature (T = 300 K) is plotted in Figure 6.3 as a function of diameter d 
for NWs with approximately the same length L = 5.5 m, with d ranging from 50 to 
175 nm. These results were fitted to expose the influence of the thermal contact 
resistance, Rc 

7. In an NW with heat flow dominated by diffuse scattering at the NW 

surface,  increases with d according to Mathiessen’s rule  
1

bulk1 /l d


  , where lbulk 

is the bulk MFP, as indicated by the dashed line. A reduced  with respect to this line, 
which is observed for d  80 nm, means that Rc is no longer negligible compared to the 
NW resistance, RNW 

7. For thin wires (d < 75 nm), on the contrary, the data points 
are following the expected behavior for a diffusive transport mechanism, indicating that 
the contact resistance is not significant. Therefore, we can measure the thermal 
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conductivity of InSb nanowires with a diameter ≤ 70 nm using the suspended 
membranes technique.  

 

 
Figure 6.3. – Room-temperature (300 K) thermal conductivity  of InSb NWs of 
length L = 5.5 m as function of diameter d. All the nanowires measured have Pt/C 
top contacts. Full curve: fit of results for d  50 nm to  = (1/c1d + c2d/4L)1 
(diffusive heat flow with MFP l = d << lbulk and contact resistance Rc = c2/d, with 
c1 = 1.4106 W/m2K and c2 = 2.5 mK/W). Dashed line:  = c1d (diffusive heat 
flow without contact resistance and d << lbulk). 

 
In Figure 6.4, the thermal conductivity is plotted as a function of the length of 

NWs with diameters of 50 and 60 nm at 300 K. It can be seen that for NWs with d = 
50 nm and 60 nm,  is independent of L (thermal conductance, G, is inversely 
proportional to L), following diffusive heat flow, which is expected for these nanowires 
due to their relatively short phonon mean free path2 (see Figure 2.1). 

Thermal conductivities of (2.75±0.73) W/m·K and (3.62±0.61) W/m·K are 
found for the 50 nm and 60 nm NWs, respectively. These values are used in the 
calculation of the ZT of InSb nanowires. 
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Figure 6.4. – Length-dependence of the thermal conductivity,  of InSb NWs with 
diameters d = 50 and 60 nm, measured using Pt/C contacts at T = 300 K. 

 
6.3. Temperature-dependent thermal conductivity. 

 
Figure 6.5 shows the thermal conductivity of NWs with a diameter of 50, 60, 

and 70 nm as a function of temperature in the range 50 – 400 K. The temperature 
dependence of the thermal conductivity is weak in the range of 100 – 400 K. At low 
temperatures (50 – 100 K),  sharply decreases due to phonon freeze-out. At relatively 
high temperatures (100 – 400 K),  is almost temperature independent due to the 
diffusive nature of the majority of the phonon spectrum13. Umklapp scattering, which 
leads to a substantial decrease in the thermal conductivity in bulk InSb above 10 K14, 
appears to play no significant role in these nanowires. 

 

 
Figure 6.5. – Measured (symbols) and modeled (curves) T-dependent thermal 
conductivity  of d = 50, 60, and 70 nm NWs with length L ≈ 5.5 µm. 
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In order to quantify the obtained experimental results, the Landauer formalism 
has been used to model the thermal conductivity temperature dependence15. This model 
has previously been applied to explain the results of GaP nanowires in Chapter 5. We 
model the thermal conductivity of InSb nanowires using the Landauer formalism with 
the Debye linear dispersion approximation for the number of phonon modes16. The 
Debye approximation is chosen here for simplicity. The total number of phonon modes 
has been estimated using the following equation17: 

 

, 

(6.1) 

 
where a is the lattice constant, and the 4 indicates the four modes (one longitudinal, 
one torsional, and two flexural) that propagate as ω  0; A is a dimensionless fitting 
parameter. The total number of modes (N(ω)) can be separated into the number of 
modes with mean free path l (ballistic), N1(ω), and the number with a mean free path 
of d (diffusive), N2(ω). At low frequencies, all modes have hk⊥ ≤ 1, whereas any modes 
that begin to propagate at ω > c/h are assumed to have hk⊥> 1. N2(ω) is defined by 
N2(ω) = N(ω) – N1(ω). The thermal conductance is then given by the Landauer 
formalism as:  

 

. 

(6.2) 

 
Here only the diffusive phonon contribution has been estimated since no sign of 

ballistic behavior has been found in InSb nanowires (see Figure 6.5.). Therefore, Eq. 
(6.2) can be rewritten as:  

, 

(6.3) 

 
where L is the nanowire length. It assumed that in the case of diffusive phonon modes, 
the phonon mean free path (l(ω)) is equal to the nanowire diameter (d). The thermal 
conductivity  is calculated considering dimensions of nanowires as following: 

 

. 

(6.4) 

 
The phonon density of states approximated by the Debye approach is shown in 

Figure A6.1. A detailed description of the Landauer formalism is presented in Appendix 
A6.1. The calculated thermal conductivity using the Landauer formalism, as shown in 
Figure 6.5, is in reasonable agreement with the experimental results, especially at 
T>100 K. Below 100 K there is quite a discrepancy between the model and the data, 
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which is ascribed to the approximated PDOS by the Debye model. The Landauer 
formalism can thus qualitatively reproduce the experimentally observed behavior, and 
it confirms the diffusive behavior of phonons in this system. For a complete 
understanding of the system, more in-depth simulations such as molecular dynamics 
and non-equilibrium Boltzmann equation can be applied13,18,19.  

 
6.4. The electrical conductivity of InSb nanowires.  

 
In order to estimate the electrical conductivity of InSb nanowires, the resistance 

of the nanowires has been measured using the four-probe technique at different 
temperatures (see Figure 6.6a). Based on the obtained results, it can be concluded that 
the contact resistance is much smaller than the wire resistance and therefore plays an 
insignificant role (see Appendix A6.2.). In addition, from the temperature-dependent 
resistance the bandgap energy of the semiconductor can be extracted if the resistance 
is indeed determined by the nanowire channel. In Figure 6.6b, the natural logarithm of 
the measured resistance is plotted against 1/T for a typical device. Based on Boltzmann 
relation20, the slope dln(R)/d(1/T) corresponds to Eg/KB (where KB is the Boltzmann 
constant).  
 
a) 

b)  

  

Figure 6.6. – a, The natural logarithm of the 85 nm InSb nanowire resistance 
plotted versus 1/T. A linear fit (dashed line) is made through the data points. Inset: 
SEM image of the device. b, V-I characteristics of 85 nm InSb nanowire measured 
using the four-probe technique. 

 
The extracted value of the bandgap energy is (0.22 ± 0.02) eV, which is close 

to to the values of (0.17 – 0.18) eV reported for bulk InSb at 300 K21. The slightly 
higher observed bandgap energy may be due to confinement effects in these 50-60 nm 
diameter nanowires since the electron effective mass in InSb is very small, and the Bohr 
radius of InSb is around 65 nm22.  

The influence of the back-gate voltage on the electrical conductivity has been 
measured in the temperature range 6 – 420 K. In Figure 6.7a, gate sweeps for 50, 60, 
80 nm diameter InSb nanowires are shown at 6 K and 420 K.  
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a) b) 

  
 

Figure 6.7. – a, The electrical conductance plotted as a function of the back-gate 
voltage for InSb nanowires with 50, 60, and 85 nm diameters at 6 K (closed symbols) 
and 420 K (open symbols). Source-drain bias (VSD) is equal to 2 mV. b, The electrical 
conductivity of InSb NWs as a function of nanowire diameter at different 
temperatures. VG=0 V. NWs have the length L ≈ 1.3 µm. 

 
Typical pinch-off curves are observed at 420 K. The charge carriers get thermally 

excited over the bandgap Eg, (Eg (InSb) = 0.17 eV at 300 K), resulting in non-zero 
current (ISD). The threshold voltage (Vth) tends to become more positive for decreasing 
diameter at 6 K and 420 K. The slope (dISD/dVG) is steeper with decreasing diameter 
and temperature due to the decreased number of scattering between charge carriers. 
From the data shown in Figure 6.7a, it can be concluded that the wires can facilitate 
ambipolar transport. This effect is observed for a temperature of 6 K, and it is possible 
to extract the charge carrier concentration and mobility of both holes and electrons 
from the slope in the linear region of these curves25,26. These data are given in Appendix 
A6.3.  

The electrical conductivity of the InSb nanowires is found from V-I 
measurements. An exemplary V-I curve of InSb NW is shown in Figure 6.6b. The 
conductivity is calculated using Eq. (2.19). The dimensions of the nanowires are 
measured using ImageJ software based on the SEM images of the devices (see inset of 
Figure 6.6b)23. We find that the electrical conductivity is constant for wires with d>100 
nm but decreases (by a factor of 2) for wires with a diameter of 50 nm, as shown in 
Figure 6.7b. Recent studies on the conductivity of InSb nanowires show a similar trend, 
which was explained by electron scattering at the nanowire surface24. The obtained 
values, for the large diameter wires, agree with previously published results on InSb at 
300 K2,3,24. 
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6.5. Seebeck coefficient of InSb nanowires. 

6.5.1. Establishing a thermal gradient. 
 
In order to experimentally determine the Seebeck coefficient, a thermal gradient 

has to be induced along the InSb nanowire. For this, the devices discussed in Chapter 
4 have been used. One side of the devices is heated by applying a heating current of 12 
mA to the meandering element, and the temperature difference along the nanowire is 
measured with calibrated resistive thermometers. Based on the results obtained from 
these measurements, it can be concluded that the typical ∆T used in our experiments 
is about 2 – 6 K depending on the position of the nanowire.  

In order to verify the obtained results, the temperature profile of the device has 
been measured by thermoreflectance imaging. Due to the limitations of the thermal 
imaging, the temperature distribution along the SiO2 layer cannot be captured27. 
Therefore, a calibration sample has been made, as shown in Figure 6.8.  

 

 
 

Figure 6.8. – SEM-image of the calibration sample. The scale bar is 10 µm. 
 
The calibration sample consists of two heating elements and small squares placed 

at the specific positions away from the heaters. The squares are made of Au and provide 
enough reflectance allowing to measure the temperature profile. The obtained 
temperature profile and the thermal image are shown in Figure 6.9a. The difference in 
the reflectance between high reflective and non-reflective surfaces causes the fluctuation 
of the experimental data. 
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a) b) 

  
 

Figure 6.9. – a, Temperature profile obtained by thermal imaging of the calibration 
device. Inset: the thermal image of the heat distribution on the calibration device. b, 
Simulated temperature profile acquired by COMSOL Multiphysics simulations. Inset: 

Simulated temperature distribution map. Both profiles are obtained at Tambient = 300 
K. 

The data obtained by thermal imaging contain noise, which is filtered out to 
make the shape of the profile more visible. The temperature distribution along the 
calibration sample has been simulated using finite-difference time-domain COMSOL 
Multiphysics. The results of the modeling are shown in Figure 6.9b. It can be concluded 
that experimental and modeled data are in quantitative agreement. For the Seebeck 
coefficient experiments, the same settings have been used. 

 

6.5.2. Seebeck coefficient. 
 

The Seebeck voltage is determined from the voltage shift of the V-I 
characteristics measured with and without a temperature gradient. The V-I curves, as 
shown in Figure 6.10, are measured using the four-probe technique, which eliminates 
the influence of the contact resistance20.  

From the linear fit, the offset ∆V is determined by subtracting the intersect 
values at zero current. The ∆V values are used to determine the Seebeck coefficient of 
the nanowires, as defined in Eq. (2.18). The Seebeck voltage as a function of 
temperature for InSb nanowires is shown in Figure 6.11a. The Seebeck voltage is 
negative, which is expected since electrons are the majority carriers in the InSb wires. 
The absolute Seebeck voltage increases significantly (by a factor 4-5) with decreasing 
nanowire diameter.  
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Figure 6.10. – V-I characteristics of InSb nanowire measured using the four-probe 
technique with and without applied temperature gradient of 2.5 K, which corresponds 
to the position of the NW schematically indicated in Figure 6.9a (d = 85 nm, T = 
420 K). Generated Seebeck voltage (∆V) indicated by the green double arrow. 

 
The Seebeck coefficient is calculated based on the Seebeck voltage and the 

measured temperature difference. The Seebeck coefficient is plotted as a function of 
nanowire diameter in Figure 6.11b in the temperatures range 300 – 420 K. It is 
technically challenging to control the temperature of the heating element of the device 
at low ambient temperatures (T<300 K); therefore, the Seebeck voltage at low 
temperatures has not been measured. The highest absolute Seebeck coefficient value of 
-593.33 ± 30.21 µV/K is obtained for a 50 nm diameter wire at 420 K. This value is 
almost two times higher than the Seebeck coefficient of bulk InSb which is around -300 
µV/K at 300 K21 and InSb nanowires with a 180 nm diameter, which is around -120 
µV/K at 400 K3. However, the Seebeck coefficient for thick nanowires (d = 100 – 160 
nm) is close to that of bulk InSb.  

The increase of the Seebeck coefficient with decreasing diameter agrees 
qualitatively with theoretical predictions from models based on single-band transport21. 
However, other models that consider multiple-band transport predict absolute increases 
in the Seebeck coefficient as the diameter of the nanowires decreases below 20 nm28,29. 
The magnitude of the effect depends on the effective DOS and the position of the 
chemical potential. Such a pronounced effect of the nanowire diameter on the Seebeck 
coefficient has not been observed before and is very promising for enhancing the 
thermoelectric efficiency. It has been previously observed that the enhancement of 
thermoelectric efficiency can be associated with the drastic reduction the of thermal 
conductivity without significantly affecting the Seebeck coefficient and electrical 
conductivity in the case of rough etched Si nanowires5. Additionally, a power factor 
enhancement has been observed for thin InAs nanowires30. The enhancement effect has 
been attributed to quantum-dot-like states that form in nanowires as a result of 
interference between propagating states and 0D resonances.   
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a) b) 

 
 

Figure 6.11. – a, Seebeck voltage as a function of InSb nanowire diameter at 
different temperatures. b, Seebeck coefficient of InSb NWs as a function of diameter 
at different temperatures. 

 
6.6. The power factor of InSb nanowires.  

 
The power factor (S2σ) can be calculated from the measured electrical 

conductivity and the Seebeck coefficient. In Figure 6.12, the power factor as a function 
of nanowire diameter is plotted at different temperatures. The power factor follows the 
Seebeck coefficient diameter dependence. The highest measured power factor is around 
(0.47±0.4) mW/(m·K2) at 420 K for a nanowire with a diameter of 50 nm.  
 

 
 

Figure 6.12. – The power factor of InSb NWs as a function of diameter at different 
temperatures. 
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The power factors measured here are higher than the highest values found in 
other studies at similar temperatures2,3. Note that the power factors have been 
determined without a back-gate voltage in these experiments (VG = 0). The influence 
of the field-effect on the thermoelectric performance is shown in Figure 6.13b.  
 

6.7. Thermoelectric efficiency of InSb nanowires. 
 
Finally, the ZT of InSb nanowires has been estimated using the measured 

thermal conductivity and power factor. The thermoelectric efficiency as a function of 
nanowire diameter is given in Figure 6.13a. 

The ZT of the measured nanowires is higher than that of bulk InSb (ZT ~ 0.15 
at 300 K)32 because of the increased Seebeck coefficient and lowered thermal 
conductivity. Recently published data shows that Se-doped nanowires in the range of 
diameters 145-195 nm possess an estimated ZT of 0.015 – 0.025 2. On the other hand, 
InSb nanowires of diameters 133-171 nm have a ZT around 0.002 – 0.005 3. We obtain 
ZT values between 0.035 and 0.04 at 300 K for undoped InSb nanowires with diameters 
50 and 60 nm, respectively. To the best of our knowledge, these values are the highest 
reported for InSb NWs so far. Moreover, we are expecting that the thermoelectric 
efficiency can be further increased by tuning the chemical potential by impurity doping 
of InSb nanowires and/or by decreasing the nanowire diameter down to 10 nm. 

 
a) b) 

 

Figure 6.13. – a, Estimated thermoelectric efficiency (ZT) of InSb NWs as a 
function of diameter at different temperatures. Each column corresponds to a 
different temperature. b, Seebeck coefficient as a function of the electrical 
conductivity of InSb NWs. Symbols are measured data points, and lines are fits to 
the data following the approach suggested in reference 31. 

 
Additionally, the back-gate voltage can be used to tune the chemical potential 

through the conduction band states to increase the Seebeck coefficient. The influence 
of the field-effect on the Seebeck coefficient is shown in Figure 6.13b. It is found that 
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the Seebeck coefficient can be increased by more than a factor 2. The obtained results 
are compared with the theoretically predicted Price curve31. Such thermoelectric doping 
curves can be applied to estimate the optimal doping concentration leading to an 
increase in the Seebeck coefficient. It can be seen that the Seebeck coefficient can be 
increased for optimal electrical conductivity. It can be concluded that the ZT is 
enhanced up to 0.83 (assuming a constant thermal conductivity). It requires higher 
electrical conductivity to change the Seebeck coefficient for thicker nanowires. 
Nevertheless, to make a definite conclusion, a wide range of diameters and 
conductivities must be examined31,33. 
 
6.8. Conclusions. 

 
In conclusion, we presented a complete study of the thermoelectric properties of 

individual InSb NWs in the range of diameters from 50 nm to 175 nm using combined 
measurement techniques. Thermal conductivity measurements using suspended 
membranes and field-effect electrical measurements allowed the estimation of the 
thermoelectric efficiency of the NWs. It has been found that the thermal conductivity 
of only relatively thin InSb NWs can be measured reliably using the proposed 
measurement technique. It is found that the Seebeck coefficient can be increased by 
more than a factor 2 as compared to the bulk value. The obtained results are compared 
with the theoretically predicted Price curve31.  

The measurement technique can be applied to other semiconductor nanowires 
and material systems. The measured ZT values are, to the best of our knowledge, the 
highest reported values so far for single InSb NWs. Moreover, the thermoelectric 
efficiency can be further enhanced by reaching quantum confinement. Therefore, thin 
InSb nanowires are promising candidates as elements of prospective thermoelectric 
generators34. 
 
Appendix A6.1. Application of Landauer’s formalism for heat 

flow in InSb nanowires. 
 

Although the ω-k curves for acoustic phonons are nonlinear, often the Debye 
approximation is used, which assumes a linear and isotropic relation between the 
frequency ω and the wavevector k 26. This approximation is valid for low frequencies.  

The phonon density of states (PDOS) has been calculated using the Debye 
approximation. In the Debye model, the dispersion relation is linear, ω = ϑ |k|, and the 
density of states is quadratic: 

 

, 
(A6.1) 

 
where ϑ is the speed of sound. This equation holds up to a maximum frequency called 
the Debye frequency ωD (D(ω) = 0). In three dimensions, there are 3 degrees of freedom 
per atom, so the total number of phonon modes is 3N.  
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, 

(A6.2) 

where N is the atomic density.  
For a one-dimensional monatomic chain, the Debye frequency can be defined as 

follows:  

 

, 
(A6.3) 

 
where a is the distance between two neighboring atoms in the chain, M is the total 
number of atoms in the chain, L is the length of the system, and λ is the linear number 
density17. 

To calculate the PDOS, it is assumed that the sound velocities of longitudinal 
(ϑL) and transversal (ϑT) modes are equal to 3770 m/s, and 1870 m/s, respectively, and 
the Debye temperature of the InSb is 160 K35.  

 

 
 

Figure A6.1. – The calculated density of phonon states using the Debye 
approximation. 

 

Appendix A6.2. Electrical contact resistance. 
 

The electrical contact resistance is estimated by comparing the resistance of an 
InSb nanowire obtained by two-probe (2W) and four-probe (4W) measurement 
techniques. These results are plotted in Figure A6.2. 
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Figure A6.2. – Resistance as a function of the temperature of a typical InSb 
nanowire measured with 2W and 4W techniques. 

 
Based on the achieved results, it can be concluded that the contact resistance is 

negligible for the measured temperature range. 
 
Appendix A6.3. Evidence of quantum interference. 

 

Back gate sweeps at 6 K and 10 K are shown in figure A6.3. Oscillatory behavior 
of the conductance of the nanowire with a length of 220 nm and a diameter of 70 nm 
is observed. 

These oscillations are not found at higher temperatures or longer wires, which 
might indicate that the electron transport is taking place in the quasi-ballistic regime. 
Such conductance oscillations have been observed in other studies36, where this 
behavior has been attributed to Fabry-Pérot oscillations37. It is, therefore, likely to 
achieve ballistic electron transport in InSb nanowires on devices with a shorter NW 
length and/or at a lower temperature. 

An exemplary plot of electrical conductance as a function of back-gate voltage 
for the forward and the backward sweeps is shown in figure A6.3b. The presence of a 
small hysteresis observed between the forward and backward sweeps is possibly caused 
by heating of the wire during the measurements or due to the presence of water 
molecules on the silicon dioxide layer, acting as a polar field gate26. 
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a) b) 

  
 

Figure A6.3. – a, The conductance of the InSb nanowire of length of about 220 nm 
and diameter of 70 nm plotted for the forward back-gate voltage sweeps. Data shown 
in green is measured at 6 K and red at 10 K, respectively. b, The electrical 
conductance plotted as a function of the back-gate voltage for 85 nm InSb NW. The 
red triangles are the data obtained from the forward sweep direction, and the green 
triangles are derived from the backward sweep. 

 
Appendix A6.4. Charge carrier concentration and mobility of 

InSb nanowires. 
 
As explained in Chapter 2, the charge carrier concentration and mobility can be 

extracted from back-gate dependencies26. Since InSb nanowires show bipolar behavior 
(Figures 6.7a and A6.3b), it is possible to extract the carrier concentration and mobility 
of both electrons and holes. The electron mobility and concentration of electrons are 
shown in Figures A6.4a and b, respectively.  
a) b) 

  
 

Figure A6.4. – a, Electron mobility of InSb NWs as a function of diameter at 
different temperatures. b, Electron density in InSb nanowires as a function of 
temperature.  
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At lower temperatures, the mobility is higher due to reduced collisions between 
charge carriers38. Higher values of the mobility can be achived at temperatures below 
5 K.  

The electron concentration in InSb nanowires can be tuned from degenerate 
(1018/cm3) at high temperatures to an intrinsic (2·1016/cm3) semiconductor at low 
temperatures39. The holes mobility as a function of temperature is plotted in Figures 
A6.5.  

 

 
 

Figure A6.5. – Hole mobility as a function of temperature for InSb nanowires with 
different diameters.  

 
The obtained results suggest that holes have lower mobility than electrons. The 

highest measured hole mobility of around 500 cm2/(V·s) is found for a nanowire with 
a diameter smaller than 85 nm39. 
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Chapter 7. Nanowire-based thermoelectric 

generator. 

 
7.1. Introduction. Architectures of thermoelectric generators. 
 

As been stated in Chapter 1, the efficiency of commercially available 
thermoelectric devices is relatively low1. Nevertheless, even low-efficicent thermoelectric 
devices can find applications in wearable electronics and Internet of Things (IoT) 
devices2,3. Thermoelectric generators available on the market are quite large, and it is 
very challenging to scale them down for use in small-scale autonomous devices. 
Different attempts have been made to scale down and increase the efficiency of 
thermoelectric generators4–9. 

Nanowires are predicted to increase the Seebeck effect due to confinement of 
charge carriers, and can lead to a decrease in thermal conductivity due to boundary 
scattering of phonons leading to enhanced thermoelectric efficiency10. When scaling 
down, not only the active thermoelectric material but also other characteristics like 
device architecture, including the planarization layer and contacts, are essential. 
Various materials and designs of nanowire-based thermoelectric generators have been 
proposed4–8,11,12, as summarized in Table 7.1. 

In this chapter, the architecture of a nanowire-based thermoelectric generator as 
well as the fabrication process are proposed. The proof of concept prototype is built 
based on InSb nanowires and its performance has been measured. 

A review of the literature shows that Si nanowires are widely used4,6–8,11 due to 
the abundance of Si. However, the bulk thermoelectric efficiency (ZT) of Si is only 
around 0.01. In order to make Si nanowires thermoelectrically efficcient, wires have 
been etched such that their side facets become rough13. In addition, diameter 
modulation14, and superlattice15 nanowire structures have been implemented, which all 
have the purpose to reduce the lattice thermal conductivity, but are not the best 
solutions in terms of power factor. As a planarization (filling) layer, which typically 
has a volume fraction of about 95 %, in many cases SiO2 is used4,8,16. Since it can be 
fabricated by different techniques, it introduces flexibility in the fabrication process. 
However, the thermal conductivity of SiO2 is about 1.4 W/m·K17, which means that 
the planarization layer will conduct a significant amount of heat and therefore decreases 
the temperature difference across the structure. Polymers are more promising for use 
as a planarization layer since they possess a lower thermal conductivity and thus 
sustain the temperature difference18. In some of the proposed devices5,6,11 an airgap has 
been left, which has a thermal conductivity of around 0.03 W/m K19. However, in this 
case, the nanowires are suspended, resulting in a fragile construction, which makes the 
structure less reliable and more difficult to scale. Typically, the thermoelectric output 
of the devices is in the range from nW to a few µW. Such thermoelectric 
microgenerators (µTEGs) are potential candidates as energy harvesters for IoT 
sensors20.  
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Table 7.1 – Overview of nanowire-based thermoelectric generators. 
# Ref. Materia

l 
Device architecture Filling 

material 
Performance 

1 4 Top-
down Si 

NWs 

 

SiO2 4.6nW/cm2 
∆T = 95oC 

Scalable 

2 5 SiGe 
CVD 
grown 
NWs 

 

Air 7.1µW/cm2 

THOT = 
200oC 

Not scalable 

3 6 Si VLS 
grown 
NWs 

 

Air Unknown 
Not scalable 

4 7 Top-
down 
etched 
Si NWs 

 

Polyimide 0.47µW/cm2 
∆T = 70K 
Scalable 

5 8 Si NWs 

 

SiO2 0.228 
µW/cm2 

∆T = 0.12K 
Scalable 

6 9 Horizon
tal Si 
etched 
NWs 

 

Air 27.9nW/cm2 

∆T = 25K 
Not scalable 
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7.2. Novel nanowire-based thermoelectric generator. 
 

Here we present a novel architecture of a nanowire-based thermoelectric 
generator 21. The proposed thermoelectric generator consists of nanowire arrays of 
different charge carrier types (n- and p-type, like in a conventional TEGs, Appendix 
A7.1.) connected electrically in series and thermally in parallel. The schematic 
architecture of the proposed thermoelectric generator is shown in Figure 7.1a. 
Compared to other generators, our thermoelectric generator is envisioned to feature 
unique properties like flexibility and scalability. All these properties make the proposed 
generator suitable for a wide variety of applications, including self-charging electronic 
wearables and on-body devices, IoT sensors, sensors for self-driving cars, etc20.  

 
a) b) 

 

 

Figure 7.1. – a, Schematic illustration of the proposed nanowire-based 
thermoelectric generator. b, Schematic illustration of the simplified n-type nanowire-
based thermoelectric generator. Essential components are indicated in the image. 

 
Due to the technological challenges of growing differently doped nanowires 

simultaneously on the same substrate, we focus on one part of the device, i.e., an n-
type doped nanowire array (see Figure 7.1b). 
 
7.3. Fabrication process of nanowire-based thermoelectric device. 

 

To create the nanowire-based thermoelectric generator, the following fabrication 
steps are carried out: 1) nanowire growth; 2) polymer planarization; 3) polymer etching; 
4) top contact metallization; 5) bottom contact deposition. The schematic overview of 
the fabrication process is shown in Figure 7.2.  
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Figure 7.2. – Schematic overview of fabrication steps: 1) Nanowires are created by 
the metal-organic vapor phase epitaxy growth technique; 2) The polymer 
Bisbenzocyclobutene (BCB) spun on the nanowire sample; 3) Reactive ion etching 
(RIE) of the polymer layer to access the top part of the nanowire array; 4) Deposition 
of the top contact; 5) Bottom contact formation. 

 
The fabrication steps are presented in detail in the corresponding sections below. 

 
7.3.1. Nanowire growth.  

 

The proof-of-concept prototype has been built based on InSb nanowires since, 
according to the theoretical predictions, this material is the best among the group III-
V materials22. The nanowires have been grown by the SAE VLS technique23

, as 
described in a paper by G. Badawy et al 24.  

Arrays of InSb nanowires with diameters of about 100 nm, length of 4 µm, and 
pitch of 500 nm have been formed as an active element of the proposed TEG. 
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7.3.2. Planarization.  
 

In order to make a top contact to the nanowire array, a planarization step is 
required. For this purpose, the polymer Bisbenzocyclobutene (BCB) has been chosen. 
BCB is widely used in the semiconductor industry for electrical isolation and 
planarization25 and is found to be the best option due to its low thermal ( =0.29 
W/m·K), and electrical conductivity (leakage current around 10-10A/cm2) and 
mechanical properties (tensile strength = 87 ± 9 MPa), which make this material 
suitable for application as planarization layer in our thermoelectric generators26. Before 
the BCB spinning, the adhesion promoter (AP 3000) is spun on top of the nanowire 
surface to increase the adhesion between the BCB and the nanowires. The BCB (3022-
57) layer is applied via spin-coating. For the wires used in this thesis, 5 µm-thick layers 
have been made (see Appendix A7.2). The sample with the BCB layer is cured inside 
a vacuum oven at 250 oC for 1 hour with a ramping rate of 5 oC/min to avoid the 
formation of air pockets. After curing, the sample is placed in the RIE chamber to etch 
down the top BCB layer above the tips of the nanowires. A mixture of CHF3 and O2 
gases is used to create the plasma. The etching rate of BCB using the recipe is around 
110 nm/min. The resulting thickness of the BCB layer is measured using the 
reflectometer Filmetrics LS-DT2 with the F20-UV source. The main advantage of this 
measurement technique is that it does not damage the surface of the sample. The ideal 
height of the opened nanowire tips is around 100 nm, which can be controlled by the 
timing of the RIE process.  

 
7.3.3. Top and bottom contacts.  

 

Optical lithography is used to define a top contact layer. A negative resist ma-
N440 is spun onto the sample surface at 2000 rpm for 30 s. The sample is baked at 90 
oC for 5 min. The sample is exposed to UV light for 400 s in 4 cycles, using the mask 
of an array of squares 500 µm by 500 µm. The sample is developed using ma-D 330S 
for 1 min and 45 s. Before the contact deposition, the nanowires are passivated with 
sulphur following the process described in Chapter 4. The sample is mounted inside the 
evaporator and the top Cr/Au contacts are formed. An SEM image of the fabricated 
thermoelectric generator is shown in Figure 7.3 (see also Appendix A7.3.). 
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Figure 7.3. – 45o-tilted SEM image of the nanowire-based thermoelectric generator, 
showing the top contacts of fabricated devices. The scale bar is 500 µm.  

 

7.4. Measurement technique. 
 

In order to measure the performance of the nanowire-based thermoelectric 
generators (output voltage and Seebeck coefficient), the measurement setup shown in 
Figure 7.4a has been built. The setup consists of an optical microscope used for 
positioning the sample and the contact probes. The sample is placed on top of a Peltier 
element, which acts as a heater in this case. The probes are positioned in such a way 
that the electrical contact between top contact and the substrate (bottom contact) is 
established, as shown in Figure 7.4b.  

Due to the leakage current that can influence the thermal and the voltage 
measurements, the Seebeck coefficient measurements have been split into two steps. A 
voltage measurement was performed using an Agilent 34401A digital multimeter. The 
resistance between the two probes is measured to check whether the proper electrical 
connection is made. Typical values of the resistance of the nanowire array are in the 
kOhm range.  

The temperature measurements have been performed using the set of 
thermocouples, as schematically illustrated in Figure 7.4c. The operating principle of 
the thermocouple is based on the Peltier effect27. 
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a) b) 

 

 
 

 

c) d) 

 

Figure 7.4. – a, Photo of the Seebeck characterization measurement setup of 
nanowire arrays. b, Schematic illustration of the Seebeck voltage measurements 
across the nanowire-based thermoelectric generator. c, Schematic illustration of the 
temperature measurements of the hot side (PT100) and the cold side (Omega) of the 
nanowire-based thermoelectric generator. 

 
First, the InSb substrate without the arrays of nanowires is placed on top of the 

heating element to measure the temperature on the substrate, which will be the 
temperature of the hot side (THOT). Thermal paste is used to establish a proper thermal 
contact between the sample and the heating element as well as between the 
thermocouples and the sample. The temperature on top of the substrate is measured 
using the PT100 thermocouple. Then, the Omega micro thermocouple is placed on the 
top contact of the nanowire-based thermoelectric generator (Figure 7.4c). The 
temperature of the top contact is referred to as the cold side (TCOLD). The measurement 
accuracy of the PT100 and Omega thermocouples is about 1 oC for the range of 100 
oC. The established ∆T across the device can be calculated as ∆T = THOT – TCOLD.  
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7.5. Results and discussion. 
7.5.1. The temperature difference across the thermoelectric 

device. 

 

First of all, the temperature across the fabricated device is measured following 
the procedure described in Section 7.4. The calibrated measurements of the temperature 
as a function of applied heating power are shown in Appendix A7.4. Based on the 
results of these measurements, the temperature difference across the device is obtained. 
In Figure 7.5a, the temperature difference across the thermoelectric device as a function 
of the temperature of the Peltier element is plotted. The temperature difference is 
linearly proportional to the THOT, as can be seen from the plot. The average 
temperature difference across the nanowire-based thermoelectric device is around ∆T 

= 2.65 K at THOT = 57 oC. The established ∆T is changing in time since the cold side 
is heating up. To verify this, the temperature has been measured over 60 min, and the 
generated voltage is stable in this time window (Figure 7.6a). 
 

a) b) 

  
 

Figure 7.5. – a, The measured temperature difference across the nanowire-based 
thermoelectric generator as a function of applied temperature. b, The calculated 
temperature difference across the nanowire-based thermoelectric generator. Inset: 
simulated temperature distribution map across the thermoelectric device.  

 
The temperature profile across the thermoelectric device has been simulated 

using finite element modeling in COMSOL Multiphysics. An array of 15 by 15 
nanowires with 100 nm diameter and 4 µm length has been used to simplify the 
simulations. The model does not take into consideration convection and it is assumed 
here that the established temperature difference is constant over time. The calculated 
temperature profile is shown in Figure 7.5b. 

It can be derived that the modeled temperature difference between the top side 
and the bottom side of the nanowire arrays is equal to 4 K at THOT = 57 oC, which is 
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higher than the measured value (Appendix A7.4). The simulated value is overestimated 
since the thermal conductivity the InSb nanowires is assumed to be equal to the bulk 
InSb thermal conductivity (bulk = 18 W/m·K ) and other effects like convection are 
not taken into account in the modeling. The measured temperature difference is 
probably underestimated, since there may be a thermal contact resistance between the 
thermocouple and the surface. The real temperature difference is, in the range 2.6 – 4.0 
K. To enhance the accuracy of the measurements, the temperature measurements 
should be improved by using more sensitive thermocouples or making thermal images. 
Besides, the sample should be placed inside a vacuum chamber to avoid the effect of 
heat convection. Finally, the contact pads should be wirebonded to establish more 
reliable electrical contacts.  

 
7.5.2. Seebeck coefficient. 

 
The established Seebeck voltage has been measured multiple times on one of the 

manufactured thermoelectric devices to study the voltage output time dependence. 
Figure 7.6a shows the generated voltage output as a function of the number of 
measurements. The level of the voltage output is slightly fluctuating, and the 
fluctuations increase with applied heating temperature. The fluctuations of the 
measured temperature are coming from the heat convection. The generated voltage has 
been obtained from averaging over the data set (100 data points). The averaged voltage 
as a function of applied temperature for three devices is shown in Figure 7.6b. It is 
shown that the generated voltage increases linearly with THOT, which is a sign of the 
thermoelectric effect28. Three measured devices show similar behavior: the generated 
voltage is increasing with the applied temperature. A maximum Seebeck voltage of 
around -1.8 mV is measured for the applied temperature difference of around 2.95 K 
(Figure 7.6c). The sign of the generated voltage is negative, which agrees with the 
expected n-type nature of the InSb nanowires (see Chapter 6). It is found that the 
voltage output is similar to recently reported nanowire-based thermoelectric generators 
based on horizontal SiGe nanowires5. Nevertheless, our thermoelectric device works 
with a relatively small temperature difference and has a simpler architecture. 

The Seebeck coefficient can be estimated from the slope of ∆V/∆T, as shown 
in Figure 7.6c. These data are used to calculate the Seebeck coefficient of InSb 
nanowires based thermoelectric device. The measured Seebeck coefficient versus the 
device number is shown in Figure 7.6d. The temperature measurements give a 
significant uncertainty in the Seebeck coefficient, mostly due to the poor thermal 
contact between the thermocouple and the sample. 
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a) b) 

  
c) d) 

  
 

Figure 7.6. – a, Measured generated voltage as a function of the number of 
measurements. b, Measured generated voltage as a function of applied temperature 
(THOT); Inset: top view optical image of manufactured thermoelectric devices. c, 
Generated voltage (∆V) as a function of the temperature difference across the 
thermoelectric generator. d, Seebeck coefficient of three measured thermoelectric 
devices (∆T ≈ 2.65 K, THOT = 57 oC). 

 
It is found that the measured Seebeck coefficient of these InSb nanowire arrays 

is higher than the measured Seebeck coefficient of the individual 100 nm diameter InSb 
nanowires (see Chapter 6). Most likely, the high Seebeck coefficient values are coming 
from the underestimated temperature difference across the thermoelectric device. 
Consequently, if the temperature difference is taken equal to the simulated one, the 
values of the Seebeck coefficient are closer to the values obtained for the single InSb 
NWs (see Appendix A7.5, A7.6, and Chapter 6).  
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7.6. Conclusion and outlook. 
 
A nanowire-based thermoelectric generator has been designed and fabricated. 

The suggested fabrication process is relatively easy and allows scalability since all the 
proposed processes are well established in the semiconductor industry. Fabricated 
thermoelectric devices have been characterized in terms of the electrical output and the 
Seebeck coefficient. The voltage output has been measured and found to be stable over 
time. Additionally, for the first time, the Seebeck coefficient of an InSb nanowire array 
has been measured. However, the measured values are higher than for the single InSb 
NWs. This effect is probably coming from the fact that the measured temperature 
difference is underestimated. To establish more accurate results, the temperature 
measurements should be improved. The sample has to be placed inside a vacuum 
chamber to overcome the effect of the heat convection, and the contacts have to be 
wirebonded to provide sufficient electrical contact to enhance the accuracy of the 
measurements. Moreover, to estimate the thermoelectric efficiency (ZT) of the 
nanowire-based thermoelectric devices, it is essential to measure the thermal 
conductivity of the nanowire array, which remains challenging. 

In conclusion, the proposed design and fabrication process of the nanowire-based 
thermoelectric device is promising for IoT sensors. Nevertheless, further optimization 
of the design and measurement technique is required to estimate the efficiency (ZT) of 
the thermoelectric energy conversion.  

 
Appendix A7.1. Working principles of thermoelectric generation.  

 
Generally, thermoelectric generators consist of a so-called thermoelectric unit. 

The thermoelectric unit is made of one n-type and one p-type semiconductor. The 
semiconductors are connected by a metal strip that connects them electrically in series 
and thermally in parallel, as shown in Figure A7.1. 

 

 
Figure A7.1. – Working principles of thermoelectric generators Apadted from 

reference 29. 
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The Seebeck effect is established due to the motion of charge carriers inside the 
semiconductors. Charge carriers diffuse away from the hot side of the semiconductor 
(electrons in case of an n-type semiconductor, and holes for a p-type semiconductor). 
The diffusion builds regions on the cold side where electrons and holes are concentrated. 
This effect generates a voltage that is proportional to the temperature difference across 
the semiconductors. 

 
Appendix A7.2. BCB spinning. 

 

Test samples have been made with different spinning speeds to get the right 
thickness of the BCB layer. The BCB thickness as a function of the spinning speed is 
shown in Figure A7.2.  

 

 
Figure A7.2. – BCB 3022-57 spinning curve and exponential fit. 
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Appendix A7.3. Fabricated thermoelectric device. 
 

 
Figure A7.3. – Photo of fabricated thermoelectric devices. 

 
Appendix A7.4. Calibration measurements of the Peltier heating 

element. 
 

The calibration measurements are made to define the temperature on the hot 
and cold sides. The voltage as a function of applied Peltier voltage is shown in Figure 
A7.4.  

 
 

Figure A7.4. – The measured temperature on the hot (THOT) and the cold (TCOLD) 
site as a function of applied Peltier heating voltage. 
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The measured temperature is linearly proportional to the applied voltage at the 
Peltier heating element. Based on these results, the temperature difference across the 
thermoelectric device as a function of the applied voltage at the Peltier heating element 
is plotted in figure A7.5.  

 

 
 

Figure A7.5. – Temperature measurements across the nanowire-based 
thermoelectric generator. 
 

Appendix A7.5. Simulations of the temperature profile. 
 

 
 

Figure A7.6. – Simulated temperature distribution across the simplified nanowire-
based thermoelectric generator consisting of a 15 by 15 nanowires array.  
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Appendix A7.6. Seebeck coefficient.  
 

 
Figure A7.7. – Normalized Seebeck coefficient of InSb nanowires for the calculated 
temperature difference across the thermoelectric device. 
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Summary 
 
Nowadays with the depletion of fossil fuels and the ever-increasing climate 

change, the quest for renewable and “green” energy sources is getting more relevant 
every day. Thermoelectric generators are a helpful tool to improve energy yield. These 
generators can directly transform waste heat into electricity. These devices can be used 
to improve the efficiency of existing power sources or in any other situation where heat 
would be wasted. Nevertheless, the low efficiency of commercially available 
thermoelectric generators limits their applications. Theoretically, it has been predicted 
that nanowires can significantly increase the thermoelectric energy conversion because 
not only the thermal conductivity can be reduced without a loss of electrical 
conductivity, but also the power factor, is expected to be enhanced due to the modified 
density of states. 

In this thesis, the results of the experimental research of thermoelectric energy 
conversion in semiconductor nanowires are presented. More specifically, the thermal 
and electron transport through nanowires was studied using microdevices. The device 
using for thermal measurements is consisting of two suspended Si3N4 membranes with 
platinum meanders. The nanowire is placed in the way that it is bridging between the 
two membranes. The platinum meanders can be used as heaters and thermometers; 
thus, the thermal conductance of a nanowire can be measured.  

According to Fourier’s law, a temperature difference across a material results in 
a linear temperature profile and a thermal conductance that decreases inversely 
proportional to the system length. These are the hallmarks of diffusive heat flow. When 
phonon mean free paths exceed system dimensions, phonon-mediated heat flow may 
become non-diffusive. In the thesis, heat flow in ultrathin (25 nm) GaP nanowires is 
studied and concluded that the heat conductance is independent of nanowire length. 
These observations deviate from Fourier’s law and are direct proof of ballistic heat 
flow, persisting for wire lengths up to at least 15 µm at room temperature. When 
doubling the wire diameter, a remarkably sudden transition to diffusive heat flow is 
observed. The results of the ballistic heat flow can be explained by Anderson 
localization in the ultrathin wires of phonons that reflect diffusely at the nanowire 
surface, decoupling them from ballistic phonons with very long mean free paths. The 
heat flow in both the diffusive and ballistic regime is modeled by Landauer’s formalism. 
Controlled ballistic heat flow over long distances can be relevant to novel devices such 
as phonon transistors and phonon waveguides and may lead to new cooling solutions 
for computer chips. 

Furthermore, the measurement technique of thermoelectric (power factor) 
properties of nanowires is developed. The device using for power factor characterization 
is consisting of two heaters and two thermometers. The nanowire is placed on the SiO2 
sample, the thermometers, as well as electric contacts, positioned in the way that they 
are located on top of the nanowire. A temperature gradient across the nanowire created 
when the heating current is applied. The presence of the temperature gradient generates 
a thermoelectric voltage, which can be measured by the top electrical contacts. The 
established temperature difference built along the nanowire is measured using the 
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thermometers. By knowing the generated voltage and the temperature difference, the 
Seebeck coefficient can be calculated. This technique has been applied to measure the 
thermoelectric properties of InSb nanowires experimentally. Finite element analysis 
simulations of the Seebeck measurement device are made and compared to the 
temperature profile measured by resistance thermometers and thermal reflectance 
imaging. The electrical conductivity and Seebeck coefficient as a function of the 
diameter of the InSb nanowires are experimentally studied at different temperatures. 
Finally, the power factor and thermoelectric figure of merit of the InSb nanowires are 
estimated. 

Based on the obtained results, the design of a prospective thermoelectric 
generator has been proposed. Few prototypes of the novel thermoelectric generator 
based on InSb nanowires have been built and experimentally tested. The developed 
fabrication technique allows for scalability. The proposed design and fabrication 
technique of the thermoelectric generator has been patented. Additionally, higher 
efficient materials may be used to further increase the thermoelectric conversion. The 
proposed thermoelectric generator is prospective to find applications in the Internet of 
Things devices. 
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