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ABSTRACT

Nano-structuration of bulk into nanowires and nanosheets has led to massive

changes in device behaviour and to opportunities for designing novel devices that

exploit these changes. The combination of these two consequences of nanoscale

devices in integrated circuits will lead to further enhancements in their performance in

the future.

In this project, different novel device structures have been designed and their per-

formance investigated using Sentaurus Technology Computer Aided Design (TCAD)

software. Sentaurus TCAD is a commercial software package that is used in the semi-

conductor industry to predict the behaviour of nanoscale devices. Its transport models

have been tuned and calibrated over at least the last decade to give realistic performance

parameters of novel device structures.

One current trend in semiconductor device technology that we have embraced in

this work is the replacement of n+/p (p+/n) junctions as contacts to the external world

by metal/semiconductor Schottky contacts. This resolves the kBT
q limitation of diffusive

processes leading to better device performance parameters.

In this work, doping has been avoided in order to maximise the mobility of the carriers

and minimise the challenges with doping control in nanostructures. Carrier modulation

techniques have been implemented to control the thermal and electrical conductivities of

the novel devices designed in this work.

This project focused on two areas of research. One is the solution of the traditional

a-symmetric current-voltage characteristics of the p- and n-FET in CMOS. A novel

reconfigurable double gate nanowire structure with oxide bridges that controls the

symmetry of operation of the p- and n-FET in CMOS was designed. Not only can

the approach be integrated in CMOS technology, it is also relatively tolerant to small

geometrical deviations. The challenge in this design lies in the oxide bridge perpendicular

to the gate length direction.

Nano-structuration of Si also leads to a reduction of the thermal conductivity. Al-

though this is a problem for nanowire and nanosheet FETs due to increased self-heating,
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it also leads to opportunities offered for on-chip thermo-electric power generation, TEG

(or thermoelectric cooling (TEC)) and temperature sensors.

We propose a carrier modulation technique based on the workfunction difference

between the gate metal and the intrinsic NW - a technique similar to a nanoFET process

and thus compatible with CMOS technology - that shows an increase in the TEG’s

performance.

Another application where thermo-electrics can be used is in on-chip temperature

sensing. Currently on-chip temperature sensors suffer from high power consumption

and high real estate on the chip. We use a gated reconfigurable Si nanowire FET as

temperature sensor that in principle works on the same supply rail as the circuits and is

sufficiently small to be placed close to where hotspots will occur. The gate voltage that

needs to be applied to keep the current constant as a function of temperature difference is

a measure of heating. Due to the weak electrical conductivity of the nanowire, an efficient

temperature difference can be maintained between the hotspot and the surrounding

thermal mass minimising the need for re-callibration.
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1
INTRODUCTION

D
ownscaling of electronic devices introduced new challenges such as forming

doping profiles with high accuracy and reproducibility [1]. The random dis-

tribution of doping atoms leads to large variations in device characteristics

at the nano-scale. Doping electronic devices also degrades their mobility as a result of

ionized impurity scattering [2]. Elimination of doping from the fabrication process can

lead to improvement of mobility and continuation of Moore’s law [3]. In this project, we

propose and study new applications of un-doped nanowires, including gated intrinsic

thermo-electric power generators (TEGs), gated intrinsic temperature sensors, and gated

intrinsic reconfigurable nanowire transistors positioned in parallel, connected by an

oxide bridge. Gated TEGs and temperature sensors are designed for power generation

and heat management in electronic devices. Gated reconfigurable nanowire transistors

are designed for higher symmetry in I-V characteristics for n- and p-FETs. The similarity

of these devices are their un-doped metal/semiconductor/metal structure wrapped by

oxide and metal. Metal/semiconductor interfaces can control the injection of charge

carriers in the intrinsic semiconductor (channel), as a replacement to n+-doped/p+-doped

junctions in conventional FETs [4]. Since these devices are not doped, the gates can

1



CHAPTER 1. INTRODUCTION

control the charge carrier type and its concentration in the channel [1].

This thesis is organised as follows. Chapter 2, gives an overview of field effect

transistors. Chapter 3, presents background of TEGs and temperature sensors. Chapter 4,

gives an overview of tools used in Sentaurus Technology Computer Aided Design (TCAD)

software. Chapter 5, shows the novel design and simulated reconfigurable nanowire

transistor with bridged program gates. Chapter 6, studies the effect of gating intrinsic

silicon nanowires for thermo-electric power generation and temperature sensing. Chapter

7, shows the effect of grading carrier concentration across the channel on thermo-electric

power generation optimisation. Chapter 8, concludes the work.

This project is partly funded by the International consortium of nanotechnology

(ICON). It is a requirement for ICON funding to collaborate on an international basis for

this project. In this project, collaboration is with the University of Salamanca, Spain.
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2
METAL OXIDE FIELD EFFECT TRANSISTOR (MOSFETS)

T
ransistors were initially used as electrical switches. Their purpose was solely

allowing (switched ON) or blocking (switched OFF) the flow of carriers [5, 6].

A simple transistor has a source/channel/drain structure with a gate, which

controls the flow of carriers in the channel. The gate is basically the key, which switches

ON or switches OFF the flow [4, 6, 7]. Since the creation of transistors in 1947 [5],

different designs and optimisations have been proposed to minimise the leakage and

increase the switching performance [4, 7].

In this chapter, the different building blocks of field effect transistors (FETs) are

explained in section 2.1. Down-scaling metal oxide field effect transistors (MOSFETs) to

nano-FETs is discussed in section 2.2. Performance characteristics of FETs are shown in

2.3. The background and literature of Si reconfigurable nanowire field effect transistors

(RNW-FETs) are presented in section 2.4. Deposition of interconnects and their purpose

are explained in section 2.5. Finally, the summary of the chapter is shown in section 2.6.
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CHAPTER 2. METAL OXIDE FIELD EFFECT TRANSISTOR (MOSFETS)

2.1 Building blocks of FETs

To better understand the working principle of these devices, one has to understand the

physics of p-n junctions, Schottky contacts, and contacts on insulators. In this section,

the physics of building blocks is explained.

2.1.1 p-n junctions

P-n junctions are one of the building blocks in doped transistors [4]. A simple p-n junction

is formed by having an n-type doped region in contact with a p-type doped region [4, 8, 9].

Figure 2.1: Uniformly doped n-type and p-type semiconductor (a) before, and (b) after
contact. P-n junction at (c) forward (VF), and (d) reverse (VR) bias voltage. Where E f n
(E f p) is quasi Fermi level of electrons (holes), E i is intrinsic Fermi level, Ec is conduction
band, and Ev is valence band; and qψn (qψp) is the difference of E i with E f n (E f p).

Fig 2.1 (a) and (b) show p-n junctions before and after contact at zero external applied

voltage, respectively. The electron concentration is much larger in n-Si than p-Si; and

vice versa, the hole concentration in p-Si is larger than in n-Si. After the contact, the

4



2.1. BUILDING BLOCKS OF FETS

equilibrium state of p-n junction at zero bias is achieved by diffusion of electrons (holes)

across the interface from n-type (p-type) to p-type (n-type) material. The initial diffusion

of electrons and holes, to reach equilibrium, leads to formation of depletion regions and a

potential barrier (qVi) faced by carriers at zero bias [4, 8, 9].

The build in potential (qVi), barrier faced by carriers at zero external voltage, can be

found using eq. 2.1:

qVi = kBT ln
(

n
ni

)
+kBT ln

(
p
ni

)
(2.1)

Where kB is Boltzmann constant, T is temperature, |q| is charge, n is electron

density, ni is intrinsic carrier concentration, and p is hole density.

The p-n junction is a diode, meaning that it allows current flow in only one direction.

Applying forward bias (VF ), allows current flow by reducing the barrier faced by carriers

(fig 2.1 (c)); while applying reverse bias, blocks the flow of carriers due to increasing the

barrier height (fig 2.1 (d)) [4, 8, 9].

2.1.2 Schottky contacts

Schottky contacts are formed by putting a metal in contact with a semiconductor [4, 9].

Fig. 2.2 (a) and (b) shows contacting a metal with work function (φm) equal to an intrinsic

semiconductor’s work function (φs).

In the ideal case, the Schottky barrier height (φB) at the metal/i-semiconductor

interface (φB) is fixed despite any change in carrier concentration and external applied

voltage to metal [10], eq. 2.2:

φB =φm −χs (2.2)

Where χs is semiconductor’s electron affinity.

In ideal case, contacting a metal with a semiconductor leads to a potential energy

of −qξx at the semiconductor and a fixed φB faced by electrons in the metal (fig. 2.3

(c)), where ξ is electric field due to band bending and x is distance. In reality, any

5



CHAPTER 2. METAL OXIDE FIELD EFFECT TRANSISTOR (MOSFETS)

Figure 2.2: Ideal metal/i-semiconductor with φm > φs (a) before contact, and (b) after
contact with depletion width Wd at zero external voltage.

change in external voltage (Vext) applied to metal leads to barrier lowering (∆φB). To

better understand the effect of image barrier lowering, one has to compare the electric

field dispersion of a charge near the metal/semiconductor interface before (fig. 2.3 (a))

and after (fig. 2.3 (b)) the metal gets in contact with the semiconductor. Prior to metal

contact, the electric field (ξ∝ 1
x ) of a single charge disperse uniformly and its magnitude

reduce linearly as a function of distance (x). When the metal is in contact with the

semiconductor, an opposite charge with similar distance to the interface, compared to the

one in semiconductor, is assumed. As a consequence of the opposite charge in the metal,

the electric field direction of the charge in the semiconductors bends and its magnitude

changes. The Coulomb force between the two charges results in the formation of an

image potential energy, reducing the potential energy formed by −qξx in the ideal case

(fig 2.3 (c)). Theoretically, ∆φB can be calculated as [4, 10]:

∆φB =
[

q3n
8π2ε3

s
(Vi −Vext)

]1/4

=
√

qξm

4πεs
(2.3)

Where,

ξm =
√

2qn(Vi −Vext)
εs

(2.4)

Where εs is static permittivity, ξm is maximum value of electric field, and Vext is the

6



2.1. BUILDING BLOCKS OF FETS

Figure 2.3: Shows electric field dispersion of a charge in a semiconductor (a) before, and
(b) after contact with metal. (c) Schottky barrier lowering due to introduction of image
potential energy [10]. xm is x at maximum barrier height, ∆φB is barrier lowering .

external voltage applied to metal. Therefore, the final barrier (φBf ) as the result of

barrier lowering (∆φB) is calculated as [11]:

φBf =φB −∆φB (2.5)
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2.1.3 Metal/oxide/semicondutor (MOS) interfaces

Metal gates control the injection of carriers into the channel from the source. Fig 2.4

shows the response of a metal/SiO2/i-Si (MOS) to gate voltage (Vgate) with φm = φs. Gen-

erally, applying a positive voltage (Vgate > 0) to the metal with respect to the underlying

intrinsic silicon (p-type doped), accumulates electrons at the Si/SiO2 interface (inverts

the interface to n-type Si). Whereas, applying negative voltage (Vgate < 0) to the contact

with respect to underlying intrinsic silicon (n-doped Si), attracts holes at the Si/SiO2

interface (inverts the Si to p-type) [4, 11, 12].

Figure 2.4: Metal/oxide/i-semiconductor with φm = φs at (a) Vgate = 0 V, (b) Vgate > 0 V
(accumulation of electrons), and (c) Vgate < 0 V (accumulation of holes).

2.1.4 Tunable Schottky barriers to control current flow across

an intrinsic channel

The gates on top of an intrinsic channel with Schottky contacts can either program the

type of the carriers (program gate (PG)) or control the magnitude of the injected carriers

(control gate (CG)), fig. 2.5 (a). The gates above the metal/semiconductor interface can

tune φB and depletion width (Wd) of the formed Schottky barriers, and thereby control

the injection of carriers to the channel [1]. There are three types of carrier injection

(fig. 2.5 (b) to (d)), (i) thermionic emission over the barrier, (ii) thermionic-field emission
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through the upper part of the barrier (TFE), and (iii) field emission through the barrier

at the fermi level (FE). Carriers can be injected or blocked depending on their energy

[10].

Figure 2.5: (a) Shows a double gated RNW-FET with Schottky contacts at source and
drain; and a control gate and a program gate. (b) Barriers faced by carriers in metal and
semiconductor. Thermionic field emission (TFE) and field emission (FE) in (c) forward
[13], and (d) reverse bias [13].

The barrier faced by carriers at forward and reverse bias is different. The carriers in

the metal see a wall with φBf (fig 2.5 (b)), whereas, electrons in the semiconductor have

to overcome the electrostatic potential (qψ) with qψ = q(Vi −Vext) height. The actual

shape of the barriers in both biases are immaterial in the calculation of thermionic

emission current. In other words, for the sole calculation of thermionic emission current,

the Schottky barrier can be drawn as an impenetrable rectangular (blue rectangle in

fig 2.5 (b)). Carriers in metal and semiconductor with energy greater than EFm + qφB

and (qψ = q(Vi −Vext)) can cross the assumed rectangular shaped barrier respectively.

The height of these barriers faced by carriers at either side can be tuned by the applied

voltages to Schottky contacts (Vext) and gate (Vgate). Current density (Jth) of carries from

the semiconductor to metal (s → m) and metal to semiconductor (m → s) are calculated

9
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as shown below [4, 10, 14]:

Jth(s→m) = A∗T2exp
[
−qφBf

kBT

]
exp

[
qVext

kBT

]
(2.6)

and

Jth(m→s) = A∗T2exp
[
−qφBf

kBT

]
(2.7)

where

A∗ = 4πqm∗k2
B

h3 (2.8)

Unlike thermionic emission current calculation, where the barrier is assumed to

be an un-penetrable wall, current due to quantum mechanical tunneling is achieved

solely through penetration of carriers through the barrier. Similar to thermionic emission

where a certain condition is required so that the crossing of carriers over the wall can

take place, requirements for quantum tunnelling must be met. In an intrinsic gated

semiconductor, the carrier concentration as the result of gate voltage bias must increase

to thin the depletion region (Wd), to increase tunneling probability. At low temperature,

field emission (FE) takes place for carriers with similar energies to the Fermi level at

the other side (fig 2.5 (c) and (d)). At high temperatures, carriers can tunnel through the

upper part of the barrier (fig 2.5 (c) and (d)) and leads to thermionic field emission (TFE).

The tunneling current (Jt) can be calculated using the following formula [13–15]:

Jt = A∗T2exp
[
−qφBf

kBT

]
exp

[
qVext

E0

]
(2.9)

where

E0 = E00coth
(

E00

kBT

)
(2.10)

and

E00 = qh
4π

(
n

m∗εs

)1/2
(2.11)

The ratio kBT
E00

indicates the relative importance of tunneling and thermionic emission,

where E00 is the energy as a function of effective mass (m∗) and carrier concentration
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(n). At low temperatures, E0 = E00, showing that field emission is dominant. At high

temperatures, E0 = kBT, meaning that thermionic emission is dominant [13]. At E0 =

kBT, eq. 2.9 becomes similar to eq. 2.6.

2.2 From MOSFETs to NanoFETs

The concept of metal oxide field effect transistor (MOSFET) was first introduced as early

as 1930s. However, low quality Si/SiO2 postponed fabrication of MOS based transistors

for about twenty years. In 1960, the first MOSFET with thermally grown oxide (SiO2) for

MOS structure was reported [4]. Fig 2.6 shows a simple 3D view of an n-type MOSFET

(NMOS) structure with width W. NMOS (PMOS) is fabricated by forming two heavily

n-type (p-type) regions on a p-type (n-type) substrate. The heavily doped regions form

the source and drain of the MOSFET. The MOS structure is formed between source and

drain, with oxide thickness tox. The aimed channel length to be fabricated (Ldrawn) is

always different from the actual channel length (Le f f ) after fabrication. The difference

(LD) of planned Ldrawn and obtained Le f f in fabricated MOSFET is due to unwanted

and unavoidable diffusion of dopants in all directions during fabrication. Although these

heavily doped regions are symmetric, one is called source and the other is named drain.

In the ON state of transistor, source is responsible for providing carriers to be injected

Figure 2.6: 3D view of a simple n-type MOSFET structure [6].

11



CHAPTER 2. METAL OXIDE FIELD EFFECT TRANSISTOR (MOSFETS)

into the channel; and the drain is responsible for collecting of the carriers from the

channel [6].

MOSFETs are one of the popular choices to be used for microprocessors and semi-

conductor memories. The performance of these devices were found to increase by higher

number of transistors in a unit area [4]. A road-map predicting the expected reduction of

gate length (LG) until 2020 was shown in [7], published in 2016. In early 2000, shrinking

the gate length to 0.1 µm led to placement of more than a billion transistor per chip

(fig. 2.7) [4, 7]. Although approximately linear relation for LG-year (Moore’s law) was

experienced until 2007, the expected LG reduction rate was predicted to slow down

starting from 2007. This prediction is due to increase of cost caused by rise of fabrication

challenges [4]; and increase of drain influence on tuning the source/channel barrier

height as channel length reduces [7]. In long channel MOSFETs, the barrier, especially

at source/channel interface, is mainly defined by transverse electric field (E⊥) generated

by the MOS structure. However, as channel length reduces, the influence of drain voltage

and thus longitudinal electric field (E∥) on electrostatic potential across the channel

increases, such that E∥ can result in barrier lowering at source/channel even at Vgate =

0. This phenomena is called drain induced barrier lowering (DIBL) [4].

Figure 2.7: Gate length and number of transistors on chip starting from 1965 [7].
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DIBL results in leakage of carriers from source to drain in the OFF state (Vgate =

0 V), leading to increase of the OFF current (Iof f ). Since waste of power consumption

is Pw = Iof f Vdd with Vdd the supply voltage, an increase of Iof f leads to reduction of

battery life in electronic devices and increase of heat dissipation. Minimisation of Pw in

short channel FETs is possible by introducing designs offering more gate control on the

channel than conventional MOSFETs with a single planar gate and a bulk substrate (fig.

2.6). Higher control is achieved by thinning the planar channel positioned on an insulator

(ultra-thin FET), controlling the channel by multiple gates positioned on top and back,

covering the channel (finFET), or wrapping the channel with metal gate (gate-all-around

FET) [7], fig. 2.8.

Figure 2.8: Shows (a) gated FET with ultra-thin body, (b) top and back gated FET, (c)
finFET, and (d) gate-all-around FET (GAA-FET) [7].
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Similar to conventional MOSFETs, barriers at source/channel (channel/drain) are

formed by the p-n junction concept to form the core structure, source/channel/drain [7, 16–

18]. Ultra-thin FETs and finFETs controlled by double and triple gates were reported

to reduce DIBL [17, 19, 20]; as increasing number of gates shield and suppresses the

effect of the drain voltage at the source [17, 19–21]. Although DIBL can be reduced by

novel device architects and using multiple gates, further down-scaling of these FETs

magnifies the challenge of DIBL. Intrinsic gated Si reconfigurable nanowire transistor

(Si RNW-FET) with Schottky barriers is a potential candidate to resolve the bottleneck

[1]. Prior to introducing intrinsic Si RNW-FETs, one has to understand the performance

parameters of FETs.

2.3 Performance evaluation of FETs

Transistors can operate in non-saturation (triode region) or saturation region [4, 22], fig.

2.9. The performance parameters of a FETs to be used in ICs can be evaluated by their

threshold voltage (Vth), sub-threshold swing (SS), and ON and OFF current ratio ( Ion
Iof f

)

in saturation region.

The required gate voltage to switch the transistor ON is called the threshold voltage

Figure 2.9: Shows Id-Vd characteristic of an ideal MOSFET. The saturation current
increases as Vgate increases [22].
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(Vth). Figure 2.10 shows the band diagram of MOS structures with n-type and p-type

doped semiconductors when φm = φs, before and after applying Vgate. At Vgate = 0, energy

Figure 2.10: Shows a metal/SiO2/p-semiconductor (a) with flat band at Vgate = 0 V, and
(b) in inversion with Vgate = Vth < 0 V. Metal/SiO2/n-semiconductor (c) with flat band
at Vgate = 0 V, and (d) in inversion with Vgate = Vth > 0 V. Worrk functions and electron
affinity are given in electron volt (eV).

bands at the semiconductor/SiO2 interface of n-type (fig. 2.10 (a)) and p-type (fig. 2.10

(c)) semiconductors are flat. As Vgate > 0 (Vgate < 0), electrons (holes) in n-semiconductor

(p-semiconductor) repel from the semiconductor/SiO2 interface, leaving holes (electrons)

behind at interface, which results in carrier inversion at interface. Fig. 2.10 (b) and (c)
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show full inversion (2φ f ) of n- and p-type semiconductors respectively, where φ f is the

difference of intrinsic Fermi energy (E i) with quasi Fermi level of majority carriers. This

means that the carrier concentration density at interface is equal, but opposite type with

the one in the bulk. In doped FETs, Vth is the required gate voltage to fully invert carrier

type and density at the semiconductor/SiO2 interface. Inversion of the channel, enables

the flow of carriers from source to drain [6]. Vth can be calculated using eq. 2.12 [4, 6]:

Vth =φms +2φ f +
Qdep

Cox
(2.12)

Where [6, 22],

φ f =
kBT

q
ln

(
Nsub

ni

)
(2.13)

And [6],

Qdep =
√

4qεsemi|φ f |Nsub (2.14)

Where Cox is gate oxide capacitance, Nsub is doping concentration in substrate, Qdep is

depletion region charge, φms is the difference of metal gate work function with semicon-

ductor work function, and εsemi is the dielectric constant of semiconductors.

Figure 2.11: For an NMOS (a)
√

Id -Vgate graph for extracting Vth in saturation region
[23], and (b) Id-Vgate graph for SS extraction [4].
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In ideal transistors, the drain current (Id) is zero at Vgate < Vth (Vgate > Vth) for

NMOS (PMOS); and current can flow only at Vgate > Vth (Vgate < Vth) for NMOS (PMOS)

[22]. In reality, sub-threshold current exist in weak inversion in the sub-threshold region,

Vgate < Vth for NMOS and Vth < Vgate for PMOS. In weak inversion, the drift current is

low; and the drain current is mainly diffusion current due to carrier gradients across the

channel. The sub-threshold region tells how sharp current drops with respect to reducing

(increasing) Vgate below (above) Vth for NMOS (PMOS); and sub-threshold swing (SS)

defines how sharply a transistor turns OFF with respect to Vgate [4]. The lowest possible

SS is 60 mV
dec [24]. SS can be found using eq. 2.15 [25]:

SS = ∂Vgate

∂log(Id)
(2.15)

Fig 2.11 shows methods of extracting Vth (fig 2.11 (a)) and SS (fig 2.11 (b)) from Id-Vgate

graph of an NMOS .

The ON (Ion) and OFF (Iof f ) currents can be extracted from Id-Vgate graphs. (Ion) is

Id at Vd = Vgate, where Vd is drain voltage; and Iof f is Id at Vgate = 0 [26].

2.4 Intrinsic gated Si RNW-FETs

Intrinsic gated Si reconfigurable nanowire FETs (Si RNW-FETs) were introduced by

Weber et al. in 2008. These transistors eliminate the doping requirement and enables

reconfiguring the FET between n- and p-FETs. Generally, transistors that are reversible,

can be supplied via a single power supply, have symmetric I-V characteristics for their

n- and p-FET, and are scalable have high potential to be used in ICs [1]. Previously,

performance of a single gate (SG) [27], double gate (DG) [27, 28], and triple gated (TG)

intrinsic Si RNW-FETs have been studied [29]. SG RNW-FET have received the least

attention among all types of Si RNW-FETs. This type of RNW-FETs have a gate at the

top of source/channel to control both the injection and polarity of the carriers. Since a
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single gate is used for both purposes, the performance of the transistor is highly sensitive

to the length of the gate [27].

DG Si RNW-FETs (fig. 2.12 (b)) have a control gate (CG) and a program gate (PG)

above the source/channel and channel/drain interface, respectively. Program gate controls

the type of the majority carriers (electrons or holes), and control gate tunes the injection

magnitude of majority carriers into the channel [1, 30]. The concept of TG RNW-FETs

(fig. 2.12 (a)) are similar to DG RNW-FETs. However, an extra gate has been positioned

in the centre to gain higher control on carriers in the channel. In this design, the flow

of carriers is controlled at the centre via CG, and the type of carriers are defined at the

Schottky contacts by the PGs [1, 30].

The approach to switch to ON and OFF state for n- and p-configuration is similar

for both DG (fig 2.12 (b)) and TG (fig 2.12 (a)) Si RNW-FETs. Setting VPG > 0 (VPG <
0) configures the channel to n-FET (p-FET), where VPG is the program gate voltage. At

VPG = VCG = Vd > 0 (VPG = VCG = Vd < 0), electrons (holes) are free to cross the channel

and therefore n-FET (p-FET) is ON, where VCG and Vd are control and drain voltages

respectively. At VPG = Vd > 0 and VCG ≤ 0 (VPG = Vd < 0 and VCG ≥ 0), electrons (holes)

are blocked and therefore n-FET (p-FET) is OFF [1, 30].

Figure 2.12: Shows ON and OFF state of p- and n- configuration for (a) TG Si RNW-FET,
and (b) DG Si RNW-FET with mid-band gap metals [30]
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Precise alignment of the mid-gap of silicon with contacts provide equal barriers (≈
0.56 eV) for electrons (φB) and holes (φBh) for tunneling, and minimises the leakage

current in OFF state [1, 30]. The silicon crystallographic orientation plays a key role in

I-V characteristic of n-FET and p-FET. Crystallographic orientation manipulates the

Schottky barrier height, mobility, and effective mass of electrons and holes [1, 31].

Generally, the difference in mobility of electrons and holes lead to asymmetric I-V

characteristic . To form approximately symmetric n- and p-configuration, the channel

of the Si RNW-FET can be compressively strained by thermal oxidation at certain

temperature and 〈110〉 crystal orientation [32]. The metal gate work function on top

of the channel is chosen such, that the carrier concentration of the channel remains

intrinsic at no bias voltage [1]. The core structure of these transistors are mainly formed

by annealing nickel to the sides of an intrinsic silicon with certain crystallographic

orientation, aiming to align the Fermi level of contacts (EFm) with mid gap of silicon

( Eg
2 ) [28, 29, 32–39]. Some previous efforts on optimisation of Si RNW-FETs to achieve

symmetric barriers and sub-threshold (SS) swings for electrons (φB, SSn) and holes (φBh,

SSh) are summarised in table 2.1.

Table 2.1: Previous works on Si RNW-FETs, where NCh, exp, and sim stands for number
of channels, experiment, and simulation respectively.

Ref/work Contact φB /φBh(eV) dSi (nm) LSi (nm) NCh VPGn /VPGp (V) |Vdn,p | (V) SSn/SSp ( mV
dec )

[28]/exp NiSi2 0.66/0.46 15 to 27 680 1 3/-3 1 220/90
[32]/exp NiSi2 not known 12 220 1 2/-2 2 150/150

[27]/(sim) NiSi2 0.58/0.54 12 nm 220 1 2/-2 2 not known
[33]/exp NiSi 0.67/0.45 dSi < 20 nm 350 4 4/-4 2 70/64
[34]/exp NiSi 0.67/0.45 not known 1000 1 3/-3 0.5 343/428
[29]/exp NiSi 0.73/0.39 30 350 4 3/0 2 217/155

Although symmetric I-V can be achieved using compressive strain engineering [32],

this method is limited to 〈110〉 crystal orientation, insulating material (SiO2 for Si), and

thermal oxidation temperature. Therefore, other strategies with more flexible fabrication

steps must be introduced. In chapter 5, a novel approaches to achieve this is presented.
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2.5 Deposition of interconnect layers

After fabrication of FETs, metal layers are required to connect the fabricated transis-

tors with other units on the IC [40]. This process starts by covering the FETs with

a pre-metal dielectric (PMD) and contact plugs [41]. Typical materials used/studied

as PMD layer are SiO2 [41], boron-phosphor-silicate-glass (BPSG) [42, 43], tetraethyl-

ortho-silicate (TEOS), oxynitride, nitride [44], phosphosilicate glass (PSG) [43], hydrogen-

silsesquioxane (HSQ), and methyl-silsesquioxane (MSQ) [45]. The interconnect struc-

tures, also called back end of the line (BEOL), are formed on top of the PMD layer [40],

fig 2.13.

Figure 2.13: Shows the interconnect layers on top of the pre-metal dielectric layer and
tungsten contact plug, to connect the fabricated NMOS and PMOS to other parts on the
IC [40].

Conventionally, SiO2 and aluminum were used as dielectric and metal for the inter-

connect layers, respectively. However, with device down-scaling, metals and dielectrics

with lower resistance and dielectric constants, respectively, are used to reduce RC-delays

[46]. According to the International Technology Roadmap for Semiconductors, further

down-scaling of devices require using ultra-low-k dielectrics (≈ 1.5) for interconnect
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stacks [47, 48], where k is dielectric constant of the insulator. For 90 nm technology,

aluminum was replaced by Cu [40], as Cu has 36 % less resistivity than Al [46]; and

SiO2 (k = 4.1) by SiCOH (k = 3), in 2004 [40, 49]. Introduction of porosity (air pockets)

to SiCOH reduced its k to 2.4 [48]. On 2019, Hong et al [48] has suggested usage of low-k

amorphous boron nitride (a-BN) as the dielectric for interconnects. He has found that

a-BN (k = 1.16 & 1.78) is electrically and mechanically stable; and can be grown on SiO2,

Si, and Cu via low temperature (200 K-400 K) inductively coupled plasma chemical

vapour deposition [48].

2.6 Summary

Classical MOSFETs rely on ohmic contacts for source and drain. For nano-FET, this

requires doping implantation in nanostructures. As FETs down-scale, achieving uniform

doping profile across all units are challenging. In addition, the diffusion-based carrier

injection process limits the reduction of sub-threshold swing to minimum of 60 mV
dec .

The reconfigurable nanoware FET (RNW-FET) resolves these problems as it is based

on intrinsic material and the carrier injection process is controlled by tunneling through

Schottky contacts. The added advantage of RNW-FET is the ability to be reconfigured

between n- and p-FET.
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THERMO-ELECTRIC POWER GENERATION AND

TEMPERATURE SENSING

A
gressive down-scaling of silicon field effect transistors (FETs) has led to fab-

rication of novel FETs, such as Nano-Sheet FETs (NS-FETs) [50–52], and

gate-all-around (GAA) FETs [53–56]. However, low thermal conductivity of

GAA-FETs and NS-FETs have led to generation and preservation of hot spots with

T ≤ 353K leading to degradation in their performance [57]. Simultaneously, thermo-

electric characteristics of silicon have improved due to nano-structuration [58–61]. This

seemingly conflicting behaviour introduces an opportunity for thermo-electric power

generation and temperature sensing within integrated circuits based on nano-sheet or

nanowire devices [57, 62, 63].

In thermo-electric materials (TEMs), the Seebeck effect is used for temperature

sensing [64–66] and thermo-electric power generation [67]. Figure of merit (ZT) is

used to evaluate the performance of TEMs by correlating their thermal and electrical

properties [68, 69], eq. 3.1:

ZT = σS2T
κe +κL

(3.1)
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Where σ is electrical conductivity of carriers, S is the Seebeck coefficient, κe is the

thermal conductivity of electrons, κL is lattice thermal conductivity, and T is temperature.

At least ZT = 2 is required for practical usage of a thermo-electric power generators

in industry [60, 70]. This can be done by either increasing the power factor (σS2) or

decreasing κ of nanostructured TEMs [60, 70, 71]. The most widely used TEM in industry

is bulk Be2Te3 with ZT ≈ 1. However, further improvement of ZT for Be2Te3 is difficult

and expensive. Therefore, one has to improve ZT of an alternative material with cheaper

fabrication cost, like Si [67]. In bulk Si, the coupling of σS2 with κ, Wiedemann-Franz law,

limits ZT to 0.01 [59, 72, 73]. However, partial de-coupling of σS2 from κ by shrinking

bulk materials to the nano-scale resolves this bottleneck. Phonon confinements and

increase of boundary scattering in 2D sheets and nanowires reduce κ significantly,

while σS2 remains relatively un-changed [58–60]. Conventionally, tuning the carrier

concentration of nano-structures via doping would optimise σS2, while κ remained

partially un-changed [74]. However, the increased impurity scattering due to doping will

result in significant mobility degradation [75, 76]. Significant improvement in mobility

and σS2 have been reported by introducing new strategies to modulate carriers without

doping requirement [76–85]

This chapter is organised as follows. Section 3.1, explains the theories of thermo-

electric power generation. Section 3.2, introduces previous approaches for optimisation of

thermo-electric power generation. Section 3.3, gives an overview of on chip temperature

sensing. Section 3.4, summarises the chapter.

3.1 Theory of thermo-electric power generation

TEMs have the ability to convert temperature differences (∆T) into voltage differences

(∆V ). A traditional thermoelectric power generator (TEG) is obtained by connecting

multiple p- and n-type TEMs in series electrically, and thermally in parallel. A load
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allows extraction of currents. The current (I) can be found as shown in eq. 3.2 [72, 86]:

I = ∆V
RL +R

(3.2)

Where R and RL are the resistance of the TEG and load, respectively. Fig 3.1 (a) gives

a simple TEG based on one n- and one p-type leg. Electron and hole flux are from hot to

cold, thus electron and hole currents sum in this configuration. Fig. 3.2 (b) shows the

schematic and circuit of a "single legged" TEG. In this work, rather than using p- and n-

legs in series, a parallel connection of n-legs only is considered.

Figure 3.1: Schematic of (a) a two legged TEG containing a series connection of an n-type
and p-type legs sandwiched between a hot (Th) and cold (Tc) plate [87]; and (b) a single
legged TEG with arrays of parallel connected n-type Si-NWs in between hot source and
cold sink [88].

The ZT for the structure in fig. 3.1 (a) is:

ZT = (Sp −Sn)2T
p
κpρp +p

κnρn
(3.3)

Where Sn(Sp), κn (κp), and ρn (ρp) are Seebeck coefficients, total thermal conductivity,

and resistivity of n-(p-type) leg, respectively. While that of fig 3.1 (b) is given by eq. 3.1.
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3.1.1 Seebeck coefficient and voltage difference

Seebeck coefficient (S) expresses the ability of materials to convert a temperature

difference (∆T) into a voltage difference (∆V ) [72, 86]. Total Seebeck coefficient (S) for a

two legged TEG can be calculated using eq. 3.4 [87].

S = Sp −Sn = ∆V
∆T

(3.4)

In case of a single n-type (p-type) legged TEG, S = Sn (S = Sp). Sn (Sp) in non-degenerate

semiconductors are highly dependant on the difference between EFn (EF p) and conduc-

tion (valence) band for n-type (p-type) material, carrier-phonon scattering, and ionised

impurity scattering. The analytical expressions for Sn and Sp are shown in eq. 3.5 and

eq. 3.6 [89].

Sn =−kB

q

[
5
2
+ s−

(
Ec −EFn

kBT

)]
=−kB

q

[
5
2
+ s+ ln

(
Nc

n

)]
(3.5)

and

Sp = kB

q

[
5
2
+ s−

(Ev −EF p

kBT

)]
= kB

q

[
5
2
+ s− ln

(
Nv

p

)]
(3.6)

Where Nc (Nv) is the effective density of states for electrons (holes) and s is the

scattering mechanism parameter.

3.1.2 Figure of merit

As explained earlier, ZT evaluates the performance of the TEMs by correlating the

electrical and thermal parameters. For high ZT, the power factor (σS2) must be high

while κ must remain low [77–81]. In this sub-section, the impact of each parameter on

TEGs is explained.

As seen in eq. 3.4, S is vital for calculating ∆V . While, electrical conductivity (σc) is a

key parameter for both current (Ic) and resistance of channel (Rch), with c = n or p. For

a simulated single legged TEG with 2D metal contacts (without thickness), R = Rch. The

electrical conductivity (σc) for electrons (σn) and holes (σp) can be found using eq. 3.7
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Figure 3.2: (a) The Seebeck coefficient (S), electrical conductivity (σ), σS2, and (b)
total thermal conductivity (κ), lattice thermal conductivity (κL), and electronic thermal
conductivity (κe) of metal, semiconductor, and insulator as a function of electron density
(n) in log scale [90].

and eq. 3.8, in order [90], where n, p, µ(i=e,tot), and µ(i=h,tot) are electron concentration,

hole concentration, total electron mobility, and total hole mobility respectively. For i=e

(i=h), c=n (c=p).

σn = qnµ(e,tot) (3.7)

and,

σp = qpµ(h,tot) (3.8)

σc and Sc are in direct and inverse relation with carrier concentration respectively.

Therefore, semiconductors are a better choice than metal and insulator, as one of the

parameters (σ or S ) in σS2 becomes negligible in metal and insulator [90, 91].

The hydrodynamic model is a comprehensive approach for current calculation [11].

However, simplified expressions for current of n-type (In) or p-type (Ip) NWs in thermo-

electric systems can be derived based on total electric field (
−→
Ec), eq. 3.9 [73, 92, 93]:

−→
Ic =σc

−→
Ec (3.9)

The resistance of the channel (Rch) is inversely proportional to the area (A) and σ of

the majority carriers. Eq. 3.10 shows the importance of increasing mobility for further
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reduction of resistance in a NW with electrons as majority carriers [72]:

Rch = Lch

σn A
= Lch

qnµ(e,tot)A
(3.10)

Where Lch is length of the TEM.

Thermal conductivity (κ = κe + κL) refers to the ability of materials to conduct heat

[94]. Reducing the thermal conductivity leads to better temperature difference (∆T)

maintenance across the NW, due to suppression of heat transfer. Thermal conductivity is

the sum of heat transport by carriers (κe) and phonons in the lattice (κL) [90, 94, 95], fig

3.2 (b). The challenge to increase ZT in bulk materials is due to the direct relation of σS2

and κe with carrier concentration, while κL remains mainly constant [90]. Electronic

thermal conductivity (κe) can be calculated using eq. 3.11 [69, 90, 94]:

κe = L0σcT (3.11)

Where the Lorentz number (L0) can be estimated using eq. 3.12 [69, 94],

L0 = π2

3
k2

B

e2 = 2.44×10−8 WΩK−2 (3.12)

Lattice thermal conductivity (κL) can be reduced by nano-structuration of materials,

leading to phonon confinement [58–60, 90]. Since κL is the dominant mechanism in

heat conduction through semiconductors [95–97], κ can be reduced significantly due to

phonon confinement. κL is calculated using eq. 3.13 [95]. Lattice thermal conductivity is

dependent on phonon angular frequency (ω), group velocity of phonon’s propagation (νg),

Debye temperature of materials (TD), temperature of lattice (TL), and total scattering

relaxation time (τc) [94, 95].

κL = 1
3

∫ TD
T

0
ν2

g τc Cv(x) dx = kB

2π2νg

(
kB

~

)3
T3

∫ TD
T

0

τcx4ex

(ex −1)2 dx (3.13)

.
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Where,

x = ~ω
kBT

(3.14)

Heat capacity (Cv) required for computation of κL is calculated by using Debye model

[94]. Cv in this model is proportional to T3 at low temperatures (T<< TD) and 3NkB at

high temperatures (T>> TD) [98], where N is number of atoms in a crystal. The constant

Debye temperature is an inherent property of materials; and is in direct relation with

maximum allowed angular frequency of atom’s vibration, also called Debye angular

frequency (ωD). Eq. 3.15 shows the relation of TD with ωD [94, 98].

TD = ~ωD

kB
(3.15)

Angular frequency (ω) range as a function of wave vector (k) for two atoms with mass Mi

and M, lattice constant a, distance of a
2 , interaction energy of K, propagating in optical

(ω+) or acoustic manner (ω−) are shown in eq. 3.16 [99]. At low ω− and high ω−, atoms

are moving in and out of phase respectively [94].

ω2
± = K

(
1

Mi
+ 1

M

)
±K

√(
1

Mi
+ 1

M

)2
− 4sin2(qa/2)

MiM
(3.16)

Other than frequency of phonons, the group velocity of acoustic phonons (νg) has a

significant effect on heat conduction, eq. 3.17. Although optical phonons have negligible

effect in heat transport propagation, their possible interaction with acoustic phonons

can impact κL [94, 100].

νg = ∂ω−
∂k

(3.17)

The total scattering relaxation time is the result of different scattering mechanisms

in which their contribution depend on ω, νg, dimension, and doping concentration of the

channel. Mathissen’s rule can be used to combine relaxation times of major scattering

mechanisms to obtain estimation of τc, eq. 3.18 [95, 100]:

1
τc

= 1
τM

+ 1
τB

+ 1
τU

(3.18)
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Mass difference scattering (τM) occurs when dopants or another material with atom

mass Mi is added to a host semiconductor with average atom mass of M [95], where M 6=
Mi. The mole fraction, doping concentration, mass, and volume (Vi) of the added atoms

significantly impact the scattering rate. Higher doping concentration, mass, and volume

of the added atoms lead to lower κL [101, 102]. τM can be found using eq. 3.19 [95, 100].

1
τM

= V0ω
4

4πν3
g

f i

(
M−Mi∑

i f iMi

)2
+

(
G−G i

G

)
−6.4γ

V 1/3 −V 1/3
i∑

i
f iV−2/3

i
3

2 (3.19)

Where f i is the fraction of the added atoms with respect to overall atoms, V0 is the

volume per unit atom, V is the volume of hosted atom, and γ is average inharmony

of bonds between hosted and added atoms [95]. Increasing inharmony (defects) in the

lattice has high importance in reducing κL. Phonon-phonon scattering increases as γ

increases, which leads to thermal conductivity reduction [96]. G and G i are bond stiffness

constants of host and foreign atoms, as the result of repulsive or attractive forces due to

nearest neighboring atoms [95, 103].

At diameters of NWs (dNW ) comparable with phonon mean free path (λph), boundary

scattering plays a key role in reducing κL [60, 104]. For better understanding of the

range of the diameter, phonon mean free path can be estimated using eq. 3.20 [60]:

λph ≈ 2πνs

xdkBT
(3.20)

Where νs is velocity of sound; and xd is approximately equal to 3, 4, and 5 for 1D, 2D,

and 3D structures respectively [60].

At these diameters, phonons approaching the interface with normal velocity, divert

from their direction as they scatter from the boundary. The diverted phonons destruct

the motion of phonons along the channel, and therefore reduce the conduction of heat.

Eq. 3.21 shows the phonon scattering relaxation rate (τB) [95, 100].

1
τB

= νg

dNW
(1− p) (3.21)
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Where p is surface roughness of the boundary, p = 1 and p = 0 represent extremely rough

and smooth surface, respectively.

Generally, there are two types of phonon-phonon scattering, (i) normal scattering,

and (ii) umklapp phonon-phonon scattering. Energy is conserved in both types, meaning

that angular frequency of first (ω1) and second phonon (ω2) after collision in both cases

lead to total angular frequency of ω3 = ω1 + ω2. However, momentum is not conserved

in umklapp scattering. The collision of phonons in umklapp scattering leads to a flip

over in resultant momentum, which generates thermal resistance. Unlike umklapp

phonon-phonon scattering, normal phonon-phonon scattering does not contribute to κL

reduction [96]. The umklapp scattering relaxation time τU can be estimated using eq.

3.22 [100]:

1
τU

= 2γ2 kBT
µshV0

ω2

ωD
(3.22)

Where µsh is shear modulus.

3.2 Optimising power generators

As explained earlier, low thermal conductivity and high power factor is vital to achieve

high figure of merit [77–81]. In this section, previous works on reducing κ, and increasing

power factor are reviewed.

3.2.1 Reducing thermal conductivity

As shown in the analytical formulas (eq. 3.16 to eq. 3.21), atom mass differences in

semiconductor, diameter of nanowire, and surface roughness have significant impact

on κ [95, 100]. In this part, the actual significance of these parameters on the thermal

conductivity (κ) is presented.
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Fig. 3.3 (a) compares simulation & experimental results as a function of Si nanowire

diameter (dSi) [60]. The experimental results are consistent with analytical formulas for

kL. As seen in fig. 3.3, Monte Carlo simulations in Shi et al [60] work for lowly doped Si

with smooth surface approximately matches the experimental results of Li et al. [105]

for intrinsic silicon with minimised surface roughness. Houchbaumn et al. [59] have

experimentally shown significant degradation in κ by increasing boundary scattering, as

the result of introducing surface roughness. Introduction of surface roughness reduces

thermal conductivity by ≈ %80, in comparison to smooth surface (p ≈ 0 in eq. 3.21).

As seen in fig 3.3 (a), boundary scattering of phonons is the dominant mechanism in

down-scaled intrinsic/lowly doped Si [59, 105].

To better understand the effect of doping on κ, one has to add impurities to a bulk

Si. Since boundary scattering and umklapp scattering rate is less in bulk Si than nano-

structured Si [106], the impact of scatterings due to doping on κ in bulk is higher than

Figure 3.3: (a) Thermal conductivity as a function of diameter for rough surface (Houch-
baum et al. [59]), smooth surface (Li et al. [105]), lowly boron doped = 1 × 1013 cm−3

(Shi et al [60]), and highly boron doped = 1 × 1019 cm−3 (Shi et al [60]). The figure is
taken from [60]. (b) Thermal conductivity of bulk silicon doped with 4.875 × 1020 cm−3

of boron (B), arsenic (As), phosphorus (P), and aluminum (Al) [97]. Thermal conductivity
variation due to mass difference, bond strength, and strain were individually studied
in simulation, while other effects were assumed constant, to better understand their
impact on total κL (κSiX (total)) [97].
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the other two mechanisms.

Simulation (fig 3.3 (b)) shows that impurities with higher mass and radius form

higher mass disorder and lattice strain, which leads to higher phonon scattering rates

[95, 97]. As seen in fig 3.3 (b), the effect of lattice straining due dopant’s mass and radius

is negligible; and the main contribution to κ reduction is due to mass difference of hosted

atoms with dopants [97]. In addition, as analytically shown in eq. 3.19 and eq. 3.22, bond

disorder (γ) has significant impact on reducing κ [95, 97], fig. 3.3 (b). As seen in fig 3.3,

equal κ is achieved for As-doped (4.875 × 1020 cm−3) bulk Si and lowly B-doped (1 ×
1013 cm−3) silicon NW with dSi = 36 nm. Although heavily doping of bulk materials are

effective to reduce κ, high doping results in mobility degradation due to ionised impurity

scattering [11, 75].

Figure 3.4: (a) Thermal conductivity of Si1−xGex as a function of mole fraction (x) for
different diameters (D) of NWs [107]. (b) thermal conductivity of Si1−xGex as a function
of diameter dSiGe (or D) for different mole fractions (x) of germanium [107].

Similar to doping, mass and volume differences of atoms in alloys lead to phonon

scattering [108]. Fig 3.4 shows mole fraction (x) and diameter dependence (D) of silicon

germanium, Si1−xGex. Combination of boundary and mass difference scattering have

led to lower thermal conductivity for SiGe than Si [107], fig. 3.4.
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3.2.2 Optimising the power factor via carrier modulation

Other than reducing κ, minimisation of ionised impurity scattering has been another

area of interest to increase σS2. Reducing mobility degradation, increases electrical

conductivity without change in Seebeck coefficient [109]. As explained earlier, doping

materials lead to mobility degradation [11, 75]. Different approaches have been taken

to accumulate carriers in an intrinsic channel, leading to minimisation of impurity

scattering. In this sub-section, these approaches are discussed and compared.

Doping modulation of an intrinsic or lowly doped channel via hetero-structural layers

is one of the approaches taken by researches. This is mainly done by wrapping (fig. 3.5 (a)

and (c)) a lowly/intrinsic material (channel) with heavily doped regions. As a consequence

of this approach, the majority carriers in heavily doped structure are injected into the

lowly/intrinsic material, leading to accumulation of carriers and band bending in the

channel (fig. 3.5 (b) and (d)) [76, 82, 83, 109]. Although experimental [82, 83, 109] and

simulation [82, 109] results confirm the ability of doping modulation to form carrier

concentration in the channel, possibility of forming uniform doping profiles across all

units decreases as TEGs down-scale [1].

To eliminate the bottleneck of having to dope every unit of TEG in doping modulation

approach, completely intrinsic core/shell structures for carrier modulation in the channel

have been researched. In carrier modulation approach, band offset between shell and

core results in a strong internal electric field at the interface [83–85]. The electric field

accumulates carriers to the interface of the core (channel). Depending on the relative

positions of conduction and valence bands, the electric field at the interface leads to

either electron or hole accumulation in the channel [84, 85]. Fig. 3.6 (a) shows a deposited

intrinsic AlN and AlGaN on triangular shaped intrinsic GaN. The deposited i-AlGaN has

higher conduction band than i-GaN. This means that electrons above AlGaN conduction

band has higher energy than GaN. The difference in energy of electrons in these materials
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Figure 3.5: (a) 3D view of p+-Si/i-Si shell/core structure, to modulate hole concentration
in i-Si [109]. (b) Sketched band diagram of p+-Si/i-Si/p+-Si before and after contact with
each other, to explain the theory of this method. (c) 3D gated hetero-structure to further
control the modulated holes in i-Ge, due to its contact with p+-Ge/i-Si [82]. (d) Energy
band (left axis) and hole concentration (right axis) across the radius of the structure;
where red is for i-Ge (d = 6 nm)/p+-Ge (d = 1 nm)/i-Si (d = 2 nm) with p+-Ge = 1 × 1019;
and dashed line is for i-Ge (d = 7 nm)/p-Ge (d = 2 nm)/i-Si (d = 2 nm) with p-Ge = 2.2 ×
1018 [82].

result in flow of electrons from i-AlGaN to i-GaN, leading to accumulation of electrons in

GaN. 2nm AlN was deposited to reduce alloy scattering, to preserve the conduction band

difference at AlGaN/GaN interface [84].

Fig. 3.6 (b) shows an intrinsic silicon wrapped around an intrinsic germanium.

Following similar concept as [84], the difference in valence bands of the intrinsic silicon

and intrinsic germanium leads to accumulation of holes in germanium (fig 3.6 (c)).
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Figure 3.6: (a) Transmission electron microscopy image of a fabricated i-AlGaN/i-AlN/i-
GaN to modulate electron concentration in i-GaN, where i stands for intrinsic [84]. (b)
Fabricated i-Si/i-Ge structure to accumulate holes in intrinsic Ge [85]. (c) Band diagram
of (b), showing the accumulated holes in germanium while Si remained intrinsic [85].

As seen in fig 3.6 (c), the internal electric field solely accumulates germanium with

holes, while silicon remains approximately intrinsic [85]. Insulation and gating of these

structures require at least 3 and four layers of materials as shown in fig 3.5 (c). Adding

interfaces to the structure increases the complexity, and increases probability of errors.

In addition, one has to find methods to modulate both electron and hole concentrations

for widely used and abundant material, like Si [59].

Gating a lowly doped/intrinsic channel is another method for carrier modulation

[77–81]. In this approach, a core structure is wrapped by an oxide and metal. The applied

voltage to the metal gate modulates the carrier type and its concentration, therefore,

tunes σS2. Previously, gate voltage was found to tune σS2 of Bi2Te3 [78], Ge/Si core/shell

[81], InAs [79], PbSe [80], and Si [77]. Although σS2 is accurately tuned via gating, the

requirement of voltage bias to generate voltage difference is not desirable.

Despite the observations that carrier-modulation improves σS2 due to rise of mobility

[109], κe also increases, eq. 3.11. Although κL is a dominant mechanism in heat conduc-

tion in semiconductors [95–97], the contribution of κe to overall thermal conductivity

increases as σ increases or κL → 0. Therefore, one has to calculate ZT and κe to evaluate

the actual improvement of TEGs due to carrier modulation. Neophytou et al [74] have

done simulations to investigate the effect of carrier modulation via gate bias on the
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power factor (fig. 3.7 (a)), electron conductivity (fig. 3.7 (b)), and therefore, ZT (fig. 3.7

(c)). Despite the increase in electronic thermal conductivity of Si (κ(e,Si)) as a function of

carrier concentration (n), he has shown approximately 3.4 times higher ZT for gated than

doped Si NW (fig. 3.7 (c)). Neophytou et al [74] have assumed lattice thermal conductivity

of 1 W
mK for Si (κ(L,Si)) with diameter of 12 nm, to calculate the upper boundary of ZT. Fig.

3.7 (d) uses the calculated κ(L,Si) for a Si with 12 nm diameter (dSi) in [60], to estimate

ZT based on the obtained σS2 and κ(e,Si) in [74] for the studied gated Si NW.

Figure 3.7: (a) σS2-n, (b) κ(e,Si)-n, (c) ZT-n for gated and doped Si with dSi = 12 nm and
κ(L,Si) = 1 W

mK [74]; and (d) ZT-n of the simulated NW in [74] with κ(L,Si) (= 6.47 W
mK )

obtained in [60]. The blue solid lines are the results for gated Si NW considering phonon
scattering only, blue dotted lines are the data for gated Si NW considering both phonon
scattering and surface roughness scattering (SRS), and black lines are results for doped
Si.
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3.3 On-chip temperature sensing

Down-scaling of transistors is vital to increase the performance of microprocessors. The

power density of microprocessors rises by placing more transistors in a unit area [110].

Denser transistor blocks and smaller transistors lead to introduction of hot spots in

integrated circuits (ICs) [57, 62, 111]. To prevent failure or loss of building blocks, one

has to place temperature sensors to monitor the temperature [111–114].

The temperature sensor must be compatible with CMOS technology, scalable, stable

over a wide range of temperatures, accurate, ability (adoptable) to be powered with the

local supply voltage, and immune to fluctuations (noise) in supply voltage [110, 115–117].

Error (inaccuracy) of the sensed temperature might be due to error in sensor (sensor

inaccuracy), and/or error due to its distance from the hot spot [110]. The distance error

is caused by failure of detecting hot spots across the microprocessor or/and large scale of

the fabricated temperature sensor, such that the sensor can not be placed in a building

block of transistors [110, 114, 118]. To minimise the error of not being able to detect hot

spots, up to 44 temperature sensors are placed in modern microprocessors [114, 118].

In addition to the mentioned requirements, since temperature sensors must be

spread across the processor, placing sensors with requirement of an external reference

signal, calibration, voltage supply, or bias current, increases the cost and complexity of

circuit design and fabrication [114, 115]. Furthermore, the accuracy of doped sensors

can degrade by unwanted fluctuations in doping [111]. Therefore, elimination of any

or all of these fluctuations is preferable. Currently, resistors [119–125], MOSFETs

[112, 115, 126, 127], bipolar junction transistors (BJTs) [111, 128–132], and thermal

diffusivity of bulk silicon [114, 118, 133] are used for temperature sensing in integrated

circuits.

Temperature can be sensed in two approaches using resistors: (i) frequency based

sensing, where phase of frequency shifts as a function of temperature; and (ii) resis-
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tance based, which the resistance of the sensor is in direct relation with the change

of temperature [116, 120, 123]. In the first case, a stable external frequency source is

used as a reference signal, to be compared with the temperature dependence signal,

generated in resistance-capacitance (RC) filter circuit. In the second case, the resistance

of a temperature dependant resistor is compared with a reference resistor [120, 123].

Since metal-insulator-metal capacitors (MIMs) in RC filters are more stable than on-chip

resistors, frequency based resistors are more accurate than temperature based resistor.

However, the disadvantage of frequency based resistors is the requirement of an external

frequency source [120]. Table 3.1 includes recent works on frequency based resistors.

Although good accuracy is shown (table 3.1) for resistors, they are large and require

costly multi-point calibration for nano-scale CMOS [111, 114, 117]

Table 3.1: Shows performance of recent works on some sensors compatible with CMOS
technology.

Ref/year Sensor type Size (mm2) Vs (V) Range (◦C) Sensor inaccuracy (◦C)

[125]/2015 Resistor 0.09 3.3 -40 to 85 ± 0.12
[121]/2019 Resistor 0.12 1.8 -40 to 180 ±0.1
[120]/2018 Resistor 0.25 1.8 -55 to 125 ± 0.12
[116]/2017 Resistor 0.72 1.8 -40 to 85 ± 0.03
[122]/2015 Resistor 1.12 0.75 0 to 90 ± 0.2
[126]/2019 MOSFET 0.0014 1.1 -60 to 40 ± 0.2
[115]/2016 MOSFET 0.004 0.8 to 1.1 0 to 100 ±0.9
[134]/2014 MOSFET 0.022 0.4 0 to 100 ± 1.3
[127]/2014 MOSFET 0.085 0.85 -40 to 125 ±0.4
[113]/2018 BJT 0.003 1.3 -10 to 110 ± 1.35
[117]/2019 BJT 0.0146 2 to 2.7 -40 to 125 ± 1.7
[111]/2019 BJT 0.03 1.2 -20 to 100 ± 0.8
[129]/2020 BJT 0.2 1.125 -35 to 95 NK
[114]/2017 TD 0.00165 0.9 -40 to 125 ±0.75
[118]/2015 TD 0.0028 1.8 -35 to 125 ±1.2
[135]/2014 TD 0.008 NK -40 to 125 ±0.65

The MOSFET’s source-drain current (Ids) is temperature sensitive, the source-gate
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voltage difference (∆VGS = VGS f −VGSi ) applied to keep Ids constant is a measure of

∆T = T f −Ti; where VGSi is initial voltage at initial temperature Ti and VGS f is voltage

after rise of temperature to T f . As temperature increases in a MOSFET, mobility of

carriers and threshold voltage reduces [11, 112, 136]. Reduction of mobility (reduction

of threshold) increases (reduces) the ∆VGS due to ∆T. The linear relation of ∆VGS with

∆T at constant Ids is used for temperature sensing. The sensitivity of MOSFETs can

be increased by using higher current supply or reducing W
L ratio, where W and L are

width and length of the MOSFET’s channel [112]. Unlike BJT and resistors, MOSFETs

are relatively small in size, down to 0.0014 mm2. However, they require multi-point

calibration and are sensitive to fabrication process variation [111, 112, 114, 137].

Similar to MOSFETs, performance of BJTs degrade linearly as temperature increases.

The base-emitter voltage (VBE) reduces as temperature of the transistor increases. The

linear relation of ∆VBE (∆VBE = VBE f - VBE i ) as a function of (∆T = T f -Ti) is used to

sense the temperature. VBE i and VBE f are base-emitter voltage at Ti and T f respectively

[111, 129]. BJTs are less sensitive to fabrication process variation than MOSFETs [112],

and in some circuit designs don’t require multi-point calibration [111]. However, they

generally have high power and voltage supply consumption [126].

The rate of heat spreading from hot source to other cold areas of a material is defined

by thermal diffusivity (D) [138]. Temperature dependence of D in bulk Si can be used to

sense temperature variations in ICs. Thermal diffusivity based temperature sensors (TD)

have a heater, generating a heat pulse, placed at a certain distance from a temperature

sensor. Temperature variation in ICs affects the time taken for the generated heat

pulse to reach the sensor. The amount of shift in time, defines the temperature in TD

sensors [114, 118, 133, 137]. Similar to BJTs, TD sensor benefit from low non-calibrated

inaccuracy (≈ ±1.4). However, TD sensors are power-hungry, due to requirement of a

heater [113].
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3.4 Summary

Nano-structuration of FETs leads to improved performance but also to increased self-

heating. The reduction of thermal conductivity in nano-structures can be used for thermo-

electric power generation as well as temperature sensing. Doping modulation, intrinsic

core/ intrinsic shell carrier modulation, and gating can be used to improve thermo-electric

power generation, due to minimisation of ionised impurity scattering. In addition, gated

structures, such as, MOSFETs and BJTs have been previously used as temperature sen-

sors. Further improvement on temperature sensing and thermo-electric power generation

can be achieved by using gated intrinsic nanowires.
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SENTAURUS TECHNOLOGY COMPUTER AIDED DESIGN

(TCAD)

S
entaurus Technology Computer Aided Design (TCAD) is a commercial software

package for studying electrical and thermal properties of 1D, 2D, or 3D shaped

semiconducting devices. Sentaurus TCAD is used for the evaluation of novel

devices in this work. Typical simulation steps in this project are shown in fig. 4.1 (a).

A concept geometry can be built and meshed in sentaurus structure editor (SDE). The

meshing point are points in which physics models calculate the electrical and thermal

properties of the device. The areas that require high precision, such as interfaces, must

have dense mesh points (fig. 4.1 (b)). SDE generates the required meshed geometry in

two ways, (i) generating a script followed by msh.tdr format file based on the designed

1D, 2D, or 3D geometry in SDE, or (ii) generating a msh.tdr format based on running a

written script in a command file (.cmd format). The prepared msh.tdr file can then be sent

to sentaurus device (sdevice) for studying its transport characteristics. The properties of

the designed device is studied based on the physics models defined in sdevice. Although

the physics models are supported by a library of constants for different materials, these
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data can be modified in the "parameter name.par" file and fed to the physics models [11].

Figure 4.1: (a) Diagram of simulation flow of these projects using sentaurus TCAD [11].
(b) Cross section of the meshed designed geometry.

Figure 4.2: (a) 3D view of a RNW-FET with triple gates, (b) cross section of the RNW-FETs
with gate voltages of Vgate1, Vgate2, and Vgate3, and drain voltage of Vd.

Fig. 4.2 shows a cubical RNW-FET. TEGs and Si RNW-FETs in this work are based
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on intrinsic channels, connected to two Schottky contacts (metal/i-semiconductor/metal),

covered by an insulator and metal gate(s). The performance of these devices is highly

dependent on phenomenons at interfaces, mobility degradation of carriers, and car-

rier distribution. This section introduces the used models for simulation of the gated

structures; and boundary conditions of the simulations.

4.1 Poisson equation, conduction band, and valence

band

The energy band diagram of the semiconductor can be plotted by solving the Poisson

equation (eq. 4.1). The electrostatic potential of semiconductor (φs), required to plot the

conduction band (Ec) and valence band (Ev), is the solution of the Poisson equation.

Electrostatic potential is dependent to variation of electron concentration (n), holes

concentration (p), acceptor concentration (NA), donor concentration (ND), traps and fixed

charges (ρtrap) [11, 139].

∇.(ε∇φs)=−q(p−n+ND −NA)−ρtrap (4.1)

For intrinsic gated structures (ND = NA = 0), it simplifies to:

∇.(ε∇φs)=−q(p−n)−ρtrap (4.2)

Consequently, the Ec (eq. 4.3) and Ev (eq. 4.4) across the channel can be calculated by

the solution of Poisson equation (φs), electron affinity of semiconductor (χs), effective

band gap of the semiconductor (Eg,e f f ) and putting electrostatic potential of the intrinsic

semiconductor as a reference point (φre f ) [11].

Ec =−χs − q(φs −φre f ) (4.3)
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and,

Ev =−χs −Eg,e f f − q(φs −φre f ) (4.4)

Where effective band gap (Eg,e f f ) can be found as shown below:

Eg,e f f (T)= Eg(T)−Ebgn (4.5)

Ebgn is the difference of actual band gap (Eg) with Eg,e f f . Band gap narrowing (Ebgn)

occurrs due to heavy doping. Both Eg and Eg,e f f are temperature dependent. Since gated

structures are intrinsic, Ebgn = 0 and Eg,e f f (T) = Eg(T).

Variation in energy of Ec and Ev is highly dependent to parameters that change the

carrier concentration at every meshing point of the semiconductor. These parameters

will be explained later.

4.2 Simulation of Schottky barriers

Eq. 2.5 is used for Schottky barrier height calculation at the interface. As explained in

2.1.2, precise calculation of φB is subject to accurate calculation of barrier lowering for

electrons (∆φB) and holes (∆φBh). ∆φB and ∆φBh due to the image force are calculated

using a model shown in eq. 4.6 and eq. 4.7 in sentaurus TCAD [11]:

∆φB(
−→
E )=


ae

(( −→
E .n̂
Ere f

)pe −
(−−→

Eeq.n̂
Ere f

)pe
)

if
−→
E .n̂ > 0

0 if
−→
E .n̂ ≤ 0

(4.6)

and

∆φBh(
−→
E )=


ah

(( −→
E .n̂
Ere f

)ph −
(−−→

Eeq.n̂
Ere f

)ph
)

if
−→
E .n̂ ≤ 0

0 if
−→
E .n̂ > 0

(4.7)

The reference electric field (Ere f ) in this model is constant (1 V
cm ); and values of

constants are ae = ah = 2.6×10−4 eV and pe = ph = 0.5 [11].
−→
E .n̂ and

−−→
Eeq.n̂ are the total
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electric field normal to the metal/semiconductor after and before the applied voltage bias,

where
−→
E ,

−−→
Eeq, and n̂ are total electric field in the presence of voltage bias, total electric

field at zero bias, and gradient of the distance to the interface, respectively.

The electron density (nB) and hole density (pB) at the interface considering the

difference of φm and χs, barrier lowering due to carrier concentration manipulation as a

function of gate voltage, and external voltage applied to source (Vext = Vs) or drain (Vext

= Vd), are calculated as shown below [11, 14]:

nB = NC exp
(−qφB f

kT

)
(4.8)

And,

pB = NV exp
(−Eg,e f f + qφB f

kT

)
(4.9)

The overall electrostatic potential (φs) in TCAD at source/channel and channel/drain

is defined by knowing φBf due to barrier lowering, Vd,s, temperature, Nc, and effective

intrinsic density [11], eq. 4.10:

φs =Vd,s −φBf +
kBT

q
ln

(
Nc

ni,e f f

)
(4.10)

where ni,e f f is the variation of intrinsic carrier density (ni) with respect to the

amount of band gap narrowing (Ebgn). ni,e f f can be calculated as shown below [11]:

n(i,e f f ) = ni exp
( Ebgn

2kBT

)
(4.11)

4.3 Simulation of contacts on insulators

The electrostatic potential (φs) calculated using TCAD at the interface of the semiconductor/SiO2

as a function of Vgate, and φm−φs are calculated by eq. 4.12, assuming no trapped charges

at the interface [11]:

φs =Vgate − (φm −φs) (4.12)
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4.4 Hydrodynamic model for current and

temperature

Accurate calculation of current and ∆V is highly dependent on accurate calculation of

carrier temperature at every point across the NW, since effective density of states and

carrier concentration are dependant to temperature [4, 72, 86, 139]. The hydrodynamic

model is used to calculate the temperature of electrons (Tn), holes (Tp), and lattice (TL)

individually. This is done by obeying conservation of energy and balancing the energy

loss and gain of carriers with reference to overall initial energy [11, 140]. This section is

divided in two parts. Sub-section 4.4.1, gives the theory behind the hydrodynamic model.

Sub-section 4.4.2, explains the approach for the initial guess in hydrodynamic model.

4.4.1 The hydrodynamic model

Temperature of carriers is found by calculating the gained kinetic energy density due

to electric field via the gradient of energy bands
(∇E(c,v)

q

)
, gained energy due to heat flux

(
−→
Sn for electrons,

−→
Sp for holes, and

−→
SL for lattice), and energy loss rate of carriers due to

carrier-phonon scattering [140]. Hydrodynamic model for electrons and holes is shown

in eq. 4.13 [11]: (
∂Wc

∂t
+∇.

−→
Sc

)
− ∂Wc

∂t
∣∣
coll ision =−→

Jc.
∇E(c,v)

q
(4.13)

And for the lattice in eq. 4.14 [11]:

(
∂WL

∂t
+∇.

−→
SL

)
− ∂WL

∂t
∣∣
coll ision = 0 (4.14)

The average kinetic energy of the carriers (3
2 kBTc) increase as the electric field(∇E(c,v)

q

)
increases [140]; consequently, the energy density of carriers (Wc) rises. Wc is

shown in eq 4.15 [11]:

Wc = 3kBcTc

2
(4.15)
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With Tc the carrier temperature.

And lattice energy density WL is the product of lattice heat capacity (Cv) with lattice

temperature (TL), eq. 4.16 [11]:

WL = CvTL (4.16)

The carrier heat flux vectors
−→
Sc for electrons (

−−−→
Sc=n) and holes (

−−−→
Sc=p), and lattice heat

flux vector
−→
SL are given in eq. 4.17 and eq. 4.18, respectively [11, 140, 141]:

−→
Sc =−3kB

2q

(
±Tc

−→
Jc +kBcµ(i,tot)Tc∇Tc

)
=∓

(
3kBTc

2q
−→
Jc

)
−

(
3
2
κi∇Tc

)
(4.17)

and,
−→
SL =−κL∇TL (4.18)

Where κi=e is the thermal conductivity of electrons, κi=h thermal conductivity of

holes, and κL lattice thermal conductivity. The total mobility of electrons (µ(i=e,tot)) and

holes (µ(i=h,tot)) are calculated based on models introduced in section 4.5.

The carrier-phonon collision rate increases as the temperature of carriers increase

(Tc > Tc0), where Tco and Tc are initial and final carrier temperature. The collision rate

for electrons and holes is given in eq 4.19 [11]:

∂Wc

∂t
∣∣
coll ision =−ξc

Wc −Wc0

τe,c
(4.19)

Where Wc0 is the initial carrier energy density, and τe,c is the energy relaxation time

of electrons τe,n or holes τe,p. ξc is a fitting parameter which tunes the collision rate,

based on carrier density of the channel. ξc ≈ 1 at high carrier density.

Collision term for the lattice is the result of both electron-phonon and hole-phonon

scattering, eq. 4.20:

∂WL

∂t
∣∣
coll ision = ξn

Wn −Wn0

τe,n
+ξp

Wp −Wp0

τe,p
(4.20)
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The current density of electrons (
−−−→
Jc=n) or holes (

−−−→
Jc=p) are calculated based on varia-

tions in energy bands ( ∇Ec or ∇EV ), carrier density (n or p), and the effective mass of

carriers (m∗
n for electrons or m∗

p for holes) [11].
−−−→
Jc=n and

−−−→
Jc=p are calculated as shown

in eq. 4.21 and eq. 4.22 respectively. Eq. 4.21 and 4.22 show the large impact of total

electron µ(e,Tot) and hole mobility µ(h,Tot) on electron and hole current densities.

−→
Jn = qnµ(e,Tot)

(∇Ec

q
+ kBTn∇n

qn
− 1.5kBTn∇lnm∗

n

q

)
(4.21)

and,
−→
Jp = qpµ(h,Tot)

(∇Ev

q
− kBTp∇p

qp
+

1.5kBTp∇lnm∗
p

q

)
(4.22)

Where,
−→
Ec =

∇Ec,v

q
± kBTc∇c

qc
∓ 1.5kBTc∇lnm∗

c

q
(4.23)

Multiplying the right hand side of eq. 4.21 and eq. 4.22 by A × Lch
Lch

would lead to current,

voltage difference (∆Vc) due to carrier electric field, and resistance:

−→
Ic =

( qAcµ(i,Tot)

Lch

)[
Lch

(∇Ec,v

q
± kBTc∇c

qc
∓ 1.5kBTc∇lnm∗

c

q

)]
(4.24)

Where,

∆Vc = Lch

(∇Ec,v

q
± kBTc∇c

qc
∓ 1.5kBTc∇lnm∗

c

q

)
(4.25)

As seen in eq. 4.23,
−→
Ec is generated as the result of the energy band gradient, carrier

density gradient, and effective mass gradient across the NW. Due to relations of these

parameters with carrier temperature [11, 141], applying ∆T grades the named parame-

ters, and therefore generates ∆Vc (eq. 4.25). Boltzmann statistics (eq. 4.26 and eq. 4.27)

is used to calculate the electron (n) and holes (p) densities across the nanowire based on

the difference between the energy band edges (Ec or Ev) and the Fermi level (E f n for

electrons and E f p for holes), [11].

n = Ncexp
(
−Ec −E f n

kBTn

)
(4.26)
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And,

p = Nvexp
(Ev −E f p

kBTh

)
(4.27)

Electron (nB) and hole (pB) concentration at metal/semiconductor interface can be

calculated using eq. 4.8 and 4.9, respectively.

m∗
n and m∗

p across the channel can be calculated based on temperature of carriers

(Tn and Tp) and/or effective density of states (Nc and Nv) [4, 11, 139]. Different models

are used for Si and alloys, such as SiGe, to calculate carrier effective mass and effective

density of states in Sentaurus TCAD [11].

4.4.1.1 Model used for calculation of Nc,v and m∗
n,p in Si

The effective density of states for Si is calculated using [11]:

Nc,v = 2.5094×1019
(m∗

n,p

m0

)3/2 ( Tn,p

300K

)3/2
cm−3 (4.28)

m∗
n and m∗

p calculation for Si is dependent to the lattice temperature (TL). In this model,

m∗
n is calculated using the following relation:

m∗
n

m0
= ((6mt)2 ml)1/3 (4.29)

where,

mt(TL)= ae
Eg(0K)
Eg(TL)

(4.30)

and,

Eg(TL)= Eg(0K)− αT2
L

TL +β (4.31)

Where m0 is the electron mass, ml is longitudinal effective mass, mt is transverse

effective mass, Eg(0K) is the Si band gap at 0 K (= 1.1696 eV [11]), and Eg(TL) is band

gap variation as the function of TL.

In addition, lattice temperature dependent m∗
p is calculated using the equation below:

m∗
p =

(
ah +bTL + cT2

L +dT3
L + eT4

L

1+ f TL + gT2
L +hT3

L + iT4
L

)2/3

m0 (4.32)

The parameters for calculation of m∗
n and m∗

p in Si are shown in table 4.1.
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Table 4.1: Parameters for calculation of carrier effective mass in Si [11]

Parameter name value Unit Parameter name value Unit

ae 0.1905 1 d 0.1263218 ×10−5 1/K3

ml 0.9163 1 e 0.3025581 ×10−8 1/K4

α 4.73 ×10−4 eV/K f 0.4683382 ×10−2 1/K
β 636 K g 0.2286895 ×10−3 1/K2

ah 0.4435870 1 h 0.7469271 ×10−6 1/K3

b 0.3609528 ×10−2 1/K i 0.1727481 ×10−8 1/K4

c 0.1173515 ×10−3 1/K2

4.4.1.2 Model used for calculation of Nc,v and m∗
n,p in SiGe

Variation of Nc and Nv for Si(1−x)Gex at room temperature ( Nc(300K) and Nv(300K))

as a function of mole fraction (x) is estimated using eq. 4.33:

Nc,v(300K)= (1− x)(Nc,v−Si)+ x(Nc,v−Ge) (4.33)

Where Nc−Si and Nv−Si are the electron (2.89 × 1019 cm−3) and hole (3.14 × 1019

cm−3) effective density of states for Si; and Nc−Ge and Nv−Ge are electron (1.02 × 1019

cm−3) and hole (0.5 × 1019 cm−3) effective density of states for Ge, extracted from [11].

The temperature dependence of Nc and Nv at every mole fraction is calculated as shown

below [11]:

Nc,v(Tn,p)= Nc,v(300K)
( Tn,p

300K

)3/2
(4.34)

The carrier effective mass in this model is temperature independent. m∗
n and m∗

p for

alloys are calculated using equation below [11]:

m∗
n,p

m0
=

( Nc,v(300K)
2.5094×1019cm−3

)2/3
(4.35)

4.4.2 Initial guess in hydrodynamic model

At the beginning of the simulation, the hydrodynamic model uses an average temperature

(Tave) as an initial guess. As an example, Tave ≈ Th−Tc
2 for TEGs with temperature

difference (∆T = Th - Tc) due to hot source (Th) and cold sink (Tc) at both ends. In
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addition, for devices without imposed ∆T, Tave = 300 K is used. At the initial guess, Tave

= TL0 = Tn0 = Tp0, where TL0, Tn0, and Tp0 are the initial lattice temperature, electron

temperature, and hole temperature [11]. In this case, eq 4.13 simplifies to:

∇.
−→
Sc =−→

Jc.
∇E(c,v)

q
(4.36)

Where
−→
Sc in eq. 4.17 simplifies to:

−→
Sc =

(
−3kBTc0

2

)(
±−→Jc

q

)
(4.37)

Using eq. 4.37 in eq. 4.36 leads to eq. 4.38 showing the relation of initial average

kinetic energy with electric field due to energy bands
(∇E(c,v)

q

)
.

∇.

[(
−3kBTc0

2

)(
±−→Jc

q

)]
=−→

Jc.
∇E(c,v)

q
(4.38)

4.5 Sources of Mobility degradation and models

used for their calculation

Mobility of electrons and holes is a key parameter in the performance of transistors, and

therefore, CMOS inverters. The difference in mobility of carriers are one of the main

reasons for the asymmetry in I-V characteristics of n- and p-FETs [1, 32]. Therefore,

Philips mobility model (µi,PhuMob), enormal model (µi,enormal), and high field saturation

(µi,HFE) model have been used for accurate calculation of carrier mobility, where i is

electron or hole. Mattheisen’s rule eq. 4.39 is used to calculate the overall carrier mobility

(µi,Tot) by combining the resultant mobility due to degradations, using different mobility

models [11, 75]:

1
µ(i,Tot)

= 1
µ(i,PhuMob)

+ D
µ(i,enormal)

+ 1
µ(i,HFE)

(4.39)
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Where D can be found using eq. 4.40:

D = exp
( −y
10−6cm

)
(4.40)

With y to be the distance from the oxide/semiconductor interface.

4.5.1 Philips mobility model (PhuMob)

Philips mobility model (PhuMob) considers the mobility degradation caused by tempera-

ture, donor concentration (ND), acceptor concentration (NA), and electron-hole scattering.

PhuMob is derived from a fit to the experimental results obtained by Massetti et al

[75]. The range of mobility, considering every type of scattering, for electrons (µe) and

holes (µh) in silicon are 52.2 cm2

V s -1417 cm2

V s and 44.9 cm2

V s -470.5 cm2

V s , respectively. The

overall mobility in PhuMob (eq. 4.41) depends on three terms, (i) mobility due to lattice

temperature (µ(i,T)), (ii) mobility due to ionised dopants (µ(i,I)), and (iii) electron-hole

scattering (µ(i,e−h)) [11, 75].

1
µ(i,PhuMob)

= 1
µ(i,T)

+ 1
µ(i,I)

+ 1
µ(i,e−h)

(4.41)

Average thermal energy (3
2 kBTL) of Si atoms, contributing to lattice vibration,

changes as a function of lattice temperature (TL). The absorbed thermal energy by

the atoms increases their displacement amplitude, resulting in an increase in electron-

phonon scattering rate [142]. Eq. 4.42 is obtained by fitting the experimental results of

mobility (µ(i,T)) as a function of temperature [11, 136].

µ(i,T) =µ(i,max)

(
TL

300K

)−ci

(4.42)

Where µ(i=e,max) = 1417 cm2

V s , µ(i=h,max) = 470.5 cm2

V s , ci=e = 2.5, and ci=h = 2.2.

N- and p-type conventional FETs are formed by adding dopant atoms to the semi-

conductor [4]. However, the Coulomb electric field of the ionised dopants repulses the
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carriers, and therefore, deviate the carriers from their actual path [142]. Ionised im-

purity scattering effect, increases as the doping concentration increases [75, 143]. The

reduced mobility due to this scattering for majority carriers as a function of donors

(NI=D), acceptors ((NI=A)), electron concentration (n), and hole concentration (p) in the

channel can be calculated using equation 4.43 [11, 75].

µ(i,I)(NI , c)=
(

µ2
max

µmax −µmin

)(N(re f ,i)

NI

)α1

+
(
µminµmax

µmax −µmin

)(
n+ p
NI

)
(4.43)

At NI = ND = NA = 0, µ(i,I) = ∞; which means that contribution of ionised impurity

scattering in equation 4.41 is zero. Table 4.2 summarises the constants used in eq. 4.43.

Table 4.2: Table of constants for µi,I of Si doped by Arsenic, Phosphorus, or Boron [75].

Parameter (unit) Arsenic Phosphorus Boron

µmin( cm2

V s ) 52.2 68.5 44.9
µmax( cm2

V s ) 1417 1414 470.5
Nre f (cm3) 9.68 ×1016 9.20 ×1016 2.23 ×1017

α1 0.68 0.711 0.719

Mobility of minority carriers due to ionised impurity scattering can be found using

the following relation [75]:

G(P)= µma jority

µminority
(4.44)

Where,

G(Pc)= 1− 0.89233(
0.41372+

(
m0
m∗

c

T
300

)0.28227
Pc

)0.19778 + 0.005978((
m∗

c
m0

300
T

)0.72169
Pc

)1.80618 (4.45)

and

Pc = 1.36×1020

n+ p

(
m∗

c

m0

)(
T

300

)2
(4.46)

The attractive force between the electrons and holes results in having another type of

scattering in the channel, electron-hole scattering. Majority carriers, electrons (holes), in
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the channel see the holes (electrons) as donors (acceptors) in which they can collide with.

To be able to estimate µ(i,e−h) (eq. 4.47 and eq. 4.48), one has to assume that the donor

(acceptor) concentration for the electrons (holes) as majority carriers are equal to the

concentration of minority carriers in eq. 4.43. The mobility degradation due to µ(i,e−h) is

the product of µ(i,I) with F(Pc). F is analytical fit of experimental data for m∗
c

m∗
j

variation,

where j is the minority carrier [75].

µ(e,e−h)(ND , c)= F(Pn) µ(e,D)(ND = p, c) (4.47)

and,

µ(h,e−h)(NA, c)= F(Pp) µ(h,A)(NA = n, c) (4.48)

Where,

F(Pc)=
0.7643P0.6478

c +2.2999+6.5502 m∗
c

m∗
j

P0.6478
c +2.3670−0.01552 m∗

c
m∗

j

(4.49)

4.5.2 Enormal model

Carriers in the channel undergo an influence of two electric fields. One longitudinal

due to Vds and one transverse due to Vgate. The MOS capacitor of the FET accumulate

or deplete carriers at the semiconductor/SiO2 interface by generating an electric field

perpendicular to the motion of carriers (enormal). Enormal (E⊥) deviates the motion

of carriers, from the longitudinal direction, toward the semiconductor/SiO2 interface

leading to surface roughness (µ(sr)) and acoustic phonon (µ(sph)) scattering . Analytical

formulas for µ(sph) (eq. 4.50) and µ(sr) (eq. 4.51) are [11, 144]:

µsph = B
E⊥

+
C

(
(NA+ND+N2)

N0

)λ
E

1
3
⊥

( T
300K

)k
(4.50)
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µsr =


(

E⊥
Ere f

)A∗
i

δ
+ E3

⊥
η


−1

(4.51)

Where,

A∗
h = A+

α(⊥) pNv
re f

(NA +ND +N1)v (4.52)

and

A∗
e = A+

α(⊥)nNv
re f

(NA +ND +N1)v (4.53)

Table 4.3: Fitting parameters based on experiments for µsph and µsr of Silicon [11].

Parameter (unit) Electrons Holes Parameter (unit) Electrons Holes

A(1) 2 2 Nre f (cm−3) 1 1
B( cm

s ) 4.75×107 9.925×106 Ere f (
( V

cm
)

1 1

C
(

cm
5
3

V
2
3 s

)
5.8×102 2.947×103 λ(1) 0.125 0.0317

N0(cm−3) 1 1 α⊥(cm−3) 0 0
N1(cm−3) 1 1 δ ( cm2

V s ) 5.82×1014 2.0546×1014

N2(cm−3) 1 1 η( V 2

cms ) 5.82×1030 2.0546×1030

4.5.3 High field saturation (HFE) model

Experimental results show that the linear relation (νi = µiE [4, 145]) of electric field

(E) with velocity of electrons (νe) and holes (νh) with respect to constant mobility (µi)

hold solely for E = ELow<104 V
cm in Si [146]. At high electric field (E = Ehigh ≥ 104 V

cm ),

the gained energy due to E balances with the energy loss caused by electron-phonon

scattering [145]. As the result, mobility degrades, and velocity of electrons (ν(e0,sat)) and

holes (ν(h0,sat)) at 300 K in Si saturates at approximately 1.0×107 cm
s and 8×106 cm

s ,

respectively [11, 147, 148]. Mobility degradation model as a function of E (µ(i,E)) has been

derived based on experimental results, and shown in eq. 4.54 [11]. The field dependence
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of mobility (µi,E) becomes significant at E = Ehigh ≥ 104 V
cm , where the temperature of

carriers as a function of E is sufficient to impact the mobility. Therefore, E(= ELow) <
Ehigh is assumed to be zero in this model, which leads to no mobility degradation (µ(i,E)

= µ(i,E low)) as a function of E [11, 149].

µ(i,E)(E)= (α+1)µ(i,ELow)

α+
(
1+

( (α+1)µ(i,ELow)E
ν(i,sat)

)β) 1
β

(4.54)

Where,

β(T)=β0

(
T

300K

)βc

(4.55)

and

ν(i,sat)(T)= ν(i0,sat)

(
300K

T

)νsatc
(4.56)

Table 4.4: Parameters based on experiments for µ(i,E), β, and ν(i,sat) of Si [11].

Parameter (unit) Electrons Holes Parameter (unit) Electrons Holes

α(1) 0 0 βc(1) 0.66 0.17
β0(1) 1.109 1.213 νsatc (1) 0.87 0.52

4.6 Boundary conditions

Thermal and electrical behaviours are defined by thermode and electrode in Sentaurus.

The temperature and surface thermal resistance of the thermode can be set to a constant

value. In this work, surface thermal resistance of the thermodes is negligible. The

electrode, unless otherwise specified, maintains equilibrium for the defined Ohmic or

Schottky contact. At equilibrium, charge neutrality is assumed for an Ohmic contact,

leading to a flat band in case of electrode/semiconductor interface; while band bending
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occurs for Schottky contact, as shown in eq. 2.5. The calculations of electron density

(eq. 4.8), hole density (eq. 4.9), and electrostatic potential (eq. 4.10) at the interface of

the Schottky contact have already been discussed at section 4.1. Electrodes are also

used as electrical contacts on insulators, as for gates (section 4.3). In this work, two

contacts are placed at both ends of the nanowire, acting as both Schottky electrodes and

thermodes; and a contact is placed as Ohmic electrode of the gate. No resistive voltage

drop is assumed across the defined Schottky, Ohmic, or Ohmic on insulator electrodes

[150].

Similar to [151], there are no heat loss/leak, due to convection or radiation, from the

studied TEGs to the ambient or load resistor. Although heat transfer among different

regions of the TEG is considered in the simulations, temperature loss of the semiconduc-

tor to SiO2 is negligible. Low heat loss of the semiconductor to the SiO2 is due to thin

thickness of the simulated oxide (=8 nm) for the TEGs. Similar to [76], SiO2 is mainly

used as a gate insulator for TEGs. Increasing the oxide thickness (gate insulator) would

reduce the electrical conductivity and increase heat transfer from the semiconductor

to the oxide. The generated output power in studied TEGs degrades, if solely oxide

thickness increases, while metal gate work function, voltage biases (= 0 V), and other

dimensions remain unchanged.

4.7 Summary

Sentaurus TCAD is a powerful tool to design and simulate the performance of current

and new devices. It has an extensive library of physics, based on experimentally verified

models that ensure the different processes influencing the carrier can be realistically

simulated.

When simulating nano-scale devices, the hydrodynamic model must be used to

take drift, diffusion, temperature of carriers, temperature of lattice, scatterings, and
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environmental parameters into account.
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5
RECONFIGURABLE NANOWIRE TRANSISTORS WITH

BRIDGED PROGRAM GATES

C
omplementary metal oxide semiconductors (CMOS) are one of the key elements

of digital circuits. Combinations of CMOS inverters with AND logic gates

can build all other logic gates in digital circuits [152]. Low supply voltage

requirement, high frequency performance, and linear transition region of this device

have motivated researchers to use CMOS in analog circuits. Other than being a NOT

gate in digital circuits, analog circuits use CMOS inverters as buffers [153], amplifiers

[154–156], output drivers [155], transconductors [157], comparators [156, 158, 159], and

delay elements [160]. Implementation of CMOS inverters have improved analog-to-

digital conversion for radio frequency and ethernet [158], biosensing [161], and signal

receivers for healthcare and biomedical systems [162, 163]. Further CMOS optimisations

or introduction of new designs are vital for the creation of new opportunities of using

these devices in other applications [155]. The design or optimisation of CMOS inverters

are highly dependent on the application. As an example, analog circuits require linear

transition region, whereas logic circuits need steep transition region for high accuracy of

61



CHAPTER 5. RECONFIGURABLE NANOWIRE TRANSISTORS WITH BRIDGED
PROGRAM GATES

representing binary numbers [157].

Conventional CMOS inverters contain n- and p-doped field effect transistors (FETs)

using a single power supply [1]. Due to difference in mobility electrons and holes [31],

symmetric I-V characteristic could not be achieved with the same geometry of n- and p-

FET. Strategies for symmetric conventional n- and p-FETs included having un-equal gate

and channel lengths [164], contacts with different work functions [30], different channel

materials for n- and p-FET [152, 164], and different doping profiles [30]. However, due

to down-scaling of transistors for further continuation of Moore’s law, obtaining uniform

and accurate doping profiles for each unit of CMOS is challenging. Therefore, un-doped

gated structures seems to be a better option for lower gate length CMOS technologies .

Silicon reconfigurable nanowire field effect transistors (Si RNW-FETs) have attracted

the attention of researchers, as the channel of these FETs are intrinsic. Symmetric I-V

characteristics of n- and p-modes in Si RNW-FETs were achieved by compressive strain

engineering [32].

In this chapter, Sentarus TCAD software [11] is used to design a CMOS inverter

with a flexible fabrication process using two Si RNW-FETs without the need for strain

engineering.

This chapter is organised as follows. Section 5.1, discusses the model evaluation and

calibration methodology. Section 5.2, studies the effect of having dissimilar gates for n-

and p-FETs on their characteristic and forming symmetric I-V. Section 5.3, introduces

the novel capacitive bridged method to form symmetric characteristic for n- and p-FET.

Section 5.4, performance differences between asymmetric gates and the bridged method.

Section 5.5, shows the fabrication process of the bridged method, and explains the impact

of subsequent process on the bridged method. Section 5.6, studies the effect of fabrication

errors on performance of bridged method. Section 5.7, concludes the findings.
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5.1 Model evaluation and calibration

In order to evaluate the accuracy of the simulations, a previously experimented device

must be simulated to evaluate the used models and their parameters. Since silicon

substrate with <100> orientation were used in this work, only experiments with <100>

orientation of Si can be used for evaluation/calibration. Previously, De Marchi [165] have

fabricated a polarity controllable transistor, containing four stacks of Si <100> nanowires.

Fig 5.1 (a) shows the optimised fabricated p-type (1×10−15 cm−3) nanowire stacks with

dissimilar diameters in [165]. The diameters of the Si NWs are estimated to be around

10 nm, using the 100 nm scanning electron microscopy (SEM) image bar. Fig 5.1 (b)

shows the deposited poly-silicons used as program gates (PG), after 5 nm to 8 nm growth

of SiO2 via thermal oxidation. The length of the nanowire stacks and program gates

are estimated, using the 200 nm SEM bar in fig 5.1 (b). Fig 5.1 (c) shows the deposited

control gate (CG), after 5 nm to 8 nm of oxide growth. The second thermal oxidation is

done to isolate the program gates from the control gate. Finally, nickel is deposited and

then annealed, to form a NiSi with 0.45 eV barrier for holes [165].

Figure 5.1: (a) SEM image of optimised nanowire stacks [165]. (b) Image of the device
after program gate deposition [165]. (c) Image of the device after control gate deposition
using self aligned method [165].

Fig 5.2 (a) shows a single nanowire, simulated to evaluate the used model. Parame-
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ters of the simulated device are shown in table 5.1. The obtained drain current of the

simulated device, as a function of control gate voltage (VCG), is multiplied by four to

predict the I-V characteristic of the fabricated device with four stacked NWs. Note that

due to number of fluctuations and uncertainties in the fabricated device, the simulated

device can’t achieve exact I-V behaviour as the obtained experiment. The uncertainties

and fluctuations are, (i) fluctuations in Si NW diameters, (ii) fluctuations in oxide thick-

ness, covering the Si NWs, (iii) fluctuations in oxide thickness between the PG and CG,

and (IV) fluctuations in the distance of the NiSi/Si interface from the gated regions.

Table 5.1: Parameters and values of the quantities in the simulated device shown in fig.
5.2 (a).

Quantity parameter values and units

SiO2 relative permittivity 3.9
Si band gap 1.12 eV

Si electron affinity 4.07 eV
Si electron mobility 1400 cm2

V s
Si hole mobility 470.5 cm2

V s
Schottky barrier height for electrons 0.67 eV

Schottky barrier height for holes 0.45 eV
Poly-Si band gap 1.169 eV

Poly-Si electron affinity 4.05 eV

Fig. 5.2 (b) shows the drain current (Id) as a function of control gate voltage (VCG),

at different program gate voltages (VPG). The ON current (Ion) of the simulated device

approximately matches with that of the experimented transistor. However, the OFF

current (Iof f ) of the simulated device deviates from the experimented transistor. Average

Iof f (Iof f ) for the experimented (simulated) transistor at n-mode is 6.74× 10−11 A

(6.61×10−12 A). In addition, the average Iof f (Iof f ) for the experimented (simulated)

transistor at p-mode and VPG = 0 V is 1.55×10−10 (2.14×10−10 A); and for experimented

(simulated) p-mode at VPG = -2 V are 1.06×10−10 A (8.88×10−10 A). Although Iof f for

experimented and simulated transistors are dissimilar, the range of these differences
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Figure 5.2: (a) Schematic of the simulated nanowire with 2D source and drain metal
contacts, to predict the experimental results shown in [165]. (b) The drain current (Id)
as a function of control gate voltage (VCG) for the simulated (sim.) structure and the
experimented (exp.) device in [165]. Id-VCG is shown for different program gate voltages
(VPG); and constant drain voltage (Vd) of 2V, for all the of the shown results.

are in the order of previously reported simulations, for other experiments (fig. 5.3).

Figure 5.3: (a) shows both the simulations and experiments for Si based RNWs with (a)
<112> orientation channel [1], and (b) strained <110> orientation channel [27].

Although VPG > 2 V is not used in this work, it worth noting that the used model

under-estimates short channel effect at high program gate voltages (VPG ≥ 4 V).
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5.2 Asymmetric gates for n-FET and p-FET

Fig. 5.4 shows the simulated double gated Si RNW-FETs with LGn = 20 nm and LG p =

43 nm for n-FET and p-FET, where LGn and LG p are gate lengths of n-FET and p-FET,

respectively. Carrier type is defined by program gate (PGn for n-FET and PGp for p-FET)

at the channel/drain interface. The injection of carriers is controlled by a control gate

(CGn for n-FET and CGp for p-FET) placed at source/channel interface. The square

shaped core structure with 10 nm sides is formed by contacting 100 nm of NiSi2 at both

ends of a 145 nm long intrinsic Si beam. The core structure with two Schottky contacts

is then covered with 8 nm of SiO2 and 20 nm of metal gates (titanium). The distance

between the FETs (Ld) is constant and equal to 91 nm. The work functions of Ti and

NiSi2 are set to 4.63 eV and 4.65 eV, respectively [27]. In this part of the investigation,

Figure 5.4: (a) 3D view and (b) front view of simulated Si RNW-FETs with LGn = 20
nm and LG p = 43 nm gate lengths for n-FET and p-FET respectively. (c) Cross section
of FETs shown in (a). Lug is length of un-gated region. Sn, Sp, Dn, and Dp are n-FET
source, p-FET source, n-FET drain, and p-FET drain respectively. Online colour: Light
blue regions are the Ti gates, burgundy is SiO2, the grey areas are the NiSi2 contacts,
dark blue is intrinsic Si.
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gate lengths of n-FET (LGn) is dissimilar to p-FET gate lengths (LG p), to compensate for

the difference in electron and hole mobility.

Fig. 5.5 (a) shows the conduction band of the simulated n-FET Si RNW with four

different gate lengths and VCGn = VPGn = 2V and Vdn = 0V, where VCGn , VPGn , and Vdn

are voltages of control gate, program gate, and drain; while LG p = 43 nm.

Figure 5.5: (a) Conduction band (Ec) along the the length of the n-FETs with LGn : 20
nm, 30 nm, 40 nm, 50 nm, and 60 nm. (b) Carrier concentration-LGn at the centre of
gated region (X g) and at un-gated region (Xug). Ec and carrier concentration of n-FETs
are plotted in the middle of the channel along x. E f n is the Fermi level of the n-FETs.
φcug is the height of the potential barrier. N-FETs are at VPGn = VCGn = 2 V and Vdn = 0
V.

From fig 5.5 (a), we observe that the width and height of the potential barrier

φcug at x = Xug increases as the gate length LGn decreases. Due to LGn reduction,

the length of the un-gated region (Lug) increases. Consequently, thermionic emission

and tunneling probability at the centre of the n-FET’s channel for carriers with lower

gate length reduces. Therefore, the ON current of the n-FET reduces at shorter gate

lengths. Fig 5.5 (b) shows that the carrier concentration in the middle of un-gated regions

(Xug) approaches the gated regions (X g) as gate length of n-FET (LGn) increases. This

behaviour is the same for p-FET.

Symmetric I-V characteristics of n-FET and p-FET with dissimilar gate lengths, LGn

= 20 nm and LG p = 43 nm, are shown in fig 5.6 (a) and (b). Although approximately
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Figure 5.6: (a) Id-Vd graph for n-FET and p-FET at |VPGn,p | = 2 V and (1) |VCGn,p | = 2 V
, (2) |VCGn,p | = 1.75 V , (3) and |VCGn,p | = 1.5 V, where VPGn,p , VCGn,p , and Vdn,p are the
program gate, control gate, and drain voltage of n- and p-FETs, respectively. (b) Id −VCG
with |VPGn,p | = |Vdn,p | = 2V . (c) Ion-LG for both FETs at |VPGn,p | = |VCGn,p | = |Vdn,p | = 2
V . (d) Ion

Iof f
- LG for both modes. Ion and Ion

Iof f
for n-FET with LGn = 20 nm and p-FET

with LG p = 43 nm are shown by lines (1) and (2), respectively. LGn (LG p) in (c) and (d) is
varied while LG p = 43 nm (LGn = 20 nm), respectively.

equal Ion is achievable, this method has two weaknesses, (i) Ion as a function of LG p

saturates for LG p > 60 nm (fig. 5.6 (c)) as carrier concentration at X g approaches that

at Xug (fig. 5.5 (b)) , (ii) the requirement of dissimilar gate lengths leads to dissimilar

Ion
Iof f

(fig. 5.6 (d)). In addition, as seen in fig. 5.4 (c) the gate length of the p-FET needs

to be approximately 2.15 times longer than the n-FET, to achieve symmetric I-V. Due

to high LG p
LGn

ratio, the process control complexity of metal gate fabrication increases as

transistors down-scale; especially for sub-10 nm gate length technology regime. As an

example, for LG p = 7 nm (28 Si atom long [7]), LGn must be approximately 3.25 nm

(13 Si atoms long [7]). 3.75 nm gate length difference between n- and p-FETs require

introduction of additional strategies to design, to achieve comparable Iof f . A study on
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n-type GaN-based transistors have shown 325 times increase in Iof f when gate length

is reduced by only 4 nm, from 10 nm to 6 nm [166].

5.3 Bridging the program gates of the p-FET

In this approach, oxide bridges are introduced between the n-FET and p-FET with equal

gate lengths (LGn = LG p = LG), fig. 5.7 (a). The oxide bridges connect the PG of the FET

with lower mobility (p-FET) at x = Xug of the FET with higher mobility (n-FET). The

capacitive behaviour of the PGp/oxide/i-Si controls the flow of carriers in the channel of

the FET with higher ON current. As bias voltages are applied to PGn (VPGn > 0 V) and

PGp (VPGp < 0 V) to define the carrier type of FETs, potential barriers are formed at x

= Xug in the n-FET. Similar to section 5.2, the NiSi2(100 nm)/i-Si(145 nm)/NiSi2(100

nm) core structure is formed on an SiO2 layer. The channel is wrapped by 8 nm of SiO2

and 20 nm of Ti. Ld is constant and equal to 91 nm. The potential barrier height and

width are controlled by the bridge width (Wox) and length (Lox). To better understand

the effect of gate length on potential barrier’s width and height, simulations are done for

two gate lengths: LGn = LG p = LG = 30 nm and 40 nm.

Generally, the electron (hole) concentration in the channel of the un-bridge n-(p-)FET

Figure 5.7: (a) 3D and (b) cross section of bridged method. Online colour: Light blue
regions are the Ti gates, burgundy is SiO2, the grey areas are the NiSi2 contacts, dark
blue is intrinsic Si.
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Figure 5.8: (a) Carrier concentration of the un-bridged n-FET with LG = 30 nm when
VPGn = VCGn = 2 V and Vdn = 0 V, (b) carrier concentration of the bridged n-FET with
LG = 30 nm, Lox = 52 nm, and Wox = 18 nm when VCGn = VPGn = 2 V, Vdn = Vdp = 0 V,
and VPGp = -2 V. (c) Conduction band (Ec) along x-direction for the un-bridged (red) and
bridged (blue) n-FETs shown in (a) and (b). (d) The electron density of n-FET with LG
= 30 nm in (x2, z2) under the PGp/SiO2/i-Si capacitor as a function of Wox and Lox at
same bias as in (b).

is higher in gated (x1) than un-gated (x2) areas when |VCG | > 0 (fig. 5.8 (a)). The electron

concentration at x1 and x2 (region A) of the un-bridged FET with LG = 30 nm (fig. 5.8

(a)) when VPGn = VCGn = 2 V and Vdn = 0 V are 3.85×1018 cm−3 and 5.72×1017 cm−3,

respectively.

Introduction of the bridge further reduces the carrier concentration at region A (fig.

5.8 (b)). Since the bridge is connected to only one side of the n-FET, gradual increase in

carrier concentration occurs starting from z1 to z3. Therefore, a higher barrier height is
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faced by electrons at z1 compared to z3. Fig. 5.8 (c) shows higher barrier for the bridged

n-FET than un-bridged at (x2,z1) and (x2,z2). The slight inhomogeneous behaviour in fig

5.8 (a) for un-bridged n-FET is due to the parasitic capacitance between neighbouring

transistors.

Figure 5.9: (a) Ion-Lox for the bridged n-FET with LG = 30 nm (diamond) and LG = 40
nm (circle) at VCGn = VPGn = Vdn = 2 V and VPGp = -2 V; and (b) Ion-Lox for the bridged
p-FET with LG = 30 nm (diamond) and LG = 40 nm (circle) at VCGp = VPGp = Vdp = -2 V
and VPGn = 2 V. The positions of n-FET and p-FET are shown in fig 5.7 (a).

Fig. 5.8 (d) shows carrier concentration of the bridged n-FET with LG = 30 nm as

functions of Wox and Lox. It can be seen that higher Lox is required for shorter Wox to

reach to a certain carrier concentration.

Fig. 5.9 (a) shows the ON current of the bridged n-FETs with LG = 30 nm, and 40 nm

as a function of Lox and Wox when VCGn = VPGn = Vdn = 2 V and VPGp = -2 V. Reducing

Lox of PGp/SiO2/i-Si capacitor, depletes the electron concentration at region A (fig. 5.8

(d)) and therefore reduces the ON current for the n-FET. The bridged method offers

high flexibility in fabrication process, since symmetry can be achieved through different

combinations of Wox, Lox, or LG . In addition, the slight increase of p-FET’s ON current

(fig 5.9 (b)) is due to the following reasons, (i) parasitic capacitance between the PGp

and centre of the p-FET’s channel as Lox reduces and length of PGp increases, and (ii)
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parasitic capacitance between the neighbouring transistors.

Figure 5.10: Ec along x-direction of the bridged n-FET channel for LG = 30 nm and 40
nm. Both FETs have Lox = 50 nm and Wox = 18 nm when VCGn = VPGn = 2 V, Vdn = 0 V,
and VPGp = -2 V.

Fig. 5.10 shows the conduction band of the bridged n-FETs with LG = 30 nm and 40

nm along the length of the channel crossing z1, both have equal Lox(= 50 nm) and Wox

(= 18 nm). A lower potential barrier is seen for LG = 40 nm than LG = 30 nm, as longer

gate lengths have higher control on carrier concentration of un-gated regions (Lug).

Fig. 5.11 (a) & (b) shows symmetric n-FET and p-FET Id −Vd for the bridged method

with LG = 30 nm and 40 nm. Although symmetric Id-Vd (black lines) can be achieved by

configuring the FETs as shown in fig. 5.11 (a), re-configuring the FETs lead to asymmetric

n-FET and p-FET behaviour (grey lines). The impact of bridging is shown by comparing

transfer characteristics (Fig. 5.11 (c) & (d)) of simulated bridged n-FET (solid line) and

un-bridged n-FETs (dotted line) with reference to the p-FET. The left and right axes

are Id in logarithmic and linear scale, respectively. The right axis shows lower Ion for

bridged compared to un-bridged n-FET, leading to alignment of slightly changed Ion of

p-FET with bridged n-FET.

Fig. 5.12 compares the Ion for n- and p-FETs in bridged method (LG = 40 nm ,Wox =

18 nm, Lox = 50 nm) with Si RNW-FETs in previous works (shown in table 2.1) having

equal gate lengths for n- and p-FET .

72



5.3. BRIDGING THE PROGRAM GATES OF THE P-FET

Figure 5.11: Output characteristic of n- and p-FET in bridged approach for (a) LG = 30
nm, Wox = 18 nm, Lox = 52 nm; and (b) LG = 40 nm, Wox = 18 nm, Lox = 50 nm when
|VPGn,p | = 2 V and (1) |VCGn,p | = 2 V, (2) |VCGn,p | = 1.75 V, (3) and |VCGn,p | = 1.5 V. Transfer
characteristic of n- and p-FET for (c) LG = 30 nm and (d) LG = 40 nm in bridged method
(solid lines), and un-bridged n-FET (dotted lines) when |VPGn,p | = |Vdn,p | = 2 V. Wox = 18
nm, Lox = 52 nm for bridged n-FET with LG = 30 nm in (c); and Wox = 18 nm, Lox = 50
nm for bridged n-FET with LG = 40 nm in (d).

Figure 5.12: Comparing ON current symmetry factors for n- and p-FETs of this work
with [27] (Darbandy, 2016), [29] (Zhang, 2014), [32] (Heinzig, 2013), [33] (De Marchi,
2012), [28] (Heinzig, 2012), and [34] (Mongillo, 2012) shown in table 2.1.
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5.4 Physics and performance differences between

asymmetric gates and the bridged method

As seen in fig. 5.5 (a) and 5.8 (c), both approaches form a barrier in the middle of the

n-FET’s channel, to compensate for the difference in electron and hole mobility. Since

LG p (= 43 nm) of p-FET in the asymmetric gates method (fig. 5.4 (c)) has approximately

similar gate length as the bridged method with LG = 40 nm, Ec of their n-FETs to achieve

I-V symmetry can be compared (fig 5.13). As a reference, Ec of n-FET in un-bridged

method (red) with LGn = LG p = 40 nm is plotted. As seen in fig 5.13, the barrier height

at the centre of the channel with LGn = 20 nm is either approximately equal (at z1) or

higher (at z2) than the bridged method with LG = 40 nm. This leads to lower thermionic

emission of the carriers in un-bridged n-FET with LGn = 20 nm, than other shown cases

in fig 5.13. In addition, wider depletion width of the un-bridged method with asymmetric

gates (LG p = 43 nm and LGn = 20 nm) results in lower tunneling of carriers, through

the barrier, than the other two cases (fig 5.13). Therefore, lower ON current is resulted

Figure 5.13: Ec along the length of the studied nanowires are plotted along z1 (solid)
and z2 (dotted), when VCGn = VPGn = 2 V, Vdn = 0 V, and VPGp = -2 V. The red lines are
the conduction bands of un-bridged n-FET (Lox = 0 V) with LGn = LG p = 40 nm. Ec of
bridged method with LG = 40 nm and Wox = 18 nm are shown in blue; and conduction
band of n-FET shown in fig 5.4 (c) are plotted in green .
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for n-FET of un-bridged method with LGn = 20 nm, than other two cases. Since the

propagation delay, the time taken for the inverter to respond to the change of gate

voltage ( change of input), of an inverter is in inverse relation with the drain currents

of n-FET and p-FET [5], degrading the current of n-FET results in higher propagation

delay; and therefore, reduces the switching speed.

In addition, reduction of LGn in asymmetric method increases the OFF current [167],

leading to an increase in power dissipation, when the n-FET in fig 5.4 (c) is off [5, 7].

Introduction of a capacitive bridge at the centre of n-FET eliminates the need of requiring

asymmetric gates to achieve symmetric I-V, and therefore, minimises the static power

dissipation. The performance characteristics of n- and p-FET for asymmetric gates and

bridged methods are shown in table 5.2.

Table 5.2: Performance parameters for n- and p-FETs of both methods at |VPGn,p | =
|VCGn,p | = |Vdn,p | = 2V. GL is gate length, SS is subthreshold swing, Vth threshold voltage,
and Iof f current at |VPGn,p | = |Vdn,p | = 2 V and |VCGn,p | = 0 V; and gm is maximum
trans-conductance at |VPGn,p | = 2 V and |Vdn,p | = 0.01 V.

Method Type-GL (nm) Ion (µA) Vth (V) SS ( mV
dec ) Ion

Iof f
DIBL ( mV

V ) gm ( A
V )

Asymmetric
n - 20 1.29 1.16 159.6 7.4×107 70.35 1.02×10−8

p - 43 1.30 1.27 134.1 1.68×108 8.04 6.7×10−11

Bridged
n - 40 1.709 1.15 131.1 2.29×108 145.72 1.7×10−8

p - 40 1.708 1.19 130.0 2.17×108 65.32 9×10−11

Bridged
n - 30 0.957 1.08 149.4 8.89×107 97.98 8.72×10−9

p - 30 0.964 1.25 143.5 9.50×107 5.02 6.6×10−11

In comparison to the shown methods, the Ion (and threshold voltage) of the un-bridged

n-FETs with LGn = LG p = 30 nm and 40 nm are 1.92 µA (1.20 V) and 2.79 µA (1.22 V),

respectively.
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5.5 Fabrication process of bridged method and

effect of subsequent processing step

The Si RNW-FETs with bridge control can be fabricated on a silicon on oxide (SOI)

wafer. A possible fabrication flow is given in this section. Similar to previously fabricated

Si RNWs, e-beam lithography and reactive ion etching (RIE) is used to create the Si

NWs [33], (fig. 5.14 (b)). Then, Ni is deposited on both ends of the NWs, using e-beam

lithography followed by metal evaporation. Nickel is axially diffused to the silicon via

annealing, to form abrupt NiSi2/Si Schottky contacts [28, 28], fig. 5.14 (c).

Figure 5.14: (a) SOI wafer with 1 µm of buried SiO2 and 10 nm of device layer. (b)
E-beam written Si NWs after RIE. (c) The formed NiSi2, after annealing the Ni.

The next step is formation of gate insulators and the bridge via oxide deposition. Since

introduction of the bridge might introduce new phenomena into Si-RNW fabrication

process, the following steps are simulated. Due to initial height difference of the buried

oxide with the top of the Si NWs, and top of nickel pads, using a thin photo-resist (fig.

5.15 (a)) leads to formation of non-uniform SiO2 (fig 5.15 (b)). To optimise this step, the

sample is firstly covered by a thick photo-resist (2 µm); and then etched, prior to e-beam

lithography, to reach final photo-resist thickness of 50 nm. Fig 5.15 (c) shows the 50 nm

thickness of photo-resist, after e-beam lithography and the subsequent etching. Fig. 5.15

(d) shows a deposited SiO2 with uniform thickness. Similar procedure in fig 5.15 (c) &

(d) must be followed to deposit the titanium, used as gates (fig. 5.16).

To minimise the alignment error, the deposited SiO2, as gate insulator, cover 50 nm

of source and drain; and the titanium gates cover 30 nm of the NiSi2.
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Figure 5.15: (a) The deposited photo-resist with 50 nm of thickness, after e-beam lithog-
raphy and etching. (b) the final non-uniform SiO2, due to non-uniform thin photo-resist
coverage, shown in (a). (c) The reduced thickness of photo-resist (from 2 µm to 50
nm), after e-beam lithography and etching. (d) The uniform SiO2, due to uniform thin
photo-resist, shown in (c).

Figure 5.16: Final schematic of the device, after deposition of titanium.

As explained in section 2.5, the sample must be covered with a low-k PMD [45, 168].

The dielectric constant of the used PMD must be less than the gate insulator and

the bridge dielectric constant, for three main reasons, (i) to minimise the parasitic

gate/PMD/gate capacitance between the neighbouring gates, (ii) to minimise the par-

asitic capacitance formed in gate/PMD/oxide/channel, and (iii) to minimise the added

parasitic capacitance to PGp/oxide/i-Si capacitor (bridge). If the chosen PMD has higher

dielectric constant than the bridge and gate insulators, the generated parasitic capaci-
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tance between the mentioned areas increases. Other than using low-k PMD, high-k gate

insulators and bridge (such as H f O2) can be used to minimise the mentioned negative

effects of PMD.

5.6 Impact of fabrication inaccuracies in gate length

and bridge dimensions

In this section, the response of n-FET’s Ion to possible deviations of Lox, Wox, and LG

from the ideal dimensions during the fabrication process is studied. Due to the nano-scale

dimensions of these parameters, errors the in fabrication process are likely. To study

the effect of deviations, every parameter is varied in a range of ± 4 nm while other

parameters are kept constant.

Figure 5.17: (a) ON current as a function of variation from the mean, and (b) Ec at z1
along the channel for bridged n-FET with LG = 40 nm, Lox = 50 nm, and Wox = 18 nm.

As seen in fig. 5.17 (a), minor change in Ion occurs as Lox or Wox are varied. Ion for

bridged n-FETs with Wox = 20 nm and Wox = 21 nm is approximately similar. This occurs

because Ion reduction due to rise of potential barriers (φCug) gets compensated with rise

of current due to increase in electric field (Ex1), fig. 5.17 (b).
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However, inaccuracy in LG leads to higher Ion variation than Lox and Wox. This is

due to two main reasons, (i) LG tunes the ability of the gate to control carriers in the

channel, and (ii) LG has high impact on the barriers formed across the channel.

5.7 Conclusion

Symmetric I-V characteristics for n- and p-FET is vital for Si RNW-FET CMOS inverters.

Previously, implementation of compressive strain engieering on Si was found to result in

approximately symmetric I-V characteristics. However, this method is highly sensitive to

crystallographic orientation and insulator’s material.

In this work, TCAD study is carried out to design FETs with symmetric I-V char-

acteristics. A new approach with equal gates for n- and p-FET, based on a capacitive

oxide bridge between the un-gated regions of the n-FET and program gates of p-FET

(bridged method), is compared with having dissimilar gates for n- and p-FET. Equal

Ion can be achieved using dissimilar gates. However, dissimilar gate lengths lead to

un-equal Ion
Iof f

ratio. In addition, the Ion tuning in this approach is limited to gate lengths

less than 60 nm for the double gated RNW, as carrier concentration in un-gated regions

becomes similar to gated regions at this gate length. However, equal ON and comparable

OFF current is achieved for n- and p-FETs in the bridged method, as a consequence

of decreasing ON current of the n-FET. This method has shown good tolerance toward

variation in fabrication process.
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6
GATED SILICON NANOWIRE FOR THERMO-ELECTRIC

POWER GENERATION AND TEMPERATURE SENSING

I
n this study, TCAD simulations [11] are firstly conducted to study the effect of

using an appropriate gate metal work function to control the carrier concentration

in intrinsic Si NWs, and therefore, σS2 across the nanowire. Then, the gated

structure is used to sense the temperature using multiple approaches. Section 6.1,

introduces the simulated gated intrinsic Si NWs of this work for thermo-electrc power

generation. Section 6.2, explains the methodologies to sense the temperature based on

the simulated gated Si-NWs. Section 6.3, concludes the work.

6.1 Gated i-Si for thermo-electric power generation

The metal gate work function was found to be highly important in nano-scaled transistors.

Ti metal gate on intrinsic Si-RNW transistors (section 2.4) was deliberately chosen, as

the silicon work function (φSi = 4.634 eV) is equal to the titanium work function (φTi)

[1, 27, 150], fig. 6.1 (a). φTi = φSi ≈ 4.63 eV [27] leads to flat band, and therefore leave

the NW intrinsic at zero gate bias. However, φm 6= φSi results in band bending at the
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Si/SiO2 interface, and causes an internal electric field (E int) across SiO2 [169]. Choosing

an appropriate gate metal with φm at φTi > φm (φTi < φm) can lead to accumulation of

electrons (holes) at the Si/SiO2 interface at zero gate bias (fig. 6.1 (b) & (c)) .

Figure 6.1: (a) The energy band diagram of the metal/SiO2/i-Si structure before contact.
(b) Metal/SiO2/i-Si structure after contact when (b) φm < φTi, and (c) φm > φTi, leading
to accumulation of electrons and holes at Si/SiO2, respectively.

In this work, electron modulation and its effect on power generation is studied via

tuning φm of the metal gate wrapped around the i-Si NW. This approach is similar to

applying a gate voltage to flatten the bands in MOSFETs due to work function difference

of metal gate and Si, leading to accumulation/depletion of charges at zero gate bias.

Figure 6.2 shows the simulated gate-all-around (GAA) structure. A circular Si-NW with

Figure 6.2: (a) Front view, (b) cross section of simulated gated i-Si. For the sake of
simulation efficiency, all metals are defined as 2D contacts only.

diameter dSi and length LSi = 220 nm is wrapped by SiO2 with thickness dox = 8 nm.
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LSi and dox are kept constant while dSi is varied. The metal layers in gated structure

are assumed as 2D surfaces without thickness in Sentaurus. The contacts at both ends

of the nanowire are aluminum with work function φAl = 4.1 eV, within the range of

reported work functions for aluminum (4.06 eV ≤ φAl ≤ 4.28 eV) in [170]. The metal gate

work function is varied between 3.7 eV ≤ φm ≤ 4.2 eV to tune the electron accumulations

in the channel. The lattice thermal conductivity of smooth circular Si-NW (κ(L,Si)) as

a function of dSi is extracted from [60] and SiO2 thermal conductivity (κox) is kept

constant for all dSi at κox = 0.014 W
cmK [4]. κ(L,Si) for dSi = 12 nm, 37 nm, and 62 nm are

0.064 W
cmK , 0.182 W

cmK , and 0.292 W
cmK respectively. The overall thermal conductivity of

Si is κSi = κ(L,Si) + κ(e,Si),where κ(e,Si) is thermal conductivity due to electrons in Si. ∆T

is formed by having a constant cold sink (Tc = 300 K) and a hot sink (Th).

Fig. 6.3 shows the influence of metal gate work function (φm) on electron density and

electron mobility. Since carrier modulation is achieved by band bending at Si/SiO2 inter-

face due to internal electric field (E int), electron concentration (n) and mobility experience

a non-homogeneous variation across the cross section (fig 6.3 (a) & (b)). Unlike doping

where power is generated across the cross-section uniformly, gated structures have

non-homogeneous power generation. As seen in fig 6.3 (c) and (d), carrier concentration

(mobility) increases (reduces) as φm reduces. As expected, higher carrier concentration

(lower mobility) is achieved for smaller dSi, due to higher control on carriers.

Due to the inverse relation of Seebeck coefficient (S) with electron concentration (n),

non-homogeneous behaviour of n leads to variation in S. Along the cross section of the

NW, S is highest at the centre of the cross section (C), and reaches to its minimum at

the Si/SiO2 interface (int). Since carrier control for smaller dSi is higher, reducting φm

leads to higher average n (< n >) and therefore higher average σ (< σ >) for dSi = 12

nm than larger diameters (fig 6.4 (a)). Although the average < S > for dSi = 12 nm is

less than for larger diameters (fig 6.4 (a)), higher < σ > for smaller dSi compensates
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Figure 6.3: (a) electron density and (b) electron mobility of gated i-Si with dSi = 12 nm.
Both at middle of the NW length. (c) electron density and, (d) electron mobility as a
function of φm of metal gate and dSi for gated i-Si at ∆T = 0 K. Labeling: C refers to the
middle of the NW and int is interface. The values are given at int = rSi-1 nm and C is
the core of the NW (centre), where rSi is the radius.

with reducing < S >. This compensation leads to maximum σS2 for dSi = 12 nm (fig 6.4

(b)). The voltage difference (∆V ) and generated current (Ig) show trend consistent with:

<σ>, < S >, and area (A). Higher average < S > leads to higher ∆V . In addition, lower

current density at larger diameters were compensated by their larger area.

The maximum output power (Pmax) of the simulated structures at Th −Tc = ∆T = 15

K are shown in fig. 6.5. Pmax is the peak power as a function of varying RL, where RL is

load resistance. At Pmax, RL = R, where R is resistance of the TEG. Pmax of simulated
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Figure 6.4: (a) Normalised σ-φm (dashed) and S-φm (solid), (b) normalised σS2-φm, (c)
∆V -φm, and (d) Ig-φm at ∆T = 15 K for dSi = 12 nm, 37 nm, and 62 nm. Normalised
amount = x−xmin

xmax−xmin
, where x can be S, σ, or σS2; and xmin (Smin, σmin, or σS2

min) is the
minimum amount, and xmax (Smax, σmax, or σS2

max) is the maximum amount.

NWs were achieved at different RL, since the average mobility and < n > were different

for different dSi and φm.

Fig 6.5 (a) shows Pmax of NWs with dSi: 12, 37, and 62 nm. To understand the effect

of mobility scattering on Pmax, the graph of Pmax - φm for dSi = 12 nm is plotted with

and without implementing mobility models (fig 6.5 (a)). The results of the gated i-Si with

12 nm Si diameter is also compared with the doped Si-NW having similar dSi (fig. 6.5

(b)). Simulations show that mobility scattering in gated i-Si causes 32 % degradation in
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Figure 6.5: (a) Power density- φm graph of the gated i-Si with dsi = 12 nm, 37 nm, and
62 nm; and (b) power density-doping of doped NWs with dsi = 12 nm at ∆T = 15K . (c)
κ(e,Si)-φm for gated intrinsic NWs, and (d) κ(e,Si)- doping of doped NW with dsi = 12 nm.
(e) ZTave- φm for gated i-Si NWs and (f) ZTave- doping of doped NW with dsi = 12 nm.
Tave=

Th+Tc
2 , where Th = 315 K and Tc = 300 K.
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Pmax. In addition, due to reduced control in larger dSi, Pmax of gated NWs with larger

diameters are achieved at lower φm. Fig 6.5 (b) shows 74 % degradation in Pmax of doped

structures, caused by mobility scattering. Higher degradation in doped structures is

expected, due to introduction of ionised impurity scattering. The interface mobility of

gated i-Si with dSi = 12 nm and φm = 4.1 eV (n = 1.03 × 1018 cm−3 at the interface) is

2.44 times higher than the doped structure, having similar carrier concentration. Pmax

of gated i-Si NWs with dsi = 12 nm is 2.20 times larger than the doped structure with

similar dsi. To better understand the effect of carrier modulation on TEG performance,

one has to calculate κ(e,Si), and therefore, ZTave. κ(e,Si) is calculated using eq. 3.11 for

doped and gated i-Si. Although significant rise is seen (fig. 6.5 (c) & (d)) for κ(e,Si) as

carrier concentration increases, κ(L,Si) remains dominant. Improvement of σS2 in gated

structures, compared to doped structures, have led to higher ZTave for gated structures

than doped Si.

Figure 6.6: (a) Power-time, and (b) ∆T-time of simulated NWs with dSi: 12, 37, and 62
nm. Heat sink loses its temperature at time > 0.

In this part of the study, Tc is constant while Th is exceptionally lost as a function of

time, to study the effect of thermal conductivity. Fig. 6.6 shows the response of power

and ∆T to temperate loss at Th as a function of time, where time = 0 is the instance

prior to temperature loss. Within the range of simulated NWs and time = 0 (fig. 6.6 (a)),

we find that maximum output power is achieved for higher dSi. At time = 0, Th(= 15 K)

87



CHAPTER 6. GATED SILICON NANOWIRE FOR THERMO-ELECTRIC POWER
GENERATION AND TEMPERATURE SENSING

is constant and steady. However, heat sink starts losing its temperature at time > 0, and

preservation of ∆T becomes solely dependent to κSi. As seen in fig. 6.6 (a), NWs with

smaller dSi, and therefore lower κSi, have longer time of power generation. The time

taken for dSi = 12 nm to lose 14 K of ∆T is 76 % and 88 % more than NWs with 37 nm

and 62 nm diameters respectively (fig. 6.6 (b)).

We have also compared the performance of GAA to Ω-gated NW [171], both shapes

had φm = 4.1 eV, ∆T = 15, and dox = 8nm. The Pmax of Ω-gated NWs with 12 nm, 37 nm,

and 62 nm were 0.09 %, 3.47 %. and 4.30 % less than that of the GAA NWs with similar

diameters respectively.

Previously, extensive research is done in [172–174] to study the effect of fixed charges

(Q f ) and interface trapped charges (Q i) on silicon devices. Among the two charges,

interface trapped charge at Si/SiO2 interface has considerable impact on carrier con-

centration. A typical density range for Q i is 1010 < D it < 1012 cm−2eV−1 [172]. Fig 6.7

shows the maximum output power of GAA i-Si with dSi = 12 nm as a function of D it. A

sharp decrease in Pmax is seen after D it ≥ 2×1011 for GAA with φm = 4.1 eV. However,

reducing the work function to 3.9 eV recovers Pmax at D it ≈ 8×1011 cm−2eV−1.

Figure 6.7: Power-D it for GAA i-Si NW with dSi = 12 nm, ∆T = 15 K, and two φm: 3.9,
and 4.1 eV.

For completeness, the effect of applying gate voltage (Vgate) on Pmax for GAA i-Si
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with dSi = 12 nm, φm = 4.1 eV, and D it = 1012 cm−2eV−1 was also studied. As seen in

fig. 6.8, Vgate = 0.25 V is required to reach the optimised < n >. The optimised carrier

concentration leads to equal Pmax as the NW with dSi = 12 nm, φm = 4.1 eV, and D it = 0

(ideal).

Figure 6.8: (a) Electron density-Vgate, and (b) power-Vgate for dSi = 12 nm, dox = 8 nm,
and D it = 1012 cm−2eV−1.

6.2 Gated structure for temperature sensing

Reconfigurable GAA RNW structures with a single gate (SG) (fig 6.2) and double gate

(DG) (fig 6.9 (a)) can be used for temperature sensing. The core of these structures

are Al/i-Si/Al wrapped by SiO2, having similar dimensions as in section 6.1. In DG

GAA RNWs, the type of carriers in the channel and the control of carrier injection into

the channel is done by program gate (PG) and control gate (CG), respectively. The gap

between CG and PG is 10 nm for all DG GAA RNWs. Work function of gates (φm) and

D it are set to 4.1 eV and 0 cm−2eV−1 (ideal), respectively. VCG is varied, while VPG = 0 V

for all simulations. A variable ∆T is defined by having constant Tc (= 300 K) and varied

Th. The temperature sensor is connected to load resistance (RL) with RL = R.

Fig. 6.9 (b) shows the conduction band (Ec) along the length of the GAA RNWs. At

zero VCG , Ec is approximately flat across the nanowire, as work functions of contacts

and gates are equal to 4.1 eV. However, applying a negative voltage to VCG increases
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Figure 6.9: (a) Schematic of a DG temperature sensor with program gate (PG) and
control gate (CG). (b) Ec along the length of the SG and DG (CG lengths of 30 or 50 nm)
GAA NW for -0.4 V < Vgate,CG < 0 V. The NW length is 220 nm and dSi = 12 nm.

the barrier φB faced by electrons at the metal/semiconductor interface under CG. On

the other hand, increasing the temperature Th, increases the density of electrons with

energies higher than φB. Higher density of electrons with greater energy than φB,

increases the generated current (Ig) across the NW. In this type of sensor, temperature

sensing can be done in one or two steps, for higher accuracy. Temperature of the hot spot

can be sensed by, (i) the linear relation of generated current (Ig) with Th at VCG = 0 V

(fig. 6.10 (a)), and/or (ii) by tuning VCG to keep Ig constant as Th is varied. In the second

case, the value of VCG (VG) to keep Ig constant is the reading of the hot spot temperature

(Th).

The depletion width and barrier height (φB) as a function of VCG (VCG < 0V) are

defined by CG length (LCG). The effect of LCG on depletion width and φB are studied for

diSi = 12 nm, 37 nm, and 62 nm, and compared with SG GAA NW, fig. 6.9 (b).
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Figure 6.10: (a) Ig-Th in the SG NW for d = 12 nm, 37 nm, and 62 nm. (b) The variation
of Ig as a function of the control voltage VG and VCG for the SG and DG NWs at a ∆T =
1 K.

Fig. 6.10 (a) shows the linear relation of Ig with Th for SG NWs with different

diameters and Vgate = 0 V. Due to the short gap (= 10 nm) between CG and PG of

DG NWs (not shown), Ig-Th follows a similar trend as SG NWs with equal dSi. The

formula of Ig as a function of Th (eq. 6.1) can be derived based on equation of current in

[73, 92, 93, 175].

Ig =−qAnµ(e,tot)

L
S(Th −Tc) (6.1)

Where q is charge, A is cross sectional area of the channel, µ(e,tot) is mobility of

electrons, and L ( = 220 nm) is length of the nanowire. As seen in eq. 6.1, the variability

of µ(e,tot), n, and A, tunes the response of Ig to Th. A has significant impact on Ig, as it

will affect µ(e,tot) and n (fig. 6.3) as well. As dSi increases, µ(e,tot) increases and n reduces.

The sensitivity of Ig to changes in temperature (∆I1K = ∆Ig
∆T with ∆T = 1 K) is highly

dependent to dSi. ∆I1K = 0.63 nA
K , 3.40 nA

K , 7.22 nA
K for dSi = 12 nm, 37 nm, and 62

nm, respectively. Fig 6.10 (b), shows the impact of LCG and gate voltage (Vgate for SG

and VCG for DG) on Ig at ∆T = 1 K. Similar to FETs in weak inversion, Ig reduces

exponentially over wide range of negative Vgate or VCG bias for SG or DG respectively.

The sub-threshold swing (inverse of the slope of log10(Ig )-VCG) gets lower as LCG
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increases (table 6.1), while the weak inversion region gets wider for shorter LCG .

Table 6.1: Shows sub-threshold (SS) slope of the GAA NWs for dSi = 12 nm at ∆T = 1 K,
5 K, and 10 K ; and dSi = 37 nm and 62 nm at ∆T = 1 K. SSDG,50 and SSDG,30 are SS
for DG NWs with LCG = 50 nm and 30 nm respectively.

dSi(nm) ∆T(K) SSSG( mV
dec ) SSDG,50( mV

dec ) SSDG,30( mV
dec )

12 1 62.36 65.16 74.29
12 5 62.75 66.09 75.12
12 10 63.41 66.97 76.24
37 1 62.84 84.38 123.8
62 1 63.53 115.30 198.96

The results for Th detection as a function of gate bias is given in fig. 6.11. The

reference generated current (Igre f ) is the generated current at Th = 301 K (and therefore

∆T = 1K) when zero voltage is applied to gate(s). Igre f for different diameters are different.

At Th > 301 K, a gate voltage is applied to keep the current equal to Igre f . Igre f is 0.65

nA, 3.51 nA, and 7.51 nA for dSi = 12 nm, 37 nm, and 62 nm, respectively. As seen in fig

6.11, the required gate voltage to operate sensors increase as dSi increases. In addition,

shorter LCG leads to higher gate voltage supply for sensing operation.

In the two-step temperature sensing implementation, the generated current (Ig) at

zero gate voltage in step (i) can be used to find the required Vgate,CG (Vgate for SG and

VCG for DG) in (ii) to maintain Igre f . Equation 6.2 calculates the required Vgate,CG as the

function of generated current (Ig) in (i).

VG,CG =
ab+ cId

g

b+ Id
g

(6.2)

Where a, b, and c are constants that are dependent to dSi and gate length. These

parameters are given in table 6.2.
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Figure 6.11: Vgate,CG-Th for (a) dSi = 12 nm, (b) dSi = 37 nm, and 62 nm to achieve
their Igre f . Igre f is 0.65 nA, 3.51 nA, and 7.51 nA for dSi = 12 nm, 37 nm and 62 nm,
respectively.

Table 6.2: The parameters of equation 6.2; and the accuracy of the parameters in corre-
lating Ig with required Vgate,CG for the mentioned GAA i-Si sensors. The maning of the
sensors are as follows: SGdSi and DGdSi ,LCG , where dSi and LCG are in nm.

Name SG8 SG37 SG62 DG8,50 DG37,50 DG62,50 DG8,30 DG37,30 DG62,30
a 3.1922 4.9519 7.4352 2.6332 5.3730 6.5968 1.8983 1.8621 1.3579
b 0.0085 0.0082 0.0044 0.0103 0.0199 0.0342 0.0170 0.0403 0.0575
c -0.5920 -0.6394 -0.6171 -0.7143 -1.0848 -1.5785 -0.8718 -1.5318 -2.4840
d 0.1409 0.1356 0.1505 0.1492 0.1141 0.0995 0.1501 0.1477 0.1747

Accuracy % 95.2 % 94.5 % 94.3 % 93.8 % 93.7 % 94.3 % 93.9 % 94.1 % 94.9

6.3 Conclusion

Carrier modulation via metal gate work function (φm) tuning of gated intrinsic Si

was studied using TCAD simulation, and compared with doped structures. Significant

improvement in mobility in gated structures at zero gate bias led to 2.2 higher power than

for doped structures. In addition, significant degradation in output power of gated i-Si,

caused by interface trapped charges, can be compensated with reduced φm. Furthermore,

larger diameter (dSi) of gated Si can lead to higher output power, only in the presence of

steady and constant heat source. However, as heat source loses its temperature, NWs

with smaller dSi (lower thermal conductivity) is preferable for longer heat preservation

and power generation.

In addition, it was found that single gated (SG) and double gated (DG) i-Si can be

used for temperature sensing. Due to the existence of a gate at the metal/i-Si interface,
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injection of carriers into the channel from the source can be controlled. At zero gate bias,

the current generated (Ig) increases linearly with temperature at hot side (Th). The Ig is

thus a measure for Th. Alternatively, a gate voltage can be applied such that the current

remain constant at all temperatures of Th. It was found that larger Si NW diameter and

shorter gate length lead higher gate voltage requirement for operation.

94



C
H

A
P

T
E

R

7
GRADING CARRIER DENSITY TO OPTIMISE

THERMO-ELECTRIC POWER GENERATION

P
reviously, we have shown that work-function tuning of the metal gate can modu-

late carrier concentration in an intrinsic material. This approach increased the

power of Si TEGs by 2.2 times compared to doped structures, due to reduction

in mobility degradation. In this chapter, temperature dependent carrier concentration,

effective density of states, and conduction band are graded to further optimise the output

power. Grading the conduction band of a NW with electrons as majority carriers can

introduce an internal electric field (E int), in the same direction as the current generated

by ∆T (Ig). Similar direction of Ig with E int can lead to an increase in overall current. In

addition, as seen in eq. 3.5, Seebeck coefficient of Sn can increase by increasing ln
(

Nc
n

)
.

Therefore, reduction of carrier concentration and/or increase of effective density of states

can improve Sn in non-degenerate semiconductors.

This chapter is organised as follows. Section 7.1, studies the effect of grading mole

fraction of SiGe on improvement of power generation. Section 7.2, investigates the effect

of grading the diameter of Si NW on the gradient of carrier concentration, and therefore,
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its output power. Section 7.3, concludes the work.

7.1 Grading mole fraction of gated Si1−xGex

In this approach, mole fraction (x) of intrinsic Si1−xGex is graded (x = x1 → x = x2) to

tune its electrical and thermal properties. Band gap, electron affinity, mobility, effective

density of states [11], and thermal conductivity [107] of SiGe changes as a function of x.

Variation of band gap and electron affinity of graded intrinsic SiGe leads to grading of

carrier concentration even when the NW is is not gated (fig. 7.1 (a)). Similar to chapter 6,

SiGe is covered by 8 nm of SiO2 and a 2D metal gate (fig 7.1 (b)); and diameter (dSiGe)

and length of the SiGe are constant and equal to 12 nm and 220 nm respectively.

Figure 7.1: (a) Energy and electron density of the un-gated graded SiGe from x1 = 0 to x2
= 0.8. (b) Cross section of the gated graded (x1 → x2) SiGe with temperature Tx1 at x1
and Tx2 at x2.

The work function of 2D contacts at both ends of the channel are chosen such to form

approximately flat bands at the metal/SiGe interfaces for all simulations. Flat band at

both ends of the NW ensures that the changes in output power is solely due to effect

of grading. κox is kept constant at 0.014 W
cmK [4]; and the curvature relation of SiGe

lattice thermal conductivity (κ(L,SiGe)) with mole fraction x ( shown in fig. 3.4 (a)) is
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used to estimate κ(L,SiGe) for dSiGe = 12 nm. In this case, κ(L,SiGe)-x for dSiGe = 12 nm

is found by fitting the calculated lattice thermal conductivity of Si in [60], Si0.99Ge0.01,

Si0.95Ge0.05, Si0.9Ge0.1, Si0.8Ge0.2, and Si0.7Ge0.3 in [107] in to the κ(L,SiGe)-x curve

obtained in [107] to estimate κ(L,SiGe) for x = 0.4 to x = 0.8. The amount of electron

affinity, band gap, and mobiliy at room temperature as a function of SiGe mole fraction

is extracted from Sentaurus TCAD library [11].

As a reference, an un-graded gated Si0.6Ge0.4 with temperature difference ∆T is

simulated. Similar to chapter 6, metal gate work function for NW with D it = 0 is varied

between 3.7 eV ≤ φm ≤ 4.2 eV to tune electron accumulations across the channel, to

achieve the maximum possible output power. The mole fraction of SiGe is then graded

with reference to x = 0.4 between mole fractions of 0 and 0.8, having equal metal gate

work function (φm = 4.0 eV) as gated Si0.6Ge0.4 with maximum output power. Fig. 7.2

shows the graded (x1 = 0 → x2 = 0.8) gated (φm = 4.0 eV) SiGe presenting the range of

electron and mobility distribution across the NW at ∆T = 0 K.

Table 7.1 shows the studied graded structures with metal gate work function of 4.0 eV

and ∆T = 0 K. Due to slight band bending at metal/SiGe interface, the electron density

variation as the result of grading mole fraction is studied at X = 0.01 µm and X = 0.21

µm, instead of X = 0 µm and X = 0.22 µm respectively (fig. 7.2 (b)).

x1 → x2 NCx1 → NCx2 (×1019 cm−3) n(0.01,c) → n(0.21,c) (×1018 cm−3) n(0.01,int) → n(0.21,int) (×1018 cm−3)
0.4→ 0.4 2.14→ 2.14 1.110→ 1.110 1.980→ 1.980
0.3→ 0.5 2.33→ 1.95 1.151→ 1.067 2.143→ 1.815
0.2→ 0.6 2.51→ 1.77 1.187→ 1.019 2.317→ 1.660
0.1→ 0.7 2.70→ 1.58 1.220→ 9.684 2.499→ 1.512
0→ 0.8 2.89→ 1.40 1.248→ 0.911 2.687→ 1.365

Table 7.1: Shows effective desnity of states of graded NW (x1→x2) at x = x1 (NCx1 and
x = x2 (NCx2) respectively; and electron density at position of X = 0.01 µm (n(0.01,c) for
centre and n(0.01,int) for interface) and at X = 0.21 µm (n(0.21,c) for centre and n(0.21,int)
for interface). The NWs are in open circuit and ∆T = 0K.

Since the amount of temperature dependent carrier concentration, effective density

of states (table 7.1), and mobility at both ends of the NW are un-equal, swapping Th
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Figure 7.2: Shows (a) electron density, and (b) electron mobility of graded (x1 = 0 → x2 =
0.8) SiGe with φm = 4.0 eV metal gate at ∆T = 0 K.

with Tc at sides of the NW to form ∆T would lead to different Seebeck coefficient and

electrical conductivity. Therefore, two cases are studied, case 1: Tx1 = Th and Tx2 = Tc,

and case 2: Tx1 = Tc and Tx2 = Th (fig. 7.1 (b)).

As seen in section 4.4, both current and voltage across the nanowire can rise by

increasing the total electric field of carriers (
−−−→
Ec=n for electrons and

−−−→
Ec=p for holes).

−→
En (

−→
Ep) is highly dependant on temperature dependant gradient of electrons (holes)

concentration, slope of Ec (Ev), and gradient of electron (hole) effective mass across the

NW [11].

Fig. 7.3 (a) & (b) shows the dependence of electron density (n) on temperature for

the reference Si1−xGex (x = 0.4) NW and the graded (x1 = 0 → x2 = 0.8) SiGe NW.

As temperature increases, the density of available states (Nc) and the probability of

occupation of these states increases, which leads to an increase in electron concentration.

98



7.1. GRADING MOLE FRACTION OF GATED Si1−xGex

In case 1 (Tx1 = 310 K and Tx2 = 300 K), ∆T increases the gradient of electron density;

while in case 2 (Tx1 = 300 K and Tx2 = 310 K), ∆T reduces the gradient. Fig. 7.3 (c) and

(d) shows ln
(

Nc
n

)
-X of the studied SiGe NWs at ∆T = 0 K and 10 K. Increasing ln

(
Nc
n

)
is vital to improve Sn (eq. 3.5) of non-degenerate semiconductors. The average ln

(
Nc
n

)
at the centre of the NW and ∆T = 10 K for case 1, case 2, and referenced NW are 2.921,

2.885, and 2.914, respectively; and at the interface of Si/SiO2 are 2.324, 2.290, and 2.319

for case 1, case 2, and referenced NW, respectively.

Figure 7.3: Shows electron density along the length of the gated (φm = 4 eV) graded (x1
= 0 → x2 = 0.8) and un-graded SiGe, plotted at (a) interface and (b) centre shown in fig
7.2. ln

(
Nc
n

)
-X of the gated (φm = 4 eV) graded (x1 = 0 → x2 = 0.8) and un-graded SiGe,

plotted at (c) interface and (d) centre. The NWs are in open circuit.

Fig. 7.4 shows conduction bands (Ec) of gated (φm = 4 eV) graded (x1 = 0 → x2 = 0.8)

SiGe, compared to gated (φm = 4 eV) un-graded (x = 0.4 eV) SiGe with ∆T = 0 K and ∆T

= 10 K in open circuit. As seen in fig 7.4, the gap between conduction bands of graded NW
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Figure 7.4: Shows Ec along the length of the gated (φm = 4 eV) graded (x1 = 0 → x2 =
0.8) and un-grdaed SiGe, plotted at (a) interface (Int) and (b) centre of the NWs shown in
fig 7.2. The nanowires are in open circuit.

at ∆T = 10 K and graded NW with ∆T = 0 K is higher for case 1 (Tx1 = 310 K and Tx2 =

300 K) than case 2 (Tx1 = 300 K and Tx2 = 310 K). This difference is due to dissimilarity

in kBTnln( Nc
n ) at both ends of the graded NW. In addition, larger conduction band energy

difference for case 1 than case 2, results in higher dEc
dx , and therefore higher internal

electric field (E int), for case 1 than case 2. Similar direction of conduction band gradient

(fig 7.4) with electron density slope (fig 7.3), aligns the current due to internal electric

field in the same direction as current resulted by diffusion of carriers from Th to Tc.

Figure 7.5: Shows m∗
n along the length of un-graded (x = 0.4) and graded (x1 = 0 → x2 =

0.8) NWs with ∆T = 0 K.
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Figure 7.5 shows the effective mass of studied NWs along their length. As explained

in chapter 4, the model for m∗
c calculation of alloys assumes the carrier effective mass to

be temperature independant. Therefore, the third term
(

d(lnm∗
c )

dx

)
is solely dependant to

variation of Nc(300K) (or Nv(300K)) as a function of mole fraction. Although
(

d(lnm∗
c )

dx

)
is

equal for both cases (case 1 and case 2), swapping the hot source would lead to dissimilar(
1.5kBTc∇lnm∗

c
q

)
. This is because Tc across the channel of case 1 is different from case 2.

Other than
−→
En, electrical conductivity (σn) has high impact on the generated current.

Fig 7.6 (a) shows the electron density of the graded NW (x1 = 0 → x2 = 0.8) with ∆T = 0

K, 10 K and 90 K. As expected, increase of electron density due to rise of temperature,

reduces the electron mobility relatively (fig 7.6 (b)). Mole fraction dependent mobility

and electron density leads to non-uniform σ across the nanowire. σ at hot side of the

case 1 (Tx1 = Th and Tx2 = Tc) is higher than hot side of case 2 (Tx1 = Tc and Tx2 = Th).

Figure 7.6: Shows (a) electron density and (b) electron mobility of the graded NW (x1 =
0 → x2 = 0.8) in open circuit with ∆T = 0 K, 10 K, and 90 K. The graphs are plotted for
the centre of NW’s cross section.

Fig. 7.7 shows the maximum output power of gated (φm = 4 eV) graded (x1 = 0 →
x2 = 0.8 ) and un-graded structures connected to load resistor (RL), when RL = R, as

a function of temperature. As seen in fig 7.7, the maximum output power for case 1 of

graded structure (x1 = 0 → x2 = 0.8 ) is 1.326 times higher than the un-graded structure
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(x = 0.4). However, output power of gated (φm = 4 eV) ungraded (x = 0.4) structure is

1.213 times higher than case 2 of graded (x1 = 0 → x2 = 0.8 ) structure at ∆T = 90 K.

Figure 7.7: Shows output power as a function of ∆T for gated (φm = 4.0 eV) graded
(x1 = 0 → x2 = 0.8 ) structures connected to load resistor (RL) in a closed circuit, compared
to gated (φm = 4.0 eV) un-graded (x = 0.4) structure.

Figure 7.8: Save-xd for the gated (φm = 4 eV) graded (x1 = 0.4 - xd → x2 = 0.4 + xd ) NWs
in a closed circuit. S is studied for default values of parameters and setting one or more
parameters to a constant (const) value. mob and EDoS stand for mobility and carrier
effective density of states respectively. The NWs are connected to a load resistor, where
RL = R, in a closed circuit.

As explained earlier, due to graded mole fraction across the NW, carrier density, Nc,

and mobility are dissimilar at both ends of the channel . To better understand the effect

of these parameters on average Seebeck coefficient (Save) and σ, one has to deliberately

102



7.1. GRADING MOLE FRACTION OF GATED Si1−xGex

set the initial amount of one or all of these parameters to a constant value. The initial

amount is the value of the parameter at ∆T = 0 K, prior to its decrease or increase as

a response to temperature. The constant mobility, constant carrier effective density of

states, and constant κSiGe are equal to their values for un-graded NW with x = 0.4. Fig.

7.8 shows Save as a function of xd (x1 = 0.4 - xd → x2 = 0.4 + xd ). As expected, setting

mobility and κSiGe to a constant value would not influence the Save. However, setting

Nc to a constant amount, leads to a slight increase in both cases. As the consequence of

constant Nc, the gradient of Ec and carrier density experience a slight reduction , while(
d(lnm∗

c )
dx

)
becomes equal to zero.

(
d(lnm∗

c )
dx

)
= 0 leads to higher Save for graded NWs with

constant Nc than graded NWs with default parameters.

Figure 7.9: Shows (a) σ-∆T for gated (φm = 4 eV) graded (x1 = 0 → x2 = 0.8 ) NW
compared to gated (φm = 4 eV) un-graded (x = 0.4). (b) σ-xd for gated (φm = 4 eV) graded
(x1 = 0.4 - xd → x2 = 0.4 + xd ) NWs with ∆T = 90 K. σ is studied for default values of
parameters and setting one or more parameters to a constant (const) value. mob and
EDoS stand for mobility and carrier effective density of states respectively. The NWs are
connected to a load resistor, where RL = R, in a closed circuit.

Fig 7.9 shows the response of σ to grading and ∆T , when NWs are connected to

RL in a closed circuit. The product of electron density and mobility of case 1 leads to

higher σ than case 2. For default values of mobility and Nc, graded NWs have higher

σ than un-graded NW, due to lower mobility of un-graded NW. Fig 7.9 (b) clarifies the

importance of having high mobility materials for achieving high σ. For case 1: default

and case 2: default, the electron mobility is between 450 cm2

V s and 1417 cm2

V s ; whereas, the
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assumed constant electron mobility for graded NWs is 450 cm2

V s , which is the electron

mobility of un-graded nanowire with x = 0.4.

Fig 7.10 shows the power factor and output power of the graded NWs as the conse-

quence of modifying the mentioned parameters, when ∆T = 90 K and RL = R.

Figure 7.10: Shows (a) power factor and (b) output power of gated (φm = 4 eV) graded (x1
= 0.4 - xd → x2 = 0.4 + xd ) NWs with ∆T = 90 K and RL = R.

7.2 Grading the area of gated Si NW

In this work, the area of gated intrinsic Si NW is graded with reference to un-graded

intrinsic Si with 12 nm diameter (dre f ), fig 7.11. The carrier density at the core of the Si

grades along the length of the NW, as area is graded. Similar to section 7.1, the graded Si

with 220 nm length is covered by 8 nm thickness of SiO2 (dox) and a 2D metal gate. The

Figure 7.11: Shows the cross section of graded area of Si with refrence to 12 nm diameter.
dx1 is the diameter of Si at Tx1 obtained by subtracting ddi f from dre f ; and dx2 is the
diameter of Si at Tx2 due to adding ddi f to dre f .
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work function of the metal gate is 4.1 eV, which is the φm leading to maximum output

power for un-graded Si NW with 12 nm diameter. In addition, the work function of 2D

metal contacts are chosen such to form approximately flat band at metal/Si interface.

κox is kept constant at 0.014 W
cmK [4]; and Connelly thermal conductivity model [11] is

used to vary lattice thermal conductivity of Si with respect to its diameter. The thickness

(diameter) dependence parameter of this model is tuned such to approximately match

with the shown diameter dependence κ(L,Si) results in [60]. Unlike section 7.1, the m∗
n is

temperature dependant; and Nc(300K) and Nv(300K) of Si is constant, since a single

non-compound material is used. The electron density across the graded NWs are shown

in table 7.2.

dre f −ddi f →dre f +ddi f (nm) n(0.01,c) → n(0.21,c) (×1018 cm−3) n(0.01,int) → n(0.21,int) (×1018 cm−3)
12→ 12 0.687→ 0.687 0.965→ 0.965
11→ 13 0.753→ 0.630 1.031→ 0.913
10→ 14 0.830→ 0.583 1.104→ 0.867
9→ 15 0.925→ 0.539 1.191→ 0.824
8→ 16 1.032→ 0.502 1.295→ 0.789

Table 7.2: Shows electron density of graded NW (dre f −ddi f →dre f +ddi f ) at position of
X = 0.01 µm (n(0.01,c) for centre and n(0.01,int) for interface) and at X = 0.21 µm (n(0.21,c)
for centre and n(0.21,int) for interface). The NWs are in open circuit and ∆T = 0K.

Fig 7.12 shows the electron density and conduction band of the graded NW with dx1

= 11 nm and dx2 = 13 nm. Unlike graded SiGe, the sign of conduction band gradient is

opposite to carrier concentration gradient, leading to a bottleneck in increasing overall

current and Seebeck coefficient. As shown in chapter 4, electron mass in Si is dependent

to lattice temperature; meaning that the mass gradient of case 1 (Tx1 = Th and Tx2 = Tc),

case 2 (Tx1 = Tc and Tx2 = Th), and un-graded NWs are equal, under the condition of

having equal ∆T. Equal mass gradient, for the studied NWs (with electrons as majority

carriers), indicate that S modification is highly dependent to tuning the conduction

band gradient with the electron density slope. In addition, the current can be further

increased by tuning the carrier concentration and graded area of the NW, to achieve
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Figure 7.12: Shows Ec at the (a) centre and (b) interface; electron density at the (c)
centre and (d) interface; and ln

(
Nc
n

)
-X at the (e) centre and (f) interface of the gated (φm

= 4.1 eV) graded (dx1 = 11 nm →dx2 = 13 nm) NWs compared to the gated (φm = 4.1 eV)
un-graded (dSi = 12 nm). The NWs are in open circuit.

the maximum possible σ. Fig. 7.12 (e) and (f) shows ln
(

Nc
n

)
along the X-direction of

the studied Si NWs at ∆T = 0 K and 10 K. The average ln
(

Nc
n

)
at the centre of the

NW and ∆T = 10 K for case 1, case 2, and referenced NW are 3.684, 3.679, and 3.682,

respectively; and at the interface are 3.287, 3.282, and 3.285 for case 1, case 2, and
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referenced NW, respectively. Although approximately equal average ln
(

Nc
n

)
is seen for

the studied Si NWs, the scattering mechanism parameter (eq. 3.5) are different for the

graded and ungraded Si NWs. This is due to the difference in amount of electron-phonon

scattering, caused by perpendicular electric field (enormal), across the length of graded

and un-graded Si NWs.

Figure 7.13: Shows (a) S, (b) σ, (c) power factor, and (d) power of gated (φm = 4.1 eV)
graded (dx1 = 11 nm and dx2 = 13) Si compared to gated (φm = 4.1 eV) un-graded (dSi =
12 nm) Si. The NWs are connected to a load resistor with RL = R.

The optimal value of power factor in graded Si structure was achieved for the NW

with dx1 = 11 nm and dx2 = 13 nm. Fig 7.13 compares Seebeck coefficient, σ, and power

factor of the mentioned graded (dx1 = 11 nm and dx2 = 13) NW with un-graded (dSi)

NW. As seen in fig 7.13 (a), lower difference of temperature dependence Ec with electron
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density gradients have led to lower S for case 1 than case 2, for ∆T > 20 K. Seebeck

coefficient of un-graded NW was found to be lower than graded structure for all ∆T. In

addition, electron density grading in the NW resulted in greater (or equal) σ for case 1

than the referenced NW. The obtained results for S and σ have led to the highest power

factor for case 1.

Fig 7.13 (d) shows the maximum power for the graded and un-graded structure. The

maximum achieved power for case 1 of graded structure ( dx1 = 11 nm → dx1 = 13 nm )

is 1.03 times higher than un-graded at ∆T = 90 K. Unlike SiGe, the opposite direction of

Ec gradient with electron density gradient, limits the improvement of power via grading

the carrier concentration across the Si.

Fig 7.14 shows the power factor and power of gated (φm = 4.1 eV) graded (dre f −
ddi f →dre f +ddi f ) NWs as a function of ddi f .

Figure 7.14: Shows maximum power and power factor of gated (φm = 4.1 eV) graded
(dre f −ddi f →dre f +ddi f ) NWs at ∆T = 90 K, as a function of ddi f . The NW are connected
to a load resistor, having RL = R.
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7.3 Conclusion

In this work, grading the electron density of a gated NW with work function φm on

improving its output power was studied. Si1−xGex was graded via grading its mole

fraction (x) from x = x1 to x = x2, leading to grading of carrier effective density of states

(Nc for electrons and Nv for holes), carrier effective mass (m∗
n for electrons and m∗

p for

holes), and carrier concentration. However, Si was graded by increasing the diameter

along the length of the NW, resulted in variation of electron density and area; while

effective density of states and carrier mass remained constant.

At φm < 4.65 eV, the conduction band slope of the graded Si1−xGex gets in the same

direction as electron density gradient. Similar direction of these gradients led to 1.32

times higher output power generation for the gated (φm = 4.0 eV) graded (x1 = 0 →
x2 = 0.8 ) structure, than the gated (φm = 4.0 eV) un-graded (x = 0.4) NW, mainly due to

increase of total electric field. However, the opposite direction of the mentioned gradients

in gated (φm = 4.1 eV) graded Si limits the ability to increase the voltage difference and

current, compared to un-graded Si NW.
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SUMMARY AND CONCLUSION

The main aims of this project was using gated intrinsic metal/semiconductor/metal

structures for carrier modulation in thermo-electric power generation, carrier injection

control for temperature sensing, and forming symmetric I-V characteristics between

n-FET and p-FET. Proposing and developing the mentioned doping-free devices improve

their performance due to elimination of ionised impurity scattering, and opportunity to

further down-scale the devices.

Carrier modulation via gating an intrinsic Si was found to improve thermo-electric

power generation by 2.2 times compared to doped structures, due to minimisation of

ionised impurity scattering. This study was followed by grading the carrier concentration

of both Si and SiGe via grading the area and mole fraction respectively, aiming to further

increase the output power via introduction of an internal electric field (E int). Unlike

Si carrier grading, which the opposite direction of current due to internal electric field

(E int) with current resulted by thermal diffusion limits the increase of power, grading

the mole fraction of SiGe has significant impact on increasing power generation. Carrier

modulation (φm < 4.65 eV) in gated SiGe grades the conduction band, and therefore E int,

in the same direction as diffusion of carriers, where φm is metal gate work function.

111



CHAPTER 8. SUMMARY AND CONCLUSION

Similar direction of current generated by E int with the generated current due to thermal

diffusion increases the overall power.

In addition, carrier modulation in gated structures introduces the opportunity to

propose a temperature sensor, with the ability to sense the temperature in two different

methods. In addition to linear relation of temperature with the generated current, a

tunable barrier via applying gate voltage can keep the current constant at all temper-

atures. The required gate voltage to maintain the constant current is the reading of

temperature.

Finally, the ability of forming symmetric I-V characteristics between n-FET and

p-FET was studied by introducing a bridge between the FETs. In this method, higher

current of n-FET was degraded, and therefore aligned with the p-FET, by introducing

a capacitor, connecting the program gate of p-FET to the middle of the n-FET channel.

This method have led to the highest achieved current symmetry, compared to previous

works. However, the symmetry can not be achieved for both configurations.

112



BIBLIOGRAPHY

[1] WM Weber, A Heinzig, J Trommer, D Martin, M Grube, and T Mikolajick.

Reconfigurable nanowire electronics–a review.

Solid-State Electronics, 102:12–24, 2014.

[2] JM Dorkel and Ph Leturcq.

Carrier mobilities in silicon semi-empirically related to temperature, doping and

injection level.

Solid-State Electronics, 24(9):821–825, 1981.

[3] Gordon Moore.

Moore’s law.

Electronics Magazine, 38(8):114, 1965.

[4] Simon M Sze and Kwok K Ng.

Physics of semiconductor devices.

John wiley & sons, 2006.

[5] Jan M Rabaey, Anantha P Chandrakasan, and Borivoje Nikolić.
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