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Abstract 
 

Silicon CMOS has emerged over the last 25 years as the 
predominant technology of the microelectronics industry. The concept 
of device scaling has been consistently applied over many technology 
generations, resulting in consistent improvement in both device density 
and performance. In the last decade, the shrinking of the transistor 
dimensions led to short channel effects (SCEs) which decreases the 
device performance. As a consequence, additional improvements were 
needed to maintain the performance improvements such as the 
introduction of SiGe S/D stressors to increase the carrier mobility due 
to the strain in the channel, the implementation of high-K and metal 
gate to reduce the gate leakage and, finally, the introduction of a new 
3D architecture, finFET, to further suppress the SCEs. On the other 
hand, no solutions exist for the scaling of the dissipated power of the 
transistor. In fact, the scaling of the supply voltage (VDD

In this context, the Tunnel FET (TFET) has been proposed as a 
potential candidate to replace the MOSFET because its carrier injection 
mechanism based on quantum mechanical tunneling of the electrons 
from valence band to the conduction band and it is not subjected to the 
kT/q limit. The basic embodiment of TFET is a gated p-i-n diode.   

) is limited by 
the kT/q limit of the subthreshold slope which represents a physical 
limit for conventional MOSFETs. As a consequence, a new operation 
principle is needed. 

This thesis addresses the design, fabrication and characterization of 
TFETs following a CMOS compatible processing flow. The main goal 
is to understand the features of band to band tunneling from an 
experimental point of view and identify the best processing conditions 
and the best architecture for TFETs. The analysis starts from silicon 
homojunction gated p-i-n diodes to heterojunction devices where the 
source is replaced with SiGe with different germanium concentrations. 
Two different architectures are studied: finFETs and vertical 
nanowires. The finFETs are used as a test vehicle to study Si TFETs 
since the finFET processing is already mature. On the other hand, the 
vertical architecture is used to implement hetero junction TFET. 
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Finally, in view of the limitations for the basic TFET embodiments, a 
new architecture to boost the on current of TFETs is proposed and 
analyzed by TCAD simulations.   
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Korte samenvatting 
 

Al 25 jaar wordt de micro-elektronica gedomineerd door silicium 
CMOS technologie. Dit was mogelijk dankzij het schalen van de 
transistorafmetingen. Zo kan bij elke nieuwe generatie de 
transistordichtheid verhoogd worden, en neemt ook de performantie 
toe. De laatste 10 jaar is het schalen van de transistor moeilijker 
geworden door een reeks korte kanaal-effecten, die de 
performantiewinst van de transistor in gedrang brachten. Hierdoor 
waren er een aantal radicale veranderingen aan de MOSFET 
noodzakelijk. De mobiliteit is verhoogd met silicium-germanium 
source/drain stressoren, de poort-lek wordt beperkt door het gebruik 
van een high-k dielectricum, en de architectuur is nu drie-dimensionaal 
met de introductie van de finFET. 

Bij het schalen van de transistor, moet echter ook de 
voedingsspanning verlaagd worden om het vermogenverbruik onder 
controle te houden. Omdat de transistor grotendeels in het subtreshold 
regime werkt, is het niet mogelijk de spanning verder te verlagen 
zonder een groot verlies aan performantie. Dit komt door het 
thermische injectiemechanisme van de MOSFET, waar de subtreshold 
slope fysisch beperkt is tot kT/q. Er moet dus van werkingsprincipe 
veranderd worden. 

De Tunnel-FET (TFET) is een mogelijke kandidaat om de 
MOSFET te vervangen, omdat het werkinsgmechanisme niet op 
thermische injectie berust, maar op kwantummechanische tunneling 
van electronen van de valentieband naar de conductieband (band-tot-
band tunneling). De basisversie van de TFET is een p-i-n diode met een 
poort. 

In deze thesis wordt het ontwerp, de fabricatie en de karakterisatie 
van TFET’s in een CMOS-compatibele flow besproken. Het doel is om 
vanuit een experimenteel standpunt het mechanisme van band-tot-band 
tunneling volledig te begrijpen, en zo fabricatieparameters te 
optimaliseren en de meest performantie architectuur te achterhalen. Er 
wordt vertrokken van een silicium homojunctie TFETs, en vervolgens 
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wordt de source vervangen door silicium-germanium. Twee 
verschillende architecturen worden besproken: finFET’s en verticale 
nanodraden. Vermits de fabricatie van finFET al vergevorderd is, kan 
de invloed van verschillende ontwerpparameters onderzocht worden. 
De tweede architectuur met verticale nanodraden wordt gebruikt om 
heterostructuur TFETs te onderzoeken. Uiteindelijk wordt er een derde 
architectuur voorgesteld en geanalyseerd met TCAD simulaties. 
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Chapter 1  
Introduction 

 

1.1 MOSFET Scaling Issues 

The world of electronics has been revolutionized by the 
introduction of the integrated circuit (IC), an electronic circuit 
manufactured by patterning a semiconductor material and additional 
material to form interconnections between the semiconductor devices. 
The basic component of an integrated circuit is the transistor.  

The most common transistor used in state-of-the-art electronics is 
the Metal Oxide Semiconductor Field Effect Transistor (MOSFET). 
The basic principle of a MOSFET was introduced and patented by 
Lilienfeld in 1925 [1] but it was first fabricated at BELL Labs by 
M.M.Atalla and D. Kahng only in 1960 [2]. The MOSFET consists of 
three terminals where the electrons or holes flow between two 
terminals, the drain and the source, is controlled by the gate terminal as 
show in Figure 1.1.  

 
Figure 1.1: Schematic of (a) a bulk MOSFET and (b) modulation of the conduction 
band by the gate voltage in case of nMOS showing the basic carrier injection 
mechanism in MOSFET.  
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The simplicity of its principle of operation and design makes the 
MOSFET an extremely scalable device. By continuously reducing its 
dimensions and improving its performance, integrated circuits became 
smaller, faster and cheaper. This paradigm was already understood by 
Gordon Moore, co-founder of Intel, in 1960.  It was translated into the 
well-known “Moore’s Law” [3] which predicted that the number of 
transistors on a chip would double approximately every two years 
(Figure 1.2). This statement together with Dennard’s scaling rules [4], 
which consists in a series of relationships where the electric field in the 
device is kept constant by reducing the device dimensions, were the 
main guidelines for the semiconductor industry for the past decades. 

 
Figure 1.2: The growth of the complexity and processing power powered by the 
Moore’s law. The intel processors are used as a milestones for this process. (Source: 
Intel) 

In the last decade, geometrical scaling was not sufficient to improve 
the device performance since the shrinking of the transistor would lead 
to short channel effects (SCEs). As a result, new materials and 
integration solutions offered new opportunities to improve the 
transistor performance and suppress SCEs. In Figure 1.3, some of the 
milestones of the evolution of the transistor are presented: the 
introduction of strain in the channel by SiGe S/D stressors to increase 
the carriers’ mobility, the implementation of high-K and metal gate to 
reduce the gate leakage and finally the introduction of a new 
architecture (finFET) to further suppress the SCEs and reduce the 
threshold voltage (Vth) roll-off. 
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Figure 1.3: The challenges of CMOS scaling beyond 90nm node. New materials and 
architectures need to be implemented to increase the performance. (source: Intel) 

1.2 Power Crisis 

 The aggressive CMOS scaling increases not only the complexity of 
the new transistor but also the dissipated power. The total dissipated 
power can be divided in two components, the dynamic power and the 
static power, written as: 

 𝑃𝑇𝑂𝑇 = 𝑃𝑑𝑦𝑛 + 𝑃𝑠𝑡𝑎𝑡𝑖𝑐~𝐶𝑇𝑂𝑇𝑉𝐷𝐷2 𝑓 + 𝐼𝑂𝐹𝐹𝑉𝐷𝐷 (1.1) 

The dynamic power depends on the square of the supply voltage 
(VDD), the switching frequency (f) and the total capacitance (CTOT), 
while the static power depends on the supply voltage and off-state 
current (IOFF). Historically, off-state power dissipation used to be a 
minor issue since it was a trivial task to minimize the leakage current, 
such as gate leakage or junction leakage, due to the large Vth and EOT. 
To lower the dissipated power, the supply voltage was reduced by 
reducing the threshold voltage (Vth

Figure 1.4

) of the device and maintaining the 
same gate voltage overdrive. The introduction of deep submicron gate 
length and the difficulty to scale the supply voltage below 1V resulted 
into an increase of the leakage current and the static power followed 
along. This trend is demonstrated in  where the two main 
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components of the dissipated power are plotted for various logic 
technologies. If no measures are taken the total power will soon be 
dominated by the static power.  

 
Figure 1.4: Power density versus gate length. The power density is divided into static 

and dynamic power [5]. 

Underlying the exponential increase in the static power is the 
concept of subthreshold slope (S). A practical interpretation of the 
subthreshold slope is the gate voltage required to change the drain 
current by one order of magnitude in the subthreshold regime. In case 
of MOSFET, the following expression can be written: 

Where Vg is the gate voltage, Id is the drain current, ψS is the 
surface potential, CS is the semiconductor capacitance and Cox is the 
gate oxide capacitance. In the hypothetical case of a perfect gate 
control, the ratio 𝐶𝑆/𝐶𝑜𝑥  will be zero. The remaining kT/q term 
evaluates to roughly 60 mV/dec at room temperature, which is the 
wisely quoted MOSFET subthreshold slope barrier. Unfortunately, this 
subthreshold slope does not scale at all, since it is basically linked to 
the Boltzmann carrier distribution in the conduction band (or valence 

 S =
∂Vg

∂(logID)
=
∂Vg
∂ψS

∂ψS
∂(logID)

= �1 +
Cs

Cox
�

kT
q

ln10  (1.2) 
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band) of the semiconductor. For this reason, the MOSFET leakage 
current increases exponentially as Vth Figure 1.5 reduces ( ).  

 
Figure 1.5: ID versus VG characteristic of an ideal MOSFET showing the increase of 
off current by reducing the Vth

If we want to solve the power crisis described above, we have to be 
able to break through the barrier of this subthreshold slope, so that we 
can further lower the threshold voltage and the power supply voltage 
without jeopardizing the off- and on-state current of the device. This 
quest for a new energy efficient switch is discussed in the next section. 

. [6] 

1.3 The Quest for an Energy-Efficient Switch 

The quest for a new digital switch is not new. Similar power 
constraints induced the development of bipolar devices, the first solid 
state transistors, to replace the vacuum tubes and mechanical switches 
in the late 1940s. Similarly, the current FET replaced bipolar transistors 
in the majority of semiconductor applications in the late 1980s.  

As explained earlier, the MOSFET has a fundamental limit to the 
steepness of the subthreshold slope because of the temperature 
dependence of the thermionic injection of the carriers over an energy 
barrier [7]. The Holy Grail is to replace the MOSFET with a device 
able to mimic a nearly “ideal switch”, which is able to more abruptly 
reach the on current state with a subthreshold slope of almost zero.  
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The quest for an “ideal switch” should start by looking at the 
equation (1.2) of the subthreshold slope. Here, two different 
components can be extracted:  

The term m is the body factor which is larger or equal to 1 in case 
of the MOSFETs and the term n that describes the change of drain 
current with the surface potential, reflecting the conduction mechanism 
in the channel. In case of MOSFET, the last term represents the 
diffusion term that limits the subthreshold slope for MOSFET to 
60mV/dec at room temperature. As a consequence, two different 
approaches can be used to improve the subthreshold slope of the 
transistor: scaling of the body factor or introducing a new principle of 
operation to replace thermionic injection.  

 
Figure 1.6: Schematic of the on- and off-state of a NEMFET [8]. 

The reduction of the body factor could be achieved by using Nano-
electro-mechanical (NEM) switch [8-10] in which the on- and off-state 
are defined by the transition between two unstable mechanical states. 
The working principle of NEM-FET is to deplete the channel by 
placing the gate on the channel in off-state while the on-state is 
achieved by lifting the gate up (Figure 1.6). The drawbacks of this 
device are the high pull-up voltage and the low switching speed, 
limited by the mechanical component of the gate. Another concern is 
the difficulty to achieve high endurance because of surface wear and 

 m =
∂Vg
∂ψS

  (1.3) 

 n =
∂ψS

∂(logID)
  (1.4) 
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shock-induced failure. In conclusion, their implementation in 
conventional CMOS processing is extremely challenging by the 
presence of airgaps.  

 
Figure 1.7: Basic device structure for the n-channel I-MOS and energy band diagram 
in on-state to explain the principle of operation. 

Alternatively, the introduction of a new transport mechanism looks 
more promising and opens up a new research fields for the 
semiconductor industry. In the early stage, the impact ionization 
devices (IMOS) attracted a wide interest because of their extremely 
abrupt switching behavior [11-13]. The IMOS is a p-i-n diode in which 
the intrinsic area is partially covered by a gate (Figure 1.7). Impact 
ionization replaces the thermionic emission as the carrier injection 
mechanism and reduces the subthreshold swing down to few milliVolts 
per decade at room temperature. To achieve impact ionization, a strong 
electric field is required by reverse biasing the diode. For this reason, 
significant hot carrier effects cause threshold voltage instability and 
degradation in the subthreshold slope with repeated measurements. 
Nevertheless, the main drawback of this device is the low speed as 
shown in [14]. An alternative to IMOS is the Tunnel Field Effect 
Transistor (TFET), where the carrier injection mechanism is the band to 
band tunneling (BTBT). More details are discussed in the next section.
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1.4 The TFET: from Concept to Device 

The TFET consists of a gated reversed biased p-i-n diode where the 
gate is placed on the top of the intrinsic region. The concept of the 
TFET is as simple as shown in Figure 1.8 where the carrier injection 
mechanism of the conventional MOSFET is compared to the TFET. 
Contrary to the MOSFET where the carriers go over a barrier, in the 
TFET the carriers are tunneling through the barrier and, more precisely, 
electrons from the valence band are injected into the conduction band. 
The tunneling is controlled by the gate bias: when the gate is positive 
(or negative) the tunneling occurs at the p+ side (or n+ side). As a 
consequence, the conduction is ambipolar and p-mode and n-mode 
operations are possible on the same device.   

 
Figure 1.8: Schematic of MOSFET and TFET with relative band structure to explain 
the main carrier injection mechanism.  

The gated p-i-n device was originally proposed to measure the 
subband splitting and transport properties of tunneling between bulk 
and a 2-D surface channel [15]. Later, it was studied for creating a 
multi-value logic in which the gate was used to control the negative 
differential resistance (NDR) and it was called Surface Tunneling 
Transistor (STT)[16-19]. The focus of the STT in this period was on 
the field control of the Esaki characteristic of the tunneling junction. 
Reddick and Amaratunga [20] introduced the first Si-based STT 



__________________ 1.5  Research Objective and Dissertation Outline  

9 

 

focusing their attention on the reverse biased characteristic, the Zener 
tunneling or TFET. Later, the discussion of the low subthreshold swing 
in the TFET held to several publications [21-27] which attracts an 
interest towards the study of this energy-efficient device.  

At first glance, the complementary TFETs have an abrupt transition 
from 1 to 0 states. However, the transient response of a TFET inverter 
is worse compared to the conventional CMOS. In particular, Mookerjea 
et al. found that the gate-drain capacitance, CGD, is larger than the gate 
capacitance, CGG, because of the low resistance between channel and 
drain in contrast to the conventional MOSFET. For this reason, the 
effective load capacitance for unloaded TFET inverters can be more 
than twice the gate capacitance because of the Miller effect. This can 
degrade the delay time and generate overshoots. As a consequence, the 
TFETs are attractive for low-standby power applications. Looking at 
the International Technology Roadmap of Semiconductor (ITRS), it is 
clear that the conventional MOSFET needs to be replaced since it is not 
possible to reduce the saturation threshold voltage below 0.5V for low 
power applications. On the other hand, we expect the TFET to be able 
to operate at 0.3V of supply power with ION/IOFF

1.5 Research Objective and Dissertation Outline 

 ratio of about 5 
decades and the on current around 100 µA/µm. These requirements will 
make the TFET competitive since no solutions have been forecasted for 
conventional MOSFET. These specifications offer an overview of the 
target operation range of TFET. Contrary to the MOSFET, we use a 
different metric based on the variation of device current for a fixed 
voltage range as described in chapter 4.  

This dissertation proposes a critical study of the Tunnel Field Effect 
Transistor (TFET) as a new device concept and gives insights about its 
possible manufacturability and performance. The main objectives of 
this dissertation can be summarized as follows: 

• to design and fabricate TFETs based on conventional gated 
diode architectures using both a planar and a vertical 
approach; 
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• to analyze the fabricated device through extensive electrical 
characterization and better understand the physics of its 
operation; 

• to study and implement a hetero-junction TFET to boost its 
performance; 

• to propose novel architectures for optimized TFET design. 
The thesis is outlined as follows. 

Chapter 2 presents the main transport mechanisms in p-i-n diodes 
including Band-to-Band Tunneling (BTBT). The understanding of 
additional carrier transport mechanisms present in the device is critical 
to properly design TFETs. In particular, temperature dependent 
mechanisms such as Trap-assisted Tunneling (TAT) can degrade the 
device performance. The complexity of predicting the BTBT is 
demonstrated by the mismatch between simulation results and 
experimental results. In fact, commercial simulator tools have several 
limitations and are not able to fully model quantum mechanical 
phenomena such as tunneling. 

Chapter 3 presents the fabrication of TFET using CMOS 
compatible processing. This chapter is divided in two parts: (1) the 
fabrication of Finfet-based TFET, or Multiple Gate Tunnel Field Effect 
Transistor (MuGTFET) and (2) the fabrication of Gate-All-Around 
(GAA) TFET, based on vertical nanowires. This chapter also covers the 
work related to the new mask designs. 

Chapter 4 introduces the measurement methodologies used to 
characterize TFET and, then, presents the TFET from a device point of 
view. In particular, the conventional TFET configuration is discussed 
together with its electrical characteristics and methods to identify the 
BTBT.  

Chapter 5 deals with the electrical characterization of MuGTFETs. 
The main results on full Si TFET are summarized highlighting the 
impact of various geometrical and processing parameters. In addition, 
some considerations about the silicide engineering are presented.  



__________________ 1.5  Research Objective and Dissertation Outline  

11 

 

Chapter 6 deals with the electrical characterization of nanowire-
based vertical TFET. Both Si and SiGe source hetero junction TFETs 
are studied and compared  

In chapter 7, a critical discussion is made to assess the future of 
TFET based on the conclusions of the two previous chapters. Based on 
TCAD simulations, a new configuration of the TFET is proposed: the 
hybrid TFET. The simulations predict a very steep subthreshold swing 
and an improvement of on-current for the hybrid TFET compared to the 
conventional TFET configuration analyzed in the previous chapters.  

In chapter 8, the main conclusions from this work are summarized, 
including insights regarding the manufacturability of these devices. In 
addition, an outlook for further development of TFET is included with 
focus on the introduction of new materials to continue the CMOS 
roadmap beyond the 14nm node.   
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Chapter 2  
Physical Theories 

2.1 Introduction 

Quantum mechanical tunneling through a potential energy barrier is 
well known in the field of semiconductor devices. For instance, models 
for Fowler–Nordheim (FN) and direct tunneling through a gate 
insulator in MOSFETs are in good agreement with the experimental 
data [1-3]. Particularly, Band-to-Band Tunneling (BTBT) has been 
studied to characterize the Gate Induced Drain Leakage (GIDL) [4] in 
MOSFETs. 

This chapter reviews the most general tunneling framework and 
focuses on the BTBT process, the main transport mechanism in Tunnel-
FETs. However, other mechanisms such as Trap-Assisted Tunneling 
(TAT) and Shockley-Read-Hall (SRH) generation currents are also 
present and included in this chapter to offer a complete overview of the 
possible transport mechanisms present in TFETs.  

Later, the discussion of BTBT in commercial Technology 
Computer-Aided Design (TCAD) simulators presents the limitations of 
the modeling of band-to-band tunneling and their domain of validity 
following a semiclassical approach.      

2.2 Band-to-Band Tunneling  

Tunneling is a quantum mechanical phenomenon where an electron 
moves though a potential barrier. Classically, an electron cannot move 
though a potential barrier because this process requires the particle to 
have a negative kinetic energy (i.e. conservation of the energy). In case 
of tunneling, this negative kinetic energy is expressed by an imaginary 
wave vector, 𝜅, and results in a wave with an amplitude which decays 
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exponentially [5]. The transmission probability, T(E), through the 
barrier depends on both the width and the height of the barrier as 
depicted in Figure 2.1.    

  
Figure 2.1: Schematic of the tunneling through a potential barrier. In case of a thin 
and finite potential barrier, the wave function will be able to move though the barrier 
with attenuated amplitude.  

In the case of a homogenous pn junction, and similarly in the case 
of TFET, the barrier height is represented by the energy bandgap of the 
material while the barrier width, l, is called the tunneling path length. 
The tunneling through the forbidden band (Figure 2.2a) is formally 
equivalent to a particle tunneling through a potential barrier (Figure 
2.2b), where the barrier can be approximated by a triangular barrier. 
Not all the electrons in the valence band of the p region can tunnel to 
the conduction band of the n region. The necessary conditions for an 
electron to tunnel from the valence band of the p side to the conduction 
band of the n+ side are:  

• the presence of unoccupied states at the same energy level 
in the conduction band, in particular only electrons with an 
energy between the Fermi levels, EFP and EFN

• the barrier width and height should be small enough to have 
a non-zero tunneling probability,  

, are allowed 
to tunnel (when considering the approximation of the Fermi 
Dirac statistics at 0K),  

• the momentum must be conserved in the tunneling process. 
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Figure 2.2: Energy bands of a degenerate pn junction when a small reverse bias is 
applied (a) and equivalent representation of the tunneling through a triangular barrier 
(b) where the barrier height is about the energy bandgap (EG

These statements can be generalized in the following equation 
describing the total tunneling current for the 1-dimensional case [6]: 

) and the width is 
represented by the tunneling distance, l. The shade area indicates the energy window 
where the tunneling occurs.  

 
𝐼𝐵𝑇𝐵𝑇 = −

2𝑒
ℎ
𝑊� 𝑇(𝐸)

𝐸𝐹,𝑝

𝐸𝐹,𝑛

[𝐹𝑛(𝐸𝑥=𝑙)− 𝐹𝑝(𝐸𝑥=0)]𝑑𝐸 = 

 
(2.1) 

with  

 
𝐹𝑛(𝐸𝑥=𝑙) = �𝑒𝑥𝑝 �

𝐸 − 𝐸𝐹,𝑛(𝑙)
𝑘𝑇 � + 1�

−1

 (2.2) 

 
𝐹𝑝(𝐸𝑥=0) = �𝑒𝑥𝑝 �

𝐸 − 𝐸𝐹,𝑝(0)
𝑘𝑇

� + 1�
−1

 (2.3) 

 

where W is the width of the device, Fn and Fp

(2.1)

 are the Fermi 
distribution function in the n region and p region, respectively. From 
equation  is clear that TFET can be seen as an energy filter 
because the carriers at the tails of the Fermi distribution are not allowed 
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to tunnel through the barrier. As a consequence, a sub 60mV/dec 
subthreshold slope is possible.   

2.2.1 The Kane’s Model and its Limitations 

One of the first expressions for the band to band generation rate 
was derived by Kane [7]. The complex mathematics involved in the 
derivation of the final expression can be reviewed in [7] and leads to 
this expression, for a direct semiconductor and a uniform electric field, 
F: 

 
𝐺𝐾𝑎𝑛𝑒 =

𝑞2√𝑚∗𝐹2

18𝜋ℏ2�𝐸𝐺
𝑒𝑥𝑝�−

𝜋√𝑚∗𝐸𝐺
3 2⁄

2√2𝑞ℏ𝐹
� (2.4) 

where ℏ is the reduced Plank’s constant, m* is the effective mass of the 
electrons, EG

Figure 2.3

 is the energy bandgap and q is the electron charge. This 
equation shows that the tunneling has an exponential dependence on 
the electric field, F. In addition, there is no implicit temperature 
dependence in this expression. For instance, the dependence with the 
temperature of the energy bandgap is very small and it can often be 
neglected ( ).  

 
Figure 2.3: Variation of the energy bandgap of Silicon with temperature [8]. 
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 To describe the tunneling phenomenon, the basic expression of 
Kane’s formula expressed in equation (2.4) is often reduced to its 
functional form [9]: 

 
𝐺𝐾𝑎𝑛𝑒 = 𝐴𝐹2exp �−

𝐵
𝐹
� (2.5) 

where A and B are parameters depending on the bandgap, EG

2.2.2 Tunneling Probability and Imaginary Wave Vector 

, and the 
effective masses of the conduction and valence bands. The validity of 
Kane’s formula is limited to uniform electric field along the tunneling 
path. For this reason, this formula is often referred to as a local 
approximation. BTBT is intrinsically a non local phenomenon since the 
tunneling occurs between two different locations in the semiconductor 
region. Local and non local models converge to similar results when an 
average field is used to express F. 

In case of non uniform electric field and when the potential varies 
slowly, an alternative approach can be used, such as the Wentzel-
Kramers-Brillouin (WKB) approximation. Starting from the analytical 
solution of the Schrödinger equation for a rectangular barrier and using 
proper boundary conditions, the one-dimensional tunneling probability 
can be expressed as: 

 
𝑇𝑊𝐾𝐵 ≈ 𝑒𝑥𝑝 �−2� 𝜅(𝑥,𝐸)𝑑𝑥

𝑥2(𝐸)

𝑥1(𝐸)
� (2.6) 

where 𝑥1  and 𝑥2  are the starting and the ending positions of the 
tunneling path, 𝜅 is the imaginary wave vector which characterizes the 
amount of wave function decay within the barrier. The exact shape of 
the barrier is not a concern but the imaginary wave vector dispersion 
relation, E(k), within the energy forbidden gap (i.e. the barrier) needs to 
be specified. 

The dispersion relationship can be calculated in many different 
ways. In one dimensional space, the simplest expression for the energy 
dispersion relationship is the parabolic one or 1-band dispersion, where 
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a parabola centered at the k=0 (Γ point) is considered [9] (assuming x 
as the direction of tunneling):  

 
𝜅(𝐸) =

1
ℏ�

2m∗ (E− EV) (2.7) 

The imaginary wave vector is supposed to be zero at the valence 
band and the conduction band as expected for a traveling electron 
wave, but equation (2.7) is zero only at the valence band. In addition, 
the tunneling effective mass might be different at the conduction band 
and valence band. To solve these issues, a 2-band asymmetric energy 
dispersion relationship is more suitable. Consequentially, the imaginary 
wave vector relation needs to be modified including the following 
equations [10]: 

where mC
∗  is the electron effective mass and mV

∗  is the light holes 
effective mass. The equation (2.10) allows the tunneling particle to 
move from 𝜅𝑉 to 𝜅𝐶 during the tunneling process. 

In order to obtain a close form of the tunneling probability, we 
consider the following dispersion relationship describing a particle that 
moves through a potential barrier U(x) [9]:  

 
𝜅(𝐸) =

1
ℏ
�2𝑚𝑟(𝑈(𝑥) − 𝐸𝑋) (2.11) 

where, 𝑚𝑟 = �
1

mV
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1
mC
∗ �

−1

 (2.12) 

 
𝜅𝑉(𝐸) = 1

ℏ�2mV
∗ (𝐸 − 𝐸𝑉)  (2.8) 

 
𝜅𝐶(𝐸) =

1
ℏ�

2mC
∗ (𝐸C − 𝐸) (2.9) 

 
𝜅(𝐸) = min (𝜅𝑉 ,𝜅𝐶) (2.10) 
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In case of a bulk semiconductor in a three dimensional system, it is 
possible that the tunneling electron has part of its total momentum 
directed transverse to the tunneling direction. For this reason, the total 
energy of the tunneling electron consists of two components: EX

 

, 
energy along the tunneling direction and 𝐸⊥, the transverse energy that 
is conserved during the tunneling process. In case of a triangular 
barrier, we can write: 

𝑈(𝑥) = 𝑞𝐹𝑥 + 𝐸 = 𝑞𝐹𝑥 + 𝐸𝑋 + 𝐸⊥ (2.13) 

Considering that 𝑙 = 𝐸𝐺
𝑞𝐹� , we can combine the equations (2.6), 

(2.11) and (2.13) to reach a close formula of the tunneling probability 
as follows: 

The factor 𝐸� describes the impact of the transverse energy states in 
the total tunneling probability. The tunneling probability is enhanced 
by reducing the energy bandgap and the tunneling mass while 
increasing the electric field at the tunneling junction.  

When the extrema of the tunneling path do not belong to the same 
point in the k space, indirect tunneling occurs. In this case, a phonon is 
needed to supply the momentum necessary for the indirect transition 
and the tunneling probability will be adapted accordingly to [11].  

 

 

 

 

𝑇(𝐸,𝐸𝑇) ≅ exp

⎝

⎛−
4
3

�2mr𝐸𝐺3

qℏ𝐹
⎠

⎞ exp �−
𝐸𝑇
𝐸�
� (2.14) 

where 𝐸� =
qℏ𝐹

2�2mr𝐸𝐺

 (2.15) 
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2.2.3 Concept of Effective Bandgap 

So far we have discussed of tunneling from the valence band of one 
material to the conduction band of the same material. An interesting 
situation arises in case of tunneling across the interface between two 
different semiconductor materials. In particular, when the band offset 
of the valence band is staggered as the one depicted in Figure 2.4. In 
this case, the effective bandgap seen by the tunneling electron can be 
smaller than the one of either material, i.e. the source and channel 
material. As a consequence, we define the effective band gap as the 
different between the energy of the conduction band at the end of the 
tunneling path and the energy of the valence band at the beginning of 
the tunneling path in the off state. For instance, in Figure 2.4 the energy 
bandgap of the source, strained-Ge, is 0.58eV while an effective 
bandgap of 0.25eV is achieved when strained-Si is used as a channel 
material. 

 
Figure 2.4: Energy band diagrams near the strained-Ge/strained-Si heterointerface of 
a simulated hetero junction TFET in ON and OFF state. [12] 
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The implementation of hetero-junction TFETs boosts the TFET 
performance because of the reduced energy band gap at the tunneling 
junction. In fact, the effective band gap represents the height of the 
effective tunneling barrier instead of the energy bandgap of the source 
or the channel. 

2.3 Leakage Mechanisms in TFET 

In off-state, the TFET behaves as a two terminal reversed-biased p-
i-n diode. A good understanding of the transport mechanisms in 
reversed biased pn (or pin) diodes is necessary to distinguish between 
the various leakage mechanisms in TFET. In this section, we describe 
two leakage mechanisms of interest: (1) Shockley–Read–Hall (SRH) 
recombination and (2) Trap-Assisted Tunneling (TAT). Another 
mechanism which increases the off-state current is the band-to-band 
tunneling at the drain side and it results in an ambipolar transfer 
characteristics. This phenomenon will be discussed later in chapter 4. 

2.3.1 Theory of an Ideal Diode 

The pn junction theory was established by Shockley [13-14] in the 
early 1950s. The ideal current-voltage characteristics are based on four 
assumptions: 

• abrupt depletion region; 
• Boltzmann approximation is valid; 
• low carrier injection; 
• no generation and recombination in the depletion region. 

Following these approximations the total current of an ideal diode 
can be expressed by: 

 
𝐽𝑇𝑂𝑇 = 𝐽𝑝 + 𝐽𝑛 = 𝐽0 �𝑒𝑥𝑝 �

𝑞𝑉
𝑘𝑇
� − 1� (2.16) 

Where J0 is the reverse saturation current, q is the electron charge, 
V is the voltage difference applied at two terminals, k is the 
Boltzmann’s constant and T is the temperature.  
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Unfortunately, the Shockley equation can only qualitatively 
describe experimental diodes. The departures from the ideal case are 
mainly due to: (1) presence of generation and recombination processes 
in the depletion layer, (2) surface effects and (3) high injection effects. 
Since the TFET is always reverse biased, our attention focuses on the 
transport mechanisms for a reverse biased pn junction.  

2.3.2 SRH Component 

Recombination is a process which involves the exchange of carriers 
between the conduction and the valence band. The recombination 
assisted by deep trap levels in the energy bandgap is called Shockley–
Read–Hall (SRH) recombination. Taken into account the SRH 
statistics, a compact formula for the total reverse current of a pn diode 
can be derived. It can be expressed as the summation of the diffusion 
and the generation component in the depletion region (for one side 
abrupt junction): 

 
𝐽𝑅 = 𝑞�

𝐷𝑝
𝜏𝑝

𝑛𝑖2

𝑁𝐷
+
𝑞𝑛𝑖𝑊𝐷

𝜏𝑔
 (2.17) 

where, 𝑛𝑖 = �𝑁𝐶𝑁𝑉𝑒𝑥𝑝 �−
𝐸𝐺

2𝑘𝑇
� (2.18) 

where Dp is the diffusion coefficient, ni is the intrinsic carrier 
concentration, 𝜏𝑝 is the minority carrier lifetime,  𝜏𝑔 is the generation 
lifetime, ND is the donor concentration, WD is the width of the 
depletion region, NC and NV are the effective density of states in 
conduction and valence band, respectively. This component is 
independent of the voltage applied and is mainly responsible for the 
lowest value of current in TFETs. In case of a material with a small 
energy bandgap, the diffusion component will become dominant 
because of the high value of ni. For this reason, semiconductors such as 
germanium have a dominant diffusion component and the diode 
characteristics are closer to the ideal case. On the other hand, for 
semiconductors such as silicon (Si) the generation component is 
dominant.  
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2.3.3 Trap-Assisted Tunneling (TAT) 

The TAT is a tunneling process which involves the capture and the 
emission of an electron (or hole) by a defect level in the energy 
bandgap with energy equal to ET

Figure 2.5
 considering only a single trap event as 

shown in . The emission of the electron can either be through 
tunneling or thermally assisted. The thermally-assisted TAT is mainly 
considered in our work because of its temperature dependence as 
shown below. 

 
Figure 2.5: Schematic of a TAT process where an electron is captured (I) and is 
emitted (II) from a trap energy level equal to ET

Considering the thermally-assisted TAT and the Hurkx model [15-
16], the SRH recombination is modified by the electric field 
enhancement factor Γ(x) according to [17]: 

. 

 
𝑅𝑡𝑟𝑎𝑝(𝑥) = [1 + Γ(x)]𝑅𝑆𝑅𝐻(𝑥) (2.19) 

with Γ(𝑥) =
Δ𝐸𝑇
𝑘𝑇

� 𝑒𝑥𝑝 �
Δ𝐸𝑇
𝑘𝑇

𝑢 −
4
3
�2𝑚∗(Δ𝐸𝑇)3

𝑞ℏ|𝐹|
𝑢3/2�

1

0
𝑑𝑢 (2.20) 

where kT is the thermal energy, q the absolute value of the electron 
charge, ℏ is the reduced Plank constant, m* is the tunneling effective 
mass of the carriers, and Δ𝐸𝑇 is related to the trap level. The two terms 
inside the integral of the Eq. (2.20) indicates the thermal emission of 
the electron from the trap and the capture of the electron by tunneling. 
The first term is the one that determine the temperature dependence of 
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the thermally-assisted TAT as a function of the energy level of the trap, 
Δ𝐸𝑇. A non local approach might be preferred in case of TFET and it 
has been recently included in TCAD commercial simulators [18].  

2.3.4 Arrhenius Plot 

The Arrhenius plot is widely used to study the transport 
mechanisms in a diode, in particular to extract physical parameters [19-
20], such as the activation energy, EA

 

. The general Arrhenius equation 
can be written in the following form: 

𝐽 = 𝐴 ∙ 𝑒𝑥𝑝 �−
𝐸𝐴
𝑘𝑇
� (2.21) 

 

Diffusion and generation mechanisms in a reverse biased diode can 
be directly described noting that the two components described in 
equation (2.17) can be written in the following form:    

 
𝐽𝑅,𝑑𝑖𝑓𝑓 ∝ 𝑒𝑥𝑝 �−

𝐸𝐺
𝑘𝑇
� (2.22) 

 𝐽𝑅,𝑔𝑒𝑛 ∝ 𝑒𝑥𝑝 �−
𝐸𝐺

2𝑘𝑇
� (2.23) 

In case of TAT, the activation energy varies with the position of the 
energy trap level and, hence, it is impossible to describe the mechanism 
with a single value. 

In case of silicon, typical value for the activation energy of SRH 
component is equal to half of the bandgap (~0.56 eV) since the 
generation component is dominant [equation (2.23)]. On the other end, 
the values for TAT are below midgap, in the range of 0.2~0.4eV for 
silicon [17]. In this work, we generally refer to BTBT as a process with 
activation energy below 0.1eV. This limit is purely arbitrary and it used 
to indicate a process with a weak temperature dependence such as the 
BTBT. 
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2.4 TCAD Simulation of TFETs 

2.4.1 Introduction 

In the past years, a lot of efforts have been made to improve the 
band-to-band tunneling models in commercial TCAD simulators. 
Several local models were introduced to quantify the GIDL component 
in sub-100nm MOSFETs but they were completely unable to describe 
correctly the BTBT in TFET since the field across the tunneling path is 
almost never constant. For instance, the electric field varies linearly in a 
region with constant doping concentration. As a consequence, the 
BTBT needs to be treated non locally.  

 
Figure 2.6: TCAD simulation of a TFET showing the different output in case of local 
direct and non local indirect (the Sentaurus Device curve) models. The device 
parameters are the same in all three simulations. The gate covers entirely the intrinsic 
region. [21-22] 

Figure 2.6 shows three different simulations where local and non-
local models have been implemented. The large disagreement between 
the curves is related to the inaccuracy of the local models and the fact 
that local direct models are used to describe tunneling in indirect 
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material. The lack of a quantum mechanical solver in commercial 
simulator tools suggests to take with some cautions the outputs of the 
simulation. For this reason, a quantitative analysis is not 
straightforward and requires a calibration of the tunneling parameters.     

2.4.2 BTBT in Sentaurus Synopsys 

Synopsys Sentaurus was one of the first commercial TCAD tools 
able to offer a satisfactory self-consistent non-local BTBT model to 
compute the BTBT current in Si TFETs.  

 
Figure 2.7: TCAD simulation output illustrating contours of BTBT generated holes 
and electrons at the ON state. The arrow indicates one of the possible tunneling paths. 
The direction of the tunneling is not entirely vertical or lateral because both lateral 



______________________________ 2.4   TCAD Simulation of TFETs   

29 

 

and vertical field exists. The principal tunneling component originates a few 
nanometers below the oxide interface.   

An advantage of this model is that the simulator dynamically 
searches for overlap between valence band and conduction band and 
then computes the generation rate along various tunneling paths, when 
calculating BTBT current (Figure 2.7) [18].  

The tunneling path is a straight line with its direction opposite to 
the gradient of the valence band at the starting point while the tunneling 
energy is the difference between the valence band at the starting point 
and the conduction band at the ending position including an additional 
band offset as a parameter. When the tunneling path encounters 
Neumann boundaries or a semiconductor-insulator interface, it 
undergoes specular reflection if the option is not deactivated [18]. 

The dynamic calculation of the tunneling paths requires very fine 
mesh in the region where the tunneling occurs otherwise the results 
might be not accurate or have convergence issues. As a consequence, 
the mesh is automatically redefined according to the electric field 
calculated at each mesh points after evaluating the Poisson’s equation 
at ON state. This enables to exclude unnecessary mesh points and 
decreases the computation time. Nevertheless, the simulation time can 
still be important because the minimum mesh point is usually around 
0.1~0.2nm. A brief introduction about the formalism of this model is 
given before introducing the tunneling parameters.  

For a given tunneling path of length l starting at x = 0 until x = l, 
holes are generated at x=0 and electrons are generated at x = l. The net 
hole recombination rate at the starting point due to direct BTBT can be 
written as [18]:  

 
Rnet = |∇EV(0)|Cdexp�−2� k 𝑑𝑥

l

0
� �𝐹𝑛(𝐸𝑥=𝑙) − 𝐹𝑝(𝐸𝑥=0)� (2.24) 

The first term, the gradient of the valence band, defines the 
tunneling path while the last term describes the presence of empty 
states at the end of the tunneling path. The central term describes the 
tunneling probability as a result of the WKB approximation [see 
equation (2.6)] and it depends on the tunneling effective masses, the 
degeneracy factor, g, and the effective energy bandgap along the 
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tunneling path. More details were given at the beginning of this 
chapter. For uniform electric field, equation (2.24) reduces to the well 
known Kane model [equation (2.5)].  

The main fit parameters for the BTBT model are: the Kane’s 
coefficient A, B, the energy offset for the conduction band, ΔC, the 
phonon energy, εop, and the effective tunneling mass ratio, mV/mC

(2.24)

. An 
important observation is that the terms A and B are used as input 
parameters to be consistent with the previous band-to-band tunneling 
models but they are only used to define the tunneling masses and the 
degeneracy factor used in equation  to calculate the tunneling 
generation rate. For direct transition, A and B are expressed as: 

 
A =

g πmr
1 2⁄ (q𝐹0)2

9ℎ2[EG + ∆C]
1
2

 (2.25) 

 
B =

π2mr
1 2⁄ [EG + ∆C]

1
2

qℎ
 (2.26) 

In case of indirect transitions, the phonon energy is also considered 
in A and B. In this model, it is not possible to specify the tunneling 
masses directly but the reduced effective mass is calculated from the 
parameters A and B, then mC and mV

 

, the tunneling masses of 
electrons and holes, are calculated from: 

1
𝑚𝐶

=
1

2𝑚𝑟
+

1
𝑚0

 (2.27) 

 
1
𝑚𝑉

=
1

2𝑚𝑟
−

1
𝑚0

 (2.28) 

 The presence of many fitting parameters indicates that an accurate 
calibration of the model is necessary.  



______________________________ 2.4   TCAD Simulation of TFETs   

31 

 

 
Figure 2.8: Energy band diagram of Germanium. The black arrow is indicating the 
common indirect transition while the red arrows indicate additional tunneling paths 
that can be implemented. The effective bandgap at X and Γ points are indicated. 

The simulator tool allows multiple tunneling paths to consider 
tunneling at different valleys as illustrated in Figure 2.8. In this case, 
the value of ΔC 

 

needs to be specified to consider the offset of the 
conduction band of the new location compared to the conduction band 
at the Γ, where the tunneling starts. As a consequence, 𝐸𝐺,𝑡𝑢𝑛 = 𝐸𝐺 +
ΔC is the effective band gap including the band offset.  

2.4.3 Calibration of BTBT Models 

The calibration of the parameters A and B is carried out by fitting 
the diode characteristics of pn junction composed by the target 
material. The latest version of Sentaurus provides parameters for 
Silicon and Germanium. The first are based on experimental data of pn 
diode [15-16] but for Germanium only theoretical results are available 
[23] which makes them less accurate. The verification of the Silicon 
parameters has been further proven by the analysis of pin diodes 
fabricated and characterized at imec [24]. Figure 2.9 shows a schematic 
of the fabricated diode. Diodes with different areas were implemented 
on 300mm wafers. 
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Figure 2.9: Schematic of the fabricated Si p-i-n diode. Only the p+ substrate is grown 
by blanket epitaxy. After trench isolation and partially etch back of the substrate, the 
rest of the layers are grown by epitaxy. Silicide is used as a contact material.      

The presence of an “intrinsic” region simplifies the calibration process of TCAD 
models due to the presence of a nearly uniform electric field. Two of the main 
limitations of this approach are: (1) the control of the thickness of intrinsic layer and 
(2) the diffusion of the dopants in the intrinsic region. The electrical behavior of the 
diode is extremely sensitive to the variation of the thickness of the intrinsic region. In  

Figure 2.10a, the electrical characteristics of diodes with the same dimensions are 
taken in several positions of the wafer. It is clear that the variability of the reverse 
diode currents is too large to pursuit a calibration. In  

Figure 2.10b, a wafer map is created by extracting the diode 
currents at fixed reverse bias. A circular pattern can be recognized by 
observing the value of the current. This pattern is usually related to a 
non uniformity of the epixial growth which is on target in the center of 
the wafer but is thinner at the edge of the wafer. The calibration is still 
possible when SIMS analysis is performed next to the device selected 
for the calibration. In this way, the exact doping profile and thickness 
of intrinsic layer can be determined and used as an input for the 
simulations.  
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Figure 2.10: Reverse current of a pin diode (a) and wafermap of the current extracted 
at Vreverse

  

 equals to -2V (b). The circular pattern is a clear indication of the variability 
of the thickness of the intrinsic layer which is epitaxially grown. The target thickness 
is 40nm for this sample. The diode dimensions are 50µm x 50µm. 
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2.5 Line and Point Tunneling 

To describe the BTBT in TFETs both lateral and vertical 
components of the electric field needs to be taken into account. The 
lateral component is parallel to the gate while the vertical component is 
perpendicular to the gate. In this work, we prefer to use the definition 
of point and line tunneling (Figure 2.11) according to [25].  

 
Figure 2.11: line (I) and point (II) tunneling components in TFET. 

When the gate is placed mainly on the top of the channel region, the 
point tunneling is dominant and we define this configuration as 
“lateral” TFET as often found in literature. The “lateral” TFET is the 
most common configuration because of its simple fabricate with a 
conventional gate self-aligned process.   

2.6 Summary  

The band-to-band tunneling physics has been introduced together 
with their implementation in commercial simulation tools. The 
difficulty to describe this quantum mechanical mechanism with 
semiclassical models suggests that the calibration of the model 
parameters is mandatory. In case of hetero-junction TFETs, we would 
like to use quantum mechanical models proposed in the literature [26-
32]. Nevertheless, these models present several limitations such as the 
1D-dimensionality of the model and their assumptions such as 
extremely abrupt and defect-free hetero junction interfaces which are 
not always correct for experimental devices.   

In this chapter, we also presented additional transport mechanisms 
active in TFETs which need to be considered when experimental data 
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are analyzed. In particular, the impact of the TAT is responsible of the 
degradation of the swing as will be shown in Chapters 5 and 6.   
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Chapter 3   
Fabrication of TFETs 

 

3.1 Introduction  

In spite of the optimistic prospective of the theory and the 
increasing number of publications with simulation results [1-3], the 
fabrication of TFETs still presents a series of challenges regarding the 
steepness of the junction profile, the required doping levels and the 
implementation of p-type and n-type doping on the same device.  

 
Figure 3.1: Possible implementations of a lateral TFET grouped by channel 
orientation (vertical or horizontal) and by dimensionality (planar or tridimensional).  

Figure 3.1 shows four different types of architectures proposed in 
literature for TFET implementation: 1) vertical mesa structures [4-6], 
2) planar-like devices fabricated on Silicon-On-Insulator (SOI) wafers 
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[7-9], 3) Multiple gate FET (MuGFET), or FinFET, fabricated on SOI 
wafers [10-11] and 4) gate-all-around devices [12-15].  

The integration of vertical nanowire-based devices gives some 
important advantages:, a strong gate coupling to the channel [16], 
easier implementation of steep junctions and heterojunctions. The last 
is realized by growing an in-situ doped epitaxial layer [13-14] or 
through in-situ doping during the growth of the nanowire using VLS 
approach [17-18].  

Contrarily, the planar-like devices suffer from the use of a single-
gate configuration, and thus poor gate coupling from the fact that the 
junction is typically obtained by ion implantation and junction anneal, 
degrading the junction abruptness. In fact, Subramanian et al [19] 
compared a single gate and a double gate configuration where the 
backside was used as contact for the second gate and they have 
observed a great increase of performance, such as a reduced SS and an 
increased on current (ION

Implementation of TFETs in a planar architecture with improved 
gate coupling over the channel can be achieved using a MuGFET, or 
FinFET, technology [20]. The MugFET technology is a relatively 
mature technology compared to gate-all-around devices with nearly the 
same tight gate electrostatic control while still compatible with standard 
CMOS processing and available at imec.  

) for the case of a double gate structure.  

For this reason, the MuGFET, or FinFET, is used in this work to 
initially study Si homo-junction TFETs. Silicon Fin-TFETs were used 
to obtain a first evaluation of the impact of different process and 
geometrical parameters on the BTBT conduction and as a test vehicle 
to validate the band to band model available in the simulation tools. 

At the same time, a process flow for vertical nanowire-based 
TFETs was developed to demonstrate hetero-junction TFETs. In this 
case, a top-down approach was preferred because of its compatibility 
with CMOS processing and large scale production. Indeed, bottom-up 
approaches, in which the nanowire is grown by Vapor Liquid Solid 
(VLS) technique, are very interesting and have been used in academic 
research work [18]. However, its major drawback is the use of  gold as 
a catalyst in case of Si NW growth, which is not compatible with 
CMOS processing as Au acts as a deep trap drastically reducing the 
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carrier lifetime. In addition, placement of the nanowires and further 
processing are not trivial.  

Since two different architectures have been studied in this work, 
this chapter is divided in two parts: the integration of FinFET-based 
and nanowire-based TFETs. The fabrication of FinFET devices is 
explained in details after the description of the available TFET devices. 
In addition, the similarities between the process flow for TFETs and 
MOSFETs allows the fabrication both devices on the same maskset. On 
the other hand, the integration of vertical nanowire is a completely new 
process. A dedicated maskset has been designed and the TFET 
structures are shortly explained. Furthermore, the final process flow is 
described as a result of an intense development. At the end, few 
alternatives to implement hetero junction TFET are proposed. 

3.2 FinFET Integration of TFET 

TFETs have been fabricated at imec using the 300mm line 
following a MugFET on SOI flow developed for the 65nm and 45nm 
technology nodes. The only difference is the presence of both NPLUS 
and PPLUS masks on the same device in order to implement source 
and drain regions with opposite types of dopants, as will be detailed 
further in this section. 

3.2.1 Design of TFETs for Planar Integration 

As explained in the previous paragraph, Multiple-Gate Tunneling 
Field Effect Transistors (MuGTFETs), or FinFET-based TFETs, have 
been implemented as a first attempt to study these type of devices. The 
motivations of this choice include: 

• better gate electrostatic control over the channel; 
• compatibility of the TFET design with the existing gate self-

aligned design of MOSFET; 
• processing knowhow already available at imec. 
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Figure 3.2: Schematic view of the tunneling MuGFET structure (a) and the applied 

implantation masks (b). This configuration is design for a pTFET.  

Figure 3.2 shows the TFET implementation obtained by modifying 
the source/drain implantation mask. Contrary to the MOSFET case 
where only one type of doping is used to implant both the source and 
drain regions, the TFET requires a mask modification to implement two 
types of doping at the source and drain. The two masks NPLUS and 
PPLUS join in the middle of the gate providing an implant to the poly-
Si gate on the top of the metal gate. This basic TFET design has a 
major drawback: the device scalability. Indeed the alignment accuracy 
of the source and drain mask to the gate level during photolithography 
is limiting the minimum device gate length.  Contrary to the fin or gate 
mask layer, the implantation masks can only be aligned with an error of 
about 20~40nm. For this reason, it is not possible to implement very 
short gate configurations and most of the experimental results shown in 
this work are related to gate lengths of 150nm or greater. We believe 
that our observations for longer gate can be valid for shorter gate since 
the tunneling current does not change with the gate length because of 
the better control of the SCEs as explained in Chapter 3.  

The introduction of a new design requires the drawing of different 
lithography masks. The cost of a mask set depends on the number of 
masks or reticles and on the minimum feature that needs to be 
patterned. In our case, narrow fins are required to have a good gate 
control of the channel. As a consequence, the cost of a dedicated mask 
can be prohibitive for this thesis. Fortunately, imec allows the 
possibility to participate in the design of shared maskset. In this way, 
several structures from different projects can be implemented according 
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to the design rules. For instance, the area of the maskset dedicated to 
TFET devices is indicated by the red square in Figure 3.3a. One of the 
advantages is that conventional MOSFET and test structures are 
already available and it is possible to compare TFET and MOSFET that 
share the same processing steps. In this work, we have characterized 
device fabricated with the following masksets, the tape-out date is in 
parenthesis: 

• Rhythm (Dec 2005) – 10 devices available for TFET; 
• Salsa2 (Dec 2007) – 40 devices available for TFET; 
• Salsa3 (Dec 2009) – New devices implemented. 

Most of the results presented in this work are related to Salsa2 
because this mask was available at the beginning of this work. Salsa3 
was designed later based on the results from Salsa2. In Salsa2 and 
Rhythm, a few gated diodes were readily available for the purpose of 
reliability experiments on SOI substrate.  

The devices are usually organized in arrays of 24 contact pads to 
facilitate the electrical characterization by full automatic measurement 
setup. The number of devices depends on the contacting scheme. A 
schematic of one of the four arrays available in Salsa2 and the design of 
a TFET is presented in Figure 3.3(b,c). Here, 10 devices are available 
and two contact pads are not connected. The devices are grouped into 
two columns with different gate length, 150nm and 250nm 
respectively. In each column five different fin widths are patterned. 
10nm is the smallest feature present in this maskset. The Optical 
Photolithography corrections (OPC) and other lithography techniques 
to achieve nanometer features, such as double patterning, are not shown 
or described since they are automatically generated during the mask 
tape out process. A list of all the TFET device specifications for Salsa2 
is shown in Figure 3.4.  
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Figure 3.3: Schematic overview of the salsa2 maskset (a) where the yellow square 
indicates the location of TFET structures. Schematic representation of one of the 
array (b) and design of one of the TFET including the main geometrical parameters, 
such as fin width (Wfin), gate length (LG), fin spacing, number of fins (Nfin) and 
source/drain spacing (LSD) (c). In (b), the contact pads are marked with G for the gate 
contact, D for the drain contact and S for the source contact. Source is n-type because 
of the design definition. All the dimensions are in µm. 
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Figure 3.4: Description of all the TFET devices available in Salsa2. The main 
geometrical parameters are specified. All the dimensions are in µm. 
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A comparison between Rhythm and Salsa2 is presented in Table 
3.1. It is clear that the Rhythm was not suitable to study TFETs because 
of the limited number of structures. In addition, an extreme trimming 
(~125nm for fin and ~90nm for the gate) was applied on this mask to 
achieve minimum feature size. As a consequence, the control of the fin 
width during the fin patterning is more critical and it constitutes a 
source of variability on the final devices. Furthermore, the additional 
distance between the source region and the gate (LSD

 

) increases the 
access resistance of the device.  

Table 3.1: Comparison of the main geometrical differences between the maskset 
Rhythm and Salsa2. The dimensions specified are the target dimensions after fin 

patterning.  

Salsa2 was a good starting material to study the TFETs even though 
is was not optimized for TFETs. A few limitations are listed here: 

• Structures with single fin are not available;  
• selection of fin widths was not optimum due to the large 

gap between the 40nm wide fin and 250nm-wide fin 
structures; 

• absence of structures designed to study line and point 
tunneling. 

For this reason, new structures were designed in the new Salsa3 
maskset. In addition, an additional doping mask layer was ordered to 
turn existing MOSFET structures into TFETs in order to increase the 
number of devices with different fin widths. For instance, arrays 
designed for PMOS have been modified and TFET structures with 
different width of the fin, ranging from 5nm to 1um, and different gate 
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lengths, from 20nm to 10um, have been implemented. The original 
contacting scheme was maintained to speed up the design of the new 
structures.  

For the Salsa3 maskset two new architectures were designed, which 
are shown in Figure 3.5: the short gate and the shift gate.  

The short gate concept aims to suppress the ambipolar behavior by 
increasing the distance between the drain region and the gate [21]. The 
variation of this parameter is obtained by shortening the gate length as 
is done in Figure 3.5a. In addition, it is possible to measure the 
effective distance of this gap by CD measurements during the 
processing. 

The shift gate is designed to study the line tunneling by means of 
increasing the overlap between source and gate [22]. This concept 
requires the deposition of the gate after the source implantation since 
the N+ mask (source) is shifted to offer different gate/source overlaps. 
On the other hand, the P+ mask is not overlapping with the gate to 
reduce the ambipolar behavior.  

 
Figure 3.5: Implementation of short (a) and shift (b) gate concepts. Mask level for 
dummy structures and contact lines are not shown to simplify the drawing. 
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3.2.2 Fabrication of TFET for Planar Integration 

As explained in the introduction, the FinFET architecture is used to 
implement TFETs because of its better electrostatic control. Narrow 
fins, or tall fins, are preferred over the wide, or planar-like fins, because 
of their better electrostatic control and the ability to fully deplete the 
channel. Compared to a planar integration process, the process steps for 
FinFET integration contain additional difficulties due to the tri-
dimensional nature of the device.  

Figure 3.6 shows the state of the art integration flow implemented 
for the fabrication of our MuGTFET [23]. The details of the processing 
are discussed below. 

 
Figure 3.6: Schematic of a state of the art process flow for FinFET-based TFETs. 

 

Substrate. In planar CMOS technologies, device isolation is 
achieved by well implants after the active area patterning. Since the 
TFET itself contains a pn junction, bulk technology will be responsible 
of additional leakage current. As a consequence, the SOI substrate 
represents a better choice since the BOX can provide optimal device 
isolation. In our experiment, the SOI substrate used consists of a 
standard (100) SOI wafer with 70nm Silicon on the top of 145nm 
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BOX. The doping of the Silicon layer is approximately 1014 cm-3 p-
type.  

Mesa isolation. A critical step in modern semiconductor integration 
is the isolation between adjacent transistors. In bulk technologies, Local 
Oxidation of Si (LOCOS) or Shallow Trench Isolation (STI) are 
commonly used. However, the suppression of the so-called bird’s beak 
or the high aspect ratio of the trenches increases the complexity of the 
fabrication process. For this reason, the mesa isolation is an advantage 
in case of SOI substrates where the field regions are etched down to the 
Buried Oxide (BOX) and the remaining silicon active regions are 
completely isolated from each other. In case of FinFET, the mesa 
isolation is done during the fin patterning, described below. 

Fin Patterning

• Lithography step. An Advanced Patterning Film (APF) is 
used as the fin Hard Mask to reduce the BOX recess after 
strip operation since the APF layer can be easily removed 
by Oxygen plasma instead of Hydro-Fluoric acid (HF). The 
193nm lithography creates a resist pattern. 

. This is the first process module in the FinFET 
fabrication. This module consists in the following steps: 

• Silicon etching. The resist pattern is transferred to the 
silicon by dry anisotropic etching and selective toward the 
silicon oxide. 

• Wafer Cleaning. The cleaning step consists of an HF dip, 
which isotropically etches the BOX. 

Two main challenges are faced during the fin patterning: the BOX 
recess and the damage from the dry etch of the sidewalls as shown in 
Figure 3.7a. The BOX recess consists of an undercut of the oxide 
below the fin. In case of narrow fins, the device can benefit from a 
GAA operation [24], on the other hand it leads to difficulties in further 
processing, for instance the gate patterning or a reduced mechanical 
stability of the fins. The reduction of the BOX recess requires special 
attention in implementing cleaning steps with HF. 
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Figure 3.7: SEM inspection of fabricated FinFET after fin patterning: 45 tilt view (a) 
and top view (b). The tilt view shows the roughness of the sidewalls and the variation 
of width along the fin. For the top view the fin width is measured and reported on the 

top of each fin.  

The patterning of narrow lines, such as the fins, is a challenge and a 
variability of the fin width is expected. Automatic Chromatic 
Dispersion (CD) measurements are carried out after processing to 
verify if the fin width is on target by analyzing the light contrast 
between the oxide and the Silicon (Figure 3.7b). 

Corner Rounding
Figure 

3.8

. After the fin patterning, dry etch damage and 
Line Edge Roughness (LER) are present on the fin sidewalls (

). A high temperature step is required to reflow the Si and repair the 
etch damage. This step was performed at 840°C in H2 ambient. An 
additional benefit of this process is the rounding of the corners on the 
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top of the fins. This is particularly important in case of doped channels 
as sharp corners can result in double Vt

 

 behavior, as demonstrated in 
[25-26]. Sharp corners can also result in increased local electrical field 
and early gate dielectric breakdown [27]. 

Figure 3.8: SEM view of FinFET before (a) and after (b) corner rounding.  

Gate stack deposition. The deposition of the gate stack is a time 
critical operation, i.e. the deposition of the gate oxide, metal gate and 
poly-Si gate needs to be done in a sequence to assure a good quality of 
the gate stack. In this work, the gate stack is composed by 
SiO2/HfO2/TiN/Poly-Si. Atomic Layer Deposition (ALD) HfO2 has 
been used because other solutions like Hf Silicate are characterized by 
large gate leakage; in addition, Hf Silicate requires additional steps 
such as a nitridation step to prevent phase separation after high 
temperature anneal. Prior the deposition of the HfO2 and during the 
pre-clean, a chemical SiO2

After the gate oxide, Plasma Enhanced Atomic Layer Deposition 
(PE-ALD) is used to deposit 5nm of TiN used as a metal gate. The 
thickness of the metal gate was chosen to guarantee a mid-gap 
workfunction since we expect p- and n-type operation on the same 
device for TFET [28]. Later, a 200nm poly-Si layer is deposited and 
etched back down to 100nm to improve the topography prior the gate 
planarization step. A cross-section TEM image of a fin with 
SiO

 (~1nm), is formed. This oxide avoids the 
direct deposition the high-k on the silicon improving the stability of the 
high K and the interface quality.  

2/HfO2 Figure 3.9/TiN/Poly-Si is shown in . 
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Figure 3.9: Cross-section TEM image of a fin after gate deposition. The gate stack is 

extremely conformal along the perimeter of the fin. 

Gate Patterning

The gate stack is etched in multiple steps. In our process flow, a 
two hardmasks (HMs) approach has been used by deposition of 100 nm 
of APF layer and 35 nm of SiOC. After the lithography step, the poly-
Si is etched using a dry CF

. Contrary to the fin patterning where a flat starting 
substrate is present, the gate patterning is performed with a large 
topography due to the presence of fins underneath the gate. For this 
reason, it is necessary to minimize the topography to keep the control 
of the gate lithography and etch.  For this reason, an etch back of the 
poly-Si, from 200nm to 100nm, is performed to reduce the topography 
before the lithography step and thus to obtain a local planarization. 

4 etch chemistry in N2
Figure 3.10

 environment to avoid 
the formation of stringers ( a). The TiN dry etch is then 
performed in BCl3/He chemistry. The following operation consists of 
the wet etch (HCl/HF chemistry) of the HfO2

Figure 3.10

, a time critical operation 
where extensive etch time might lead to gate undercuts as shown in 

b. 
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Figure 3.10: Top down SEM image after gate etch emphasizing the presence of 
stringers (a). These residues may lead to shorts between gate and source/drain regions 
after silicidation. TEM image of a cross section of a fin along the channel direction 
emphasizing the undercut due to a not optimized wet etch of the high-k oxide (b). The 
presence of undercut reduces the effective gate length of the device and the effective 
overlap with the source and drain. 

Extension Implant. The aspect ratio of narrow fins suggests that 
most of the conduction is happening at the sidewalls. As a 
consequence, the extension, or Lightly Doped Drain (LDD), implants 
of the sidewalls are an important step in MuGFET fabrication. Using 
conventional ion beam implants with energy high enough to place the 
dopants all through the height of the fin (nominally 65 nm) will lead to 
a complete amorphization of the fin at the source and drain region, 
especially in case of heavy dopant species such as As or BF2. For this 
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reason, a tilt implant is preferred. Figure 3.11 shows the definition of 
tilt and twist angles. To avoid asymmetrical doping of the sidewalls 
two implantations are usually performed at opposite directions, 
conventionally called two quadrants (2Q) implants with half the dose 
used for each implantation, i.e. with a tilt of 45° and -45°. Two major 
limitations of the tilt implant are: the top of the fin receives a double 
dose compared to the sidewalls and the tilt angle is limited by the ratio 
between the fin height and the fin spacing due to shadowing effects. 
The twist angle is used to increase the overlap between the gate and the 
extensions but it may lead to a degradation of the oxide quality 
depending on the thickness of the oxide and on the energy/dose of the 
implant.  

 
Figure 3.11: Schematic representation of the implantation angles (a) and top view to 
illustrate 2Q and 4Q implant (b). The tilt angle is the angle between the implantation 
vector and the direction perpendicular to the wafer plane while the twist angle is the 
angle between the projection of the implantation vector on the wafer plane and the 
direction parallel to the gate line. In case of 2Q, only the quadrant I and IV are 
implanted as there are opposite to each other. In 4Q, all the four quadrants are 
implanted and the implantation dose on the sidewalls will be a quarter of the total 
dose due to the shadowing of the gate. 

In case of TFET, the Process Of Reference (POR) conditions have a 
tilt angle of 45° and a twist angle of 0 using a 2Q implant. The energy 
of the implantation was 10 KeV and a dose of 1×1015 atoms/cm2 for As 
while an energy of 1 KeV and a dose of 1.5×1015 atoms/cm2 was used 
for B. When the twist angle is different from zero, the 2Q implant 
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cannot be used and two single 1Q implants are implemented at twist 
equal to α and (180- α). 

The alignment of the LDD mask to the gate is extremely critical, 
especially for short gate TFETs, in order to avoid simultaneous 
implantation in the drain and the source regions. For this purpose the 
alignment is always verified by SEM inspection prior the 
implantations. In case of marginal alignment (Figure 3.12), a rework is 
necessary.  

 
Figure 3.12: Top/down SEM images before (a) and after (b) NPLUS print. The resist 
is at the edge of the gate so a rework is necessary to shift the resist footing toward the 
middle of the gate. 

Source/drain spacers and doping. After the LDD implants, source 
and drain spacers are deposited to avoid bridging during silicidation. 
The spacer formation consists of a deposition of 5nm oxide liner and 
50nm nitride by Plasma Enhanced Chemical Vapor Deposition 
(PECVD) followed by an anisotropic etch. The nitride is dry etched 
using a dry CH3 Figure 3.13F based chemistry as showed in . In case of 
double spacers, the process of deposition and etch needs to be repeated.   
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Figure 3.13: Formation of the spacer (a-b-c) and top/down SEM image after Spacer 
etch (d). 

Heavily Doped Drain (HDD) implants are performed after the 
spacer formation. Contrary to the LDD, no tilt or twist is implemented 
and the energy of this implant is high enough to implant the dopants in 
the full volume of the fin. In our experiment, As and P n-type dopant 
species are used with an energy of 25 KeV and dose of 3×1015 
atoms/cm2 and 8 KeV and dose of 2×1015 atoms/cm2, respectively. B is 
chosen as p-type dopant with energy of 3KeV and dose of 3×1015 
atoms/cm2. 

Annealing. An annealing step is required to electrically activate the 
dopants  and recrystallize the fin after the implantation damage during 
the HDD implants, in particular from As and P. The damage is more 
severe in case of narrow fins [29]. The activation process is 
conventionally carried out by a spike anneal which is a Rapid Thermal 
Anneal (RTA) where the wafer reaches a temperature of 1050°C for 
1.5s. Since the abruptness of the junction is one of the requirements for 
TFETs, two alternative anneals were investigated: Laser Anneal (LA) 
and Solid-Phase Epitaxial Regrowth (SPER).  
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Laser Anneal (LA) is a diffusion-less activation technique readily 
available at imec [30]. The main concern about this process is the 
degree of activation and the ability to remove residual defects due to 
the implantations. This process was previously optimized at imec for 
FinFET processing, where imec demonstrated the possibility to reduce 
the defect density to levels similar to spike anneals [31]. It consists of 
moving a laser beam on the surface of the wafer; optimization 
parameters are the scanning speed, the pulse of the laser and its power 
as they set the temperature of the wafer. For our experiments, three 
different temperatures were used to optimize this process: 1200°C, 
1250°C and 1300°C. This temperature is just a process parameter and it 
does not represent the temperature on the device. 

Solid-Phase Epitaxial Regrowth (SPER) is another alternative 
explored to obtain a very shallow junction [32]. This method consists 
of a relatively low temperature anneal which should be sufficient to 
recrystallize and activate the dopants. In our case, the SPER anneal 
consists on a temperature step of one minute at 650°C.    

Silicidation and back-end of line processing

• Deposition of the Ni and Pt. The thickness of the metal layer 
will determine the final silicide thickness. 

. To reduce the 
contact resistance between the contact plugs and the silicon 
source/drain/gate regions, a metal silicide is utilized. The so-called Self 
Aligned Silicidation (Salicidation) technique is implemented to form a 
silicide simultaneously on the source and drain regions and on the gate. 
The process is self aligned because the silicide only forms where 
silicon is present. The state-of-the-art silicide available at imec during 
the fabrication of this device was NiSi containing a small amount of Pt 
(around 10%) for a better thermal stability of the silicide [33-34]. Two 
steps process is used for the formation of the silicide: 

• First thermal anneal at 270°C for 30s. 
• Excess metal removal using aqua regia solution (a mixture 

of HCl/HNO3
• Second thermal anneal at 400°C for 30s. 

). 
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Figure 3.14: TEM image of a cross section of a fabricated TFET. In the enlargements,  
the High-Angle Annular Dark-Field (HAADF) images show the presence of two 
difference silicide phases. 

The target is to produce a NiSi alloy which has a low resistivity. 
Nevertheless, there is a possibility to form a NiSi2

Figure 3.14

 phase which has an 
higher resistivity and worse uniformity characterized by pyramids 
following the (111) planes as shown in . 

After silicidation, a low temperature sintering in N2

 

 environment is 
performed to reduce the dangling bonds at the silicon/oxide interface. 
Then, the processing up to metal 1 level is continued using standard  
Back-End-Of-Line (BEOL) modules. 
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3.3 Integration of Vertical Nanowire-based TFET 

The fabrication of vertical nanowire-based, or gate-all-around 
(GAA) TFETs can be divided in two main parts: (1) the formation of 
the nanowire itself and (2) the integration of the nanowire into the final 
device. At imec, two different approaches were considered for the 
nanowire formation (Figure 3.15): top-down approach, where the 
nanowires are directly patterned on the wafer using a lithography step, 
and bottom-up approach, where the nanowires are grown directly on 
the substrate by using VLS technique or SEG in a template.  

 
Figure 3.15: Schematic of possible approaches to integrate GAA TFETs. 

The advantage of the bottom up approach is that the size of the 
nanowire does not depend on lithography and can potentially be 
aggressively scaled down. The work on growth of Si vertical nanowire 
was started using a VLS technique investigating  alternative catalysts to 
gold to maintain  CMOS compatibility [35].  Nevertheless, a wafer-
scale controlled synthesis of nanowires for microelectronics 
manufacturing poses fundamental challenges such as the control of the 
wire diameter, orientation and placement of the nanowires. As a 
consequence, a seedless (catalyst-free) template-constrained growth 
was studied [36]. This experiment consists of the optimization of the 
epitaxial growth of SiGe in SiO2 Figure 3.16 template ( ). The presence 
of a nitride layer (around 20nm) below the SiO2 is used to prevent or 
reduce the formation of facets during the epitaxial growth. 
Nevertheless, no further development was pursued because of the 
difficulty in obtaining facet-free growth, the variability of growth rate 
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depending on the nanowire diameter and the slow speed of the growth 
due to the reduced exposed Si surface.  

 
Figure 3.16: SEM image of a cross section of seedless grown nanowire in small (left) 
and large (right) oxide template. The opening at the foot of the nanowire is designed 
to reduce the faceting during the epitaxial growth.  

The top down approach presents a more straightforward solution as 
it provides a good control of the nanowire size, orientation and position 
on the wafer. Nanowires are patterned into the substrate after the 
necessary layers are deposited to create the device. Regarding the 
formation of the source at the top of the nanowire, two different 
alternatives are available: doping by implantation and epi growth of an 
implanted region. The first option is done after the gate patterning and 
it is self-aligned. Unfortunately, the ion implantation is not able to 
provide the shallow junction needed for TFET operation. For this 
reason, the second option is preferred.  
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In case of epi grown source, two alternative approaches are 
proposed: direct etch or source replacement. In the direct etch 
approach, the channel layer and source layers are formed by blanket 
epitaxy on the substrate followed by the nanowire patterning while in 
the second approach it is characterized by the replacement of a dummy 
SiGe source by the final suitable source material after the gate 
patterning as shown in Figure 3.17. The main advantages of this 
concept are: (1) its compatibility for complementary TFETs since the 
dummy SiGe can be replaced by other semiconductor, (2) the source 
can be formed at the end of the device processing, reducing the thermal 
budget on the tunnel junction. Nevertheless, one of the main drawbacks 
is the alignment of the gate which depends on the control of etch of the 
gate HM and gate.  

In our experimental Si nanowire TFETs, the source is either formed 
by implantation of the i-Si layer grown on a doped substrate or by in-
situ doped blanket epitaxy on top of the i-Si channel. In our 
experimental SiGe-source nanowire TFETs, the source was formed by 
blanket epitaxy of SiGe on top of the i-Si channel.  
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Figure 3.17: Schematic of the source replacement approach to integrate p- type 
TFETs on the silicon substrate. After the planarization step (a) the dummy SiGe is 
etched and the new source material is epitaxially grown (b) and then the contact area 
are opened by a sequence of etch steps and silicided (c). A Si shell is used to form a 
better quality gate oxide. 
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3.3.1 Design of vertical TFET 

A transistor is basically composed by the drain, the gate and the 
source. Contrary to the planar designs where the three regions belong to 
the same level/plane, in the vertical structure these regions belong to 
different levels. For this reason, it requires a particular attention when 
one has to design vertical devices. 

 
Figure 3.18: Wireke mask layout. In the inset, the design of the devices in the active 
Area and in the SEM area is shown. The green squares represent the nanowires while 
the red line defines the active area.  
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Two different masks have been used to fabricate GAA nanowire 
TFET: Wireke and Tripel. The Wireke mask was already available at 
the start of the project and was initially designed by NXP to study 
nanowires in two-terminal configurations (diodes or resistors). A gate 
contact was therefore not directly available and a new reticle (NW-
Cap) had to be designed. Consequently, the electrical characterization 
of three-terminal devices was possible only with direct probing on the 
device by means of a nanoprober, a tool described in Chapter 4.  

The Wireke layout is shown in Figure 3.18. All the design levels 
are exposed with optical lithography, except for the nanowire level 
where the Electron-Beam Lithography (EBL) is used because of the 
small features. Since EBL is extremely time-consuming, only the 
bottom-half of the die contains patterned nanowires. Two areas can be 
distinguished: (1) device area and (2) SEM area. Firstly, the device area 
contains arrays of nanowires, with different numbers of nanowires and 
different nanowire diameters. The design is very simple, using only 
three levels: two active levels including the nanowires EBL level and 
the NW-cap level, which is connecting the nanowires of the array 
together and is used as top contact. The back of the wafer is used as the 
bottom contact. Secondly, the SEM area is defined as long lines of 
nanowires. The nanowires are staggered in the horizontal direction to 
facilitate the cross sectional SEM inspection. In fact, the presence of an 
offset between nanowires increases the probability to successfully cut 
the nanowires close to the middle.  

The Wireke maskset has however several limitations: 

• Nanowire definition by EBL is a time consuming process 
and limits the number of patterned dies. 

• No CMP dummies. Difficulty to control the uniformity after 
CMP steps, heavily used in vertical integration. 

• Maskset designed for 2-terminal device. 3-terminal device 
are still possible but with increased processing complexity. 

• Electrical Characterization by nanoprober. It is a time 
consuming technique with limited number of devices 
characterized (no statistical study possible), possible 
contacting issues and requiring high technical skills.  
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Figure 3.19: Tripel layout. The red boxes indicate the area dedicated to the TFET 
project. The SEM structures are indicated at the bottom right corner. 

 
Figure 3.20: Design of a measurement array of vertical nanowire.  
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For this reason, a new shared maskset was co-designed for vertical 
TFET and III-V planar integration, Tripel. The maskset is 200mm 
compatible and the minimum features (nanowire diameter) are 
achieved with 193nm lithography. The layout and the areas allocated 
for TFETs are shown in Figure 3.19. Three main groups of structures 
are present: GAA TFETs for p- and n-type operation and SEM 
structures for physical characterization.  

The GAA TFETs are grouped by nanowire spacing: 200, 300 and 
500nm. For each group, TFETs with different diameters ranging from 
90nm to 200nm on design, and different number of nanowires, from 1 
to 5000, are present. Each GAA TFETs array contains seven devices 
(Figure 3.20). Each device has a set of three contacts: gate, source, 
drain and a common bulk contact. The bulk contact is optional and the 
drain contact can be replaced by the back side of the wafer depending 
on the processing. All structures are designed so that standard probing 
can be performed after silicidation. SEM structures are similar to the 
ones described for Wireke. 

3.3.2 Fabrication of homojunction TFET 

First, Si TFETs were fabricated, as silicon is a well known material 
widely used in microelectronics manufacturing, in which both p- and n-
type TFET can be implemented. Contrary to the MuGFET case, a state-
of-the-art process flow for vertical nanowire devices was not available 
at the start of this work, and several learning cycles were necessary to 
optimize the integration. The final process flow for Si n-TFETs is 
described in Figure 3.21. The details of the processing are discussed 
below. 

Substrate. The substrate used for the integration is Si (100) with an 
n-type (As) doping concentration of 1×1019 at/cm3

The blanket epitaxy of the intrinsic silicon region is performed on 
the full wafer. On top of the intrinsic silicon channel, an in-situ p-type 
doped source layer can be grown. Alternatively, an i-Si layer can be 

. The highly doped 
substrate is not strictly necessary but it was implemented to reduce the 
drain resistance when the back side of the wafer is used as a drain 
terminal.  
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used as the source layer which will need to be doped by an implantation 
step later in the process.  

  
Figure 3.21: Main steps and schematic of the fabrication flow for vertical TFET. The 
top implantation step is not needed if the starting substrate has already a P+ region at 
the top.  

Active/NW patterning. An oxide hardmask (HM) is deposited for 
the nanowire patterning. The active area and the nanowires are 
patterned with a combination of DUV and EBL in Wireke and with 
193nm lithography in Tripel. Aggressive resist and HM trimming are 
necessary to reduce the nanowire diameter. For instance, the silicon 
nanowire with a 100 nm diameter on design will be reduced to 40 nm 
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(in Tripel). The lithography pattern is transferred to the HM using dry 
CF4 etch chemistry and to ~450 nm of silicon underneath using a dry 
HBr/O2 etch chemistry. The nanowire patterning is extremely critical. 
The nanowire profile was optimized by tuning the power of the plasma, 
the chamber pressure and the O2

Figure 
3.22

 flow taking into account that the 
nanowire profile depends on the maskset used (i.e. the amount of 
exposed silicon) as well as on the doping present in the silicon. 

 shows the impact of the plasma power on the nanowire profile. In 
this experiment, the chamber pressure was 30mT and the O2

Figure 3.22
 flow was 

8 sscm while the plasma power was increased from 70W ( a) 
to 90W (Figure 3.22b). After increasing the power a straight profile for 
the nanowire sidewalls was obtained. 

 
Figure 3.22: nanowire patterning before (a) and after (b) process optimization by 

increasing the plasma power.   

Bottom isolation. This layer serves two purposes: (1) Reducing the 
gate/drain leakage and (2) reducing the ambipolar behavior (see short 
gate concept [21]). A High Density Plasma (HDP) oxide is deposited at 
750C and a planarization step is performed before etching back of the 
oxide. The optimal thickness of the bottom oxide depends on the 
thermal budget during processing and the amount of As up-diffusion 
from the substrate.  

Gate stack deposition. The gate stack deposition needs to be 
highly conformal similar to the MuGFET process flow because of the 
large nanowire topography. The gate stack is similar to the planar 
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approach, using HfO2

Figure 3.23

 as the high-k gate dielectric and either MOCVD 
or ALD TiN as metal gate.  A thin 30nm a-Si capping layer is deposited 
on top of the TiN to allow for gate silicidation as shown in the inset of 

 and prevent contamination issues during the next 
processing step, HDP oxide deposition. 

 
Figure 3.23: SEM image of a cross section of the fabricated TFETs. The top doping is 

implanted. In the inset, the gate stack is shown. 

 
Gate HM. A HDP oxide is used again as a gate HM. Due to the 

high topography of the device, a CMP step is necessary after the 
deposition to control the wet etchback to expose the top of the 
nanowire prior the gate etch. The thickness of the gate HM defines the 
gate/source overlap in case of epi-grown source.  

Top Gate etch

Figure 3.24

. Once the top of the gated nanowire is exposed, a 
gate etch is performed to open the top source region and be able to 
contact the source. Similarly to the FinFET, a 2-step dry etch chemistry 
is used to remove the gate stack. A wet etch chemistry was adopted in 
the early stage of the development but it was difficult to control as 
shown in . 
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Figure 3.24: TEM image after top isolation. The top isolation results difficult and non 
homogenous because of the wet etch. 

Top isolation

Figure 3.23

. The gate is isolated from the top source region using 
a nitride spacer similar to the one used for planar integration as shown 
in . The nitride spacer might be not sufficient to prevent 
source to gate leakage and thus an additional oxide layer (HDP oxide, 
planarization and etch-back) was implemented to increase the distance 
between the nanowire cap layer and the gate. 

Nanowire cap

Prior the silicidation step, the gate and eventually the drain (only 
for Tripel) need to be exposed in order to silicide all contact regions 
with the top source (

. The nanowire cap serves two purposes: (1) connect 
multiple nanowires together and (2) prevent uncontrolled silicidation 
encroachment into the nanowires. The nanowire cap layer consists of a 
deposited undoped a-Si layer patterned to form the source contact area. 
This layer is then implanted and annealed to activate dopants and is 
then silicided. To further reduce the thermal budget during processing, 
the NWcap can be fully silicided which avoids implantation and 
annealing. In this case, with a in-situ doped source, no spike anneal is 
required and the tunnel junction abruptness after growth is maintained.  

Figure 3.25). Etch of the gate HM and bottom 
isolation are performed using a combined dry and wet etch chemistry to 
avoid excessive undercut of these layers. Additional spacers at the gate 
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edges are added when the top drain contact is used to avoid shorts 
during the silicidation as showed in Figure 3.26. 

 
Figure 3.25: Schematic of the simultaneous silicidation of the gate and source contact. 

 
Figure 3.26: Schematic of the simultaneous silicidation of the gate, drain and source 

contact in case of Tripel. Additional spacers at the edge of the gate prevent shorts 
between the drain and the gate. 

The silicidation process is a conventional two step process to obtain 
a NiSi. In case of vertical architecture, the presence of an amorphous 
capping layer requires a proper optimization of this process step. In 
fact, the full silicidation of the amorphous Si capping layer is required 
in order to avoid the doping and annealing step for the capping layer. In 
case the silicidation is too long, there is a possibility for the silicide to 

Silicidation 
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penetrate into the channel and create a Schottky contact or a short with 
the drain as shown in Figure 3.27. 

 
Figure 3.27: HAARD-STEM image of a cross-section of a vertical nanowire where 
the silicide went through the wire. The black area at the side of the nanowire 
represents a void created during the sample preparation. The three regions of the 
device (source, channel and drain) are delimited by dotted lines. The diameter of the 
nanowire is 200nm. 

The optimized conditions for silicidation are: the first temperature 
step is 300°C for 30s while the second step is 450°C for 30s. Both the 
gate and the source are silicided together. If a front drain contact is 
provided, the drain is also silicided together with the source and gate.  

Sintering & Backside metallization
The last step of the process is the metallization of the backside to 

minimize the contact resistance and ensure a good ohmic contact 
during the electrical characterization. An alloy AlCu is used as a metal.  

. 

3.3.3 Fabrication of heterojunction TFET 

The process flow for the fabrication of hetero junction TFETs is 
similar to the one used for homo Si junction. Because SiGe epitaxial 
growth is readily available at imec up to a Ge concentration of 45%, the 
first heterojunction TFET was implemented with SiGe sources. The 
defectivity of this layer depends on the Ge concentration and thickness 
of the layer which limits the processing window. SiGe can be doped in-
situ during growth which provides a sharp doping profile at the 
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interface with the undoped silicon (Figure 3.28) which can be 
maintained after processing thanks to the low thermal budget (<700°C),  
as no dopant activation is needed.  

 
Figure 3.28: TEM image of a cross section of a 200nm wide nanowire. The sharp 
change in contract indicates the abruptness of the interface between the SiGe source 
and the Si channel region. 

Only one modification in the process flow is required to implement 
a SiGe source: the blanket epitaxy of p+ SiGe on the top of the 
undoped Si. Optionally, a deposition of a Si capping layer (~nm) to 
encapsulate the nanowire before the gate stack deposition can be 
implemented to avoid the deposition of high-k on poor quality oxide at 
source/gate overlap, due to the formation of GeO2

Figure 3.29

. In this way, the 
compatibility with the homo junction process flow can be maintained 
( ). Moreover, SiGe and Si have different etch rates in case 
of dry etch and so the nanowire patterning had to be re-optimized. As a 
consequence, the top of the nanowire will be more tapered in case of 
SiGe as shown in Figure 3.30.  
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Figure 3.29: Schematic of the process flow for vertical hetero junction TFET. The 

additional steps compared to the homo junction integration are indicated in red. 

 

 
Figure 3.30: TEM profiles of the top of the nanowire in case of implanted source (a) 

or SiGe source (b).  
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3.4 Summary 

In this chapter, we have discussed the design and the fabrication of 
TFET for two different architectures: finFET and vertical nanowire. 
For the finFET, an existing process flow to fabricate conventional 
MOSFET has been adapted for TFET. The p+ and n+ region has been 
created by ion implantation and the high-k/metal gate was used as a 
gate stack. In this process flow we have explored new annealing 
conditions to obtain very shallow junction. For instance, laser anneal 
and SPER anneal were explored.  

In case of vertical nanowire, a new maskset has been designed to 
implement three terminal devices and allows the conventional electrical 
characterization (see chapter 4). Two different types of TFETs have 
been fabricated: Si homo-junction and SiGe/Si hetero-junction. In the 
first type, the tunneling junction was formed either by epitaxial growth 
or implantation. In case of hetero-junction, the source has been 
replaced with SiGe which was grown by blanket epitaxy before the 
nanowire patterning. In addition, a process flow where a dummy SiGe 
source is replaced after the gate patterning has also been proposed, i.e. 
source replacement approach. This technique allows the fabrication of 
p- and n-type TFETs with different source material on the same wafer.   
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Chapter 4  
Basic Characterization of TFETs 

4.1 Introduction 

This chapter consists of two parts. First, a short description of the 
electrical characterization technique for TFET is presented. 
Conventional characterizations technique such as Direct Current (DC) 
and Capacitance Voltage (CV) techniques are illustrated together with 
state-of-the-art tool such as the nanoprober which was used to 
characterize the vertical nanowire in the early stage of this work. The 
physical analysis methods relevant to this work are discussed in the 
Appendix A. 

In the second part of this chapter, the principle of operation of 
Tunnel FETs is explained using the most basic embodiment of this 
transistor. An important section focuses on the identification of the 
interband tunneling phenomenon. The main findings are also valid for 
TFETs with architectures [1-5] and configurations [6-9] other than the 
basic one described here. Later, the setup and methodologies to 
electrically characterize the TFET are briefly introduced. 

4.2 Methods of Characterization of TFET 

In general, the characterization of TFETs needs to be combined to 
the characterization of MOSFET structures in order to extract relevant 
parameters, such as EOT, which cannot be accurately extracted due to 
the asymmetrical doping in the TFETs. For this reason, the fabrication 
of MOSFET and TFET on the same maskset is important to extract the 
electrical parameters of the TFET.  
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4.2.1 Electrical Characterization Tools 

The most common characterization technique is the DC 
measurement of current-voltage. Several measurement setups are 
available at imec from state-of-the-art Cascade manual probe stations to 
fully automated setups. This section offers an overview of the systems 
used, with a distinction between the nanoprober setup and the industrial 
probe station.  

Nanoprober 

The nanoprober consists of a set of micromanipulators installed on 
a designed support inside a Scanning Electron Microscope (SEM). An 
additional substage (for orthogonal positioning solutions) is mounted to 
enhance the accuracy and functionality of the standard microscope 
stage. A picture of the setup together with the micromanipulator and 
the sub-stage is shown in Figure 4.1. The micromanipolator is a three-
axis manipulator device with an isolated tip for probing controlled by 
the NanoControl depicted in Figure 4.2. The NanoControl can control 
the horizontal and vertical movements of the micromanipulator 
together with its retraction and extension. The principle behind the 
micromanipulator is a piezoelectric motor, the Nanomotor®, consisting 
of a stator (piezo crystal) and a slider. The stator expands or contracts 
under electrical voltage allowing movements in the nanometer scale. 

The nanoprober has extensively been used to characterize GAA 
TFETs with the Wireke layout because the mask was not designed for 
three terminals devices and, hence, direct probing on the device was 
necessary (see Chapter 3). After the development of the Tripel maskset, 
industrial probe stations were used for the electrical characterization of 
GAA TFETs. The nanoprober apparatus is not commonly used because 
it requires a complex sample preparation and contacting procedure. On 
the other hand, it allows more flexibility to directly characterize 
prototype devices without requiring a complete FEOL and/or BEOL 
processing or costly mask design. The device to be measured needs to 
have contact areas bigger than 100 nm2

 

, otherwise the realization of a 
good ohmic contact can be compromised. 
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Figure 4.1: Internal view of the apparatus inside the SEM. In the inset, the 
enlargements of one of the micromanipulator (top) and the sub stage (bottom).   

 

 
Figure 4.2: The nanoprober workstation is composed by: a semiconductor parametric 
analyser (Keithley 4200) (I), SEM PC control (II), Nanocontrols for 
micromanipulators and substage (III) and SEM (IV). 

The micromanipulators of the nanoprober are connected by triaxial 
cables to the commercial semiconductor parametric analyzer (Keithley 
4200). A picture of the complete workstation is presented in Figure 4.2. 

The main challenges of the nanoprober are the preparation of the 
probe needles and the sample preparation. The probe needle is a 
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tungsten wire of 10μm diameter, mounted on a thicker and longer (2 
inches) tinned copper shaft. The tip is thin with a point radius smaller 
than 0.1μm, and flexible to minimize the damage on the structure. To 
be able to contact the device, the shaft needs to be bended as shown in 
Figure 4.3. The angle of the shaft is important to effectively transfer 
enough pressure on the contact pad and achieve a good contact for 
stable measurements.  

The sample preparation consists in forming a back side contact 
since the sub stage is not connected to the parameter analyzer but it is 
only grounded to the SEM. A cleaning step with an HF solution (2% - 
1min) is performed on the backside of the sample only to avoid 
damaging the devices at the front side. After cleaning, a tinned copper 
wire is attached to the backside with a copper tape. The other side of 
the copper wire is soldered to a tungsten shaft similar to the probe 
needle. The backside contact is connected to one of the 
micromanipulators. Additional InGa paste can be added on the 
backside of the sample to reduce the contact resistivity.  

 
Figure 4.3: Standard procedure for the probe needle preparation 

described in [10]. 

Figure 4.4 shows the measurement setup for the three terminal 
GAA TFET characterizations. Two probe needles are used to contact 
the gate and the source at the front side of the sample while the 
backside of the sample is used as drain contact. To avoid issues of 
contact resistance, the backside (substrate) is already doped and the 
expected device current is too low to be limited by spreading resistance 
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of the wafer. The gate and the source on the other hand are silicided. 
The top contact (source) uses a capping layer to increase the contact 
area and connect multiple nanowires together (see chapter 4). 
Contacting a single nanowire is possible for nanowire diameters above 
200nm but the characterization remains difficult because enough 
pressure needs to be exerted for proper contacting. 

The procedure to contact the devices using the nanoprober is 
extremely time consuming. In fact, the wafer needs to be cleaved 
manually because the device is not encapsulated. The sample 
dimensions cannot exceed 2 cm2

 

 to allow enough freedom for the 
movements of the micromanipulators. For a good SEM imaging the 
working distance should be at least 5mm. The probe needle needs to be 
electrically initialized to remove the thin oxide layer created during the 
preparation and loading of the sample. This operation requires a current 
flow able to heat up the metal and evaporate the thin oxide layer. The 
procedure to approach the sample to the device is slow and tedious and 
it cannot be compared to a conventional measurement setup. Additional 
limitations of this setup are: AC measurements are not available and 
difficult to implement. Because of the long measurement time using the 
nanoprober, it is very difficult to measure many devices and/or dies on 
one wafer, and statistical analysis of the device and processing is not 
possible. 

Figure 4.4: Contacting scheme (a) and SEM image of the contacting of the nanowires. 
Two probe needles are used to contact the gate, which is the field region in the 
picture, and the nanowire cap. Due to the topography of the structures the top of the 
nanowire is visible.  
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Conventional Probing Setup 

The conventional probing setup available at imec includes a full 
automated system and a semi-automatic system capable to load and 
measure wafers up to 300mm diameter. The detailed description of 
these systems is not within the scope of this work, and only a general 
overview about their capabilities is presented in this work. The 
conventional probing setup is composed of: 

- A probe station, where the wafer is loaded and the contact pads 
are connected by means of probe needles. The wafer holder 
allows vertical, horizontal and rotational movements in the xy 
plane to localize the target device and align the wafer. In 
addition, the temperature range for the measurements is 
comprised between -40°C and 300°C. In addition, the tool is 
isolated from mechanical vibration and electrical interference. 

- Semiconductor parameter analyzer or additional equipments 
such as impedance analyzer, or pulse generator. The versatility 
of the setup allows several types of characterization. HP4156c 
and Agilent B1500 with high precision module (able to measure 
down to 10fA) are commonly used as semiconductor parameter 
analyzers. 

- Support computer. It can be used to run script to control the 
difference instruments by external software through GPIB 
connection.  

Low Temperature Measurement 

Low temperature measurements are essential to study TFETs since 
band-to-band tunneling is mainly independent with the temperature 
contrary to most of the other conduction mechanisms. At low 
temperature, the tunneling mechanism is dominant and can be better 
studied. Unfortunately, a low temperature system, or cryo setup, on full 
wafers is extremely expensive and it is not available at imec. Two 
different liquid nitrogen (77 K) systems have been used in this work: a 
cryostat on small samples available at imec and a full 200mm wafer 
cryostat available at INP Grenoble. The first system requires cleaving 
of the wafer into small samples with an area less than 2cm2. The 
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semiconductor parametric analyzer used in both systems is similar to 
the conventional setup allowing a similar range of the measurements.   

  

4.2.2 Methodologies and Parameters Extraction 

Most of the characterization techniques used for MOSFETs can be 
used or adapted for the electrical characterization of the TFETs since it 
is basically a three terminal device where the device operation is 
controlled by a gate. Nevertheless, the figures-of-merit of band-to-band 
tunneling are different from the MOSFET as indicated in Chapter 3. 
Parameters such as threshold voltage need to be redefined.  

DC Methods 

The DC characterization is the basic and first technique to evaluate 
the TFET operation. In particular, IDS-VGS and IDS-VDS

Gate Capacitance and T

, are commonly 
used to extract parameters such as the average slope and maximum ON 
current at given supply voltage and benchmark TFETs. In addition, 
they are relevant to verify the uniformity over the wafer.  

The gate capacitance, C

inv 

GS (VGS), represents the capability to store a 
charge under a certain bias. In case of SOI device, CGS is measured by 
grounding all terminals except for the gate which is biased. To extract 
the oxide capacitance, Cox

Figure 4.5
, a two elements model is used as illustrated 

in  where an additional resistance component is added in 
parallel to take into account the possible gate leakage component. The 
presence of an additional capacitance, Cit, due to the interface states, in 
parallel with Cox is neglected because of its minor impact when the 
interface trap density is low, as it is generally the case for silicon-
silicon dioxide interfaces. In case of presence of additional parasitics, 
such as contact resistance, parasitic capacitance or high gate leakage 
current, the simple 2-element model might not be accurate and a better 
capacitance model need to be considered [11]. 
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Figure 4.5: Tilted view of a SOI finfet (a), cross section of the fin showing the COX

 

 
component (b) and schematic of the two elements model (c) used for CET extraction. 

Due to the absence of a bulk contact two different parameters can 
be extracted in SOI FinFETs from a Capacitance-Voltage (CV) 
measurement. In case of nMOS, the capacitance extracted in inversion 
regime is used to calculate the CETinv

Figure 4.6

 (Capacitance Equivalent 
Thickness in inversion) or EOT (Equivalent Oxide Thickness) of the 
device while the overlap capacitance can be extracted from the 
capacitance measured in the accumulation regime. In case of a TFET, 
both nMOS and pMOS operations are present in the same device.  In 
this case, the inversion capacitance can be extracted in both inversion 
and accumulation regimes, since both types of carriers can be provided 
to the channel either from the source or from the drain regions of the 
device. The C-V characteristics of a TFET and MOSFETs with the 
same gate dielectric thickness are shown in  and are 
superposed in the inversion regions. As a consequence, some electrical 
parameters, such as EOT, extracted from conventional MOSFETs can 
also be used to describe TFETs. 
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Figure 4.6: Capacitance-Voltage measurements of MOSFET and TFET with identical 
processing for two different HfO2 thicknesses. The characteristic of the TFET is 
overlapping the two curves for nMOS and pMOS. The measured devices have a WL 
of 64µm2

The EOT indicates the thickness of an equivalent SiO
.  

2

 

 layer that 
would produce the same total measured capacitance. The extraction of 
this parameter can be cumbersome for SOI devices and an equivalent 
metric is used on this work. The inversion layer thickness is commonly 
used to compare high-k/metal gates. It is defined as follows: 

𝑇𝑖𝑛𝑣 = 𝜀0𝜀𝑆𝑖𝑂2
𝐴
𝐶inv

 (5.1) 

where A is the gate area and Cinv is the inversion capacitance extracted 
from capacitance-voltage characteristics at VGS
Figure 4.6

 = 1.5 V as shown in 
. The value of Tinv is extracted from the slope of the 

maximum capacitance at 1MHz versus gate length assuming a constant 
gate width. Possible parasitics are removed by measuring devices with 
different gate lengths, i.e. different gate areas. EOT is obtained by 
substracting 4Å from the Tinv (or CETinv

 

) to take into account the effect 
of the quantum capacitance confinement. 
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Extraction of Interface Traps Density 

Interface traps or states are attributed to dangling bonds at the 
semiconductor/insulator interface. Their density is commonly reduced 
by forming gas (H2

The basic concept of this technique is explained in 

) anneal. Several methods have been developed to 
extract the interface traps density in MOSFETs, such as quasi-static 
method, conductance method [12], Deep Level Transient Spectroscopy 
(DLTS) [13] and charge pumping technique [14]. In particular, charge 
pumping method is suitable to small geometry devices instead of large 
diameter MOS capacitors; hence, the measurement can be performed 
directly on the devices without the use of dedicated structures.  

Figure 4.7 [15]. 
The MOSFET source and drain are tied together and slightly reverse 
biased with a voltage VR

Figure 4.7

 while a pulse voltage with an amplitude large 
enough to drive the device between inversion and accumulation is 
applied at the gate. The shape of the pulse train can be square, 
triangular, trapezoidal, sinusoidal or trilevel. When the transistor is 
pulsed into inversion, the surface becomes fully depleted and the 
electrons flow from the source and drain region into the channel, where 
some of them fill the surface traps ( c). When the transistor is 
driven into accumulation, the mobile charge drifts back from the 
channel to the source and the drain but the charge trapped at the surface 
that has no time to be released from the states, recombines with 
majority carriers in the substrate (Figure 4.7d-f) and gives rise to a net 
substrate current flow, called charge pumping current, ICP which is 
proportional to the interface traps density, Dit

 

, according to the 
following equation: 

𝐼𝐶𝑃 = 𝑞𝑓𝐴𝐷𝑖𝑡∆𝐸 (5.2) 

where q is the electron charge, f is the frequency, A is the area 
contribution of the Si-SiO2 interface and ∆𝐸 is the energy region in the 
bandgap that contributes to the CP current. When an SOI substrate is 
used or when the device does not present a bulk contact, such as a 
vertical nanowire, the charge pumping experimental setup needs to be 
modified. In this case, a gated diode is used to  extract the trap density 
[16] In particular, the P+ side acts as a collector contact of the ICP 
current while the other N+ side provides the electrons  to the channel 
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(n-type conduction).  Even though the basic charge pumping technique 
only gives an average value of Dit

 

 over the energy interval, Δ𝐸, the 
accurate energy distribution of the interface traps can be obtained by 
varying the pulse rise and fall time [17]. 

Figure 4.7: Device cross-section (a, b) and energy bands for charge pumping 
measurements (c-f). [15] 

In this work, an average value of Dit, was extracted for finFET-
based TFET. The extraction of the interface trap density, Dit, was 
carried out by applying a trapezoidal pulse to the gate electrode of the 
devices. The pulse is of constant amplitude and frequency and the 
measurement is obtained by sweeping the base voltage of the pulse as 
described in [17]. In addition, sidewalls and top interface components 
of the Dit

 

 were separated according to the methodology described in 
[18]. This technique has been used for FinFET-based TFETs and the 
results will be shown in Chapter 5. A similar extraction is not possible 
for vertical nanowire because of the presence of a large underlap at the 
drain side implemented to reduce the ambipolarity of the device. 
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4.3 Tunnel Field Effect Transistor (TFET) 

It is not obvious to design and optimize a transistor that turns on 
with the tunneling process. Most of the tunneling mechanisms are 
considered detrimental for MOSFETs and major efforts are made to 
reduce the tunneling mechanisms instead of enhancing them. In this 
section, we avoid to speculate on the best design for TFET but we 
focus on the fundamental understanding of the interband tunneling in 
experimental devices starting from the basic design originally proposed 
in [19] and widely used to describe the Si TFET. The basic 
embodiment of a TFET is a gated reverse-biased diode as depicted in 
Figure 4.8. The gate voltage modulates the width of the tunneling 
barrier and not the height of the barrier as it is the case in a MOSFET. 
In the off-state, the width of the tunneling barrier is represented by the 
distance between the source and the drain while it becomes only a few 
nanometers when a positive or negative gate voltage is applied. As in 
the MOSFET, it is possible to distinguish two operation modes for a 
TFET:  

• p-type mode when the gate bias is negative and the 
tunneling occurs between the n+

• n-type mode when the gate bias is positive and the tunneling 
occurs between p

region and the channel 
(pTFET), 

+

These 2 modes of operation can occur in the same device. This is 
why the device is called ambipolar. In order to maintain a similar sign 
convention as in  MOSFETs, the p+ region is called either source or 
drain in case of n-mode or p-mode, respectively. The source region, 
where the tunneling occurs, is always grounded. As a result, when 
different drain biases are applied, the gate-to-source bias is not 
modified. It is important to remember that the TFET is a one-
directional device: the current always flows from the n

 region and the channel (nTFET).  

+ region to the p+

 

 
region because the diode is always reverse biased. 
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Figure 4.8: Schematic of the different operation modes in a TFET. N- and p- type 
operations are both possible on the same device. 

4.3.1 Transfer Characteristics 

Figure 4.9 shows the transfer characteristics of an experimental Si 
TFET for both p- and n-modes of operation, at three different drain 
voltages. More details about the fabrication of these devices were given 
in Chapter 3. The transfer characteristic is clearly different from the 
MOSFET one. Firstly, the ambipolarity is an intrinsic property of the 
asymmetric design of TFETs, as shown in Figure 4.8. The p- and n- 
mode operations are nearly symmetrical because the workfunction of 
the metal gate was chosen to be midgap and because electrons and 
holes tunnel with similar rates. This effect can be reduced by reducing 
the doping concentration at the drain side or by increasing the distance 
between the gate and the drain region [20]. Secondly, the subthreshold 
swing is strongly dependent on the gate bias and it is therefore not 
possible to extract a constant slope in the subthreshold regime, as in 
MOSFETs. In addition, the definition of threshold voltage is still under 
discussion and will be presented later. The device turn on is not as 
abrupt as expected because the dopants are implemented by ion 
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implantation which does not allow to obtain a nearly abrupt junction. 
Epitaxy is preferred but is difficult to implement for this device 
configuration. In addition, the presence of TAT can degrade the swing 
at low gate voltages as will be shown in Chapter 5. For large gate bias 
the characteristics are nearly saturating because they are limited by the 
tunneling resistance. Finally, the impact of the drain voltage is 
negligible at low gate bias while a weak dependence is observed at 
large gate bias. 

 

 
Figure 4.9: Transfer characteristic for a fabricated TFET at three different drain 
voltages showing the two operation modes. A schematic of the measurement setup is 
shown on the top of the figure. (Wfin: 250nm, LG

4.3.2 Output Characteristics 

: 150nm) 

Typical output characteristics (Figure 4.10a) are characterized by a 
super-linear onset at low drain bias and an excellent saturation of the 
current at higher bias. The presence of a super-linear onset represents 
one of main drawback of TFETs in circuit applications.  
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Its origin is related to the parabolic shape of the valence and 
conduction bands in the depletion region close to the source. In Figure 
4.10b, a simulation of the energy bands along the channel direction is 
shown for different drain voltages. It is clear that increasing the drain 
voltage influences the amount of band bending near the source-channel 
interface where the tunneling occurs. This leads to a Drain Induced 
Barrier Thinning (DIBT) which is at the origin of the super-linear 
behavior at low drain bias as described in [21]. When larger drain bias 
are applied, the surface potential at the tunneling junction becomes 
independent from the drain voltage, i.e. the band edges of the 
conduction and valence band at the tunneling region are not modified 
anymore (Figure 4.10b). In this condition, the length of the tunneling 
path is constant as well the tunneling current, resulting in the saturation 
of the tunneling current. 

 
Figure 4.10: Output characteristics of experimental TFET at two different gate 
voltages (a) and simulated energy band diagram for different drain voltages for the 
valence band. The red area show the side where the tunneling occurs. (Wfin: 85nm, 
LG

An alternative explanation of the super-linear onset involves the 
simple case of line tunneling [22] where the gate is overlapping the 
source region. In 

: 150nm)  

Figure 4.11a, a schematic of the energy band levels 
perpendicular to the gate is shown. The quasi Fermi level of the holes 
in the source region, EF,p, is fixed by the source doping concentration 
while the quasi Fermi level for electrons in the channel, EF,n, is 
assumed to be equal to VDS. This assumption is valid only for small 
tunneling current, when the gradient of the EF,n along the channel 
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direction is negligible. The tunneling is allowed only between EF,n and 
EF,p as indicated by the shaded area. For a fixed gate voltage, the edges 
of energy bands are fixed and only the EF,n is moving accordingly to 
the drain voltage. For low drain voltages, only the long tunneling paths 
are allowed, i.e. the one closer to EF,p

Figure 4.11

. For large drain bias, shorter 
tunneling paths become available. It results in the super-linear onset 
visible in b. When EF,n

Figure 4.11

 crosses the bottom of the conduction 
band, the tunneling current saturates because the energy window for the 
tunneling remains constant and no more dependence with the drain bias 
is observed ( b). This effect is similar to the pinch-off effect 
in MOSFET with the only difference that in this case the inversion 
layer becomes thinner at the source and not at the drain.  

 
Figure 4.11: Schematic of the line tunneling configuration perpendicular to the gate 
(a) and output characteristics (b) as a result of the model presented in [22]. 

To reduce the undesired slow onset in the output characteristics, it 
is necessary to reach the saturation regime at lower drain voltage. 
Figure 4.12 shows the output characteristics for two different fin 
widths. In case of the narrow fin (Wfin 25nm), a reduction of the super-
linear onset is observed because of the improved electrostatic control of 
the gate over the tunneling junction as it will be shown in chapter 5. In 
addition, a better linearity of the output characteristics can also be 
achieved by introducing an undoped or counter-doped layer [23] next 
or above the source material (beneath the gate oxide) In this way,  the 
shape of the bands will be more linear or sub-linear rather than 
parabolic.  
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Figure 4.12: Output characteristics of experimental TFET with different fin width: 
85nm (a) and 25nm(b) at two different gate voltages. (LG

4.3.3 The subthreshold swing in TFET 

: 150nm) 

Contrary to the MOSFET, the metric of the subthreshold slope is 
not applicable to TFET since it is not possible to extract a constant 
slope. In addition, the lack of the concept of threshold voltage 
complicates the definition of a universal metric for this device. 

Several alternatives have been proposed in literature to benchmark 
TFETs. The most used method is to indicate the minimum point slope 
where the inverse slope of the IDS-VGS

Figure 4.13

 curve is extracted at the lowest 
current. Later, the definition of average slope was proposed [24-25] in 
which the threshold voltage is defined using the constant current 
method and the off current is the minimum current ( a). 
Alternatively, Boucart [17] proposed a new method to extract the 
threshold voltage based on the analysis of the transfer and output 
characteristics [26]. However, this definition is strongly dependent on 
the device geometry.  

We believe that the metric of the subthreshold slope is not 
satisfactory to benchmark the TFET and we would like to propose a 
new metric based on the knowledge of the on-current and VDD

Figure 4.13
 

requirements for a given technology node ( b). In this case, 
the extraction of on-current is performed after defining the off-current 
level and the VDD range.  
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Figure 4.13: Schematic of the extraction of the point and average slope (a) and a new 
metric based on technology requirements (b). 

4.3.4 How to Identify Band to Band Tunneling 

From an experimental point of view it is important to verify if 
BTBT is the main transport mechanism in fabricated TFETs. As shown 
in the previous chapter, Kane’s model can be used as a first 
approximation to describe the BTBT. In presence of an uniform electric 
field, the BTBT generation rate can be written as [27]: 

 
𝐺𝐾𝑎𝑛𝑒 = 𝐴𝐾𝑎𝑛𝑒�𝐸𝐺,𝑚∗�𝐹2exp �

𝐵𝐾𝑎𝑛𝑒�𝐸𝐺,𝑚∗�
𝐹 � (8.1) 

where 𝐸𝐺  is the energy band gap of the material where the tunneling 
occurs, 𝑚∗ is the carrier effective mass, F is the electric field at the 
tunneling junction and AKane and BKane
(8.1)

 are fitting parameter. Equation 
 shows that tunneling is exponentially dependent on material 

properties, such as energy bandgap and effective masses, and on the 
electric field at the tunneling junction. The field at the tunneling 
junction is mainly controlled by the gate-source voltage in case of good 
electrostatic control. In addition, there is no explicit temperature 
dependence and the bandgap variation with temperature is expected to 
be small.  BTBT transport can be identified in different ways: (1) good 
correlation (fitting) with Kane’s model (2) weak temperature 
dependence and (3) independence of BTBT on gate length. We will 
next detail each of these properties. 
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Temperature Dependence 

A feature of BTBT is its weak temperature dependence. Contrary to 
a MOSFET, the swing of a TFET should not change by varying the 
temperature unless parasitic mechanisms such as TAT and SRH are 
present. In order to reduce the impact of these parasitic components, 
measurements at low temperature are required. Figure 4.15 shows a 
typical temperature dependence of the transfer curves of a TFET. The 
current is slightly increasing by rising the temperature at large gate 
voltage because of the weak temperature dependence of the energy 
band gap. On the other hand, the strong temperature dependence 
observed at low gate bias is due to the presence of parasitic components 
such as SRH Generation and TAT as described in Chapter 2. 

 
Figure 4.14: Transfer characteristics for experimental nTFET at different temperature 
(a) and Arrhenius plot (b). (LG

From I

: 150nm)   

D-VG

The transfer characteristic of the TFET, or I

 Plot 

D S-VG S

(8.1)

 plot, has an 
exponential dependence with the electric field at the tunnel junction. In 
lateral TFETs, the height of the tunneling barrier is defined by the 
energy bandgap, which is a material parameter. On the other hand, the 
tunneling length is mainly controlled by the gate bias. Assuming the  
[24]After adjusting equation  as suggested in [24] we obtain: 
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log�

IDS
VGS2

� = log�
AKaneD2

Eg
1/2 � −

BKaneEg
3/2

DVGS
 (8.2) 

where D is a fitting parameter assuming that 𝐹𝑚𝑎𝑥 = 𝐷𝑉𝐺𝑆 [24]. Thus, 
the plot of log (𝐼𝐷𝑆/𝑉𝐺𝑆2 )  versus 𝑉𝐺𝑆−1  should give a straight line 
indicating a good fit with Kane’s model. A good linear fit of the 
experimental data with the Kane’s model is shown in Figure 4.14. We 
do not attempt to determine the exact value of 𝐴𝐾𝑎𝑛𝑒  and 𝐵𝐾𝑎𝑛𝑒 
because of the difficulty to analytically extract specific material 
parameters such as doping concentration. The calibration of the model 
requires specifically designed structures as described in chapter 2.  

 
Figure 4.15: Transfer characteristic of an experimental Si pTFET (a) and the linear fit 
according to Kane’s model. (Wfin: 250nm, LG

An  alternative method to show clearly the strong impact of the gate 
voltage on the tunneling current is to plot the subthreshold swing 
versus the gate voltage. Contrary to the MOSFET where a constant 
value of subthreshold slope can be extracted, the TFET is characterized 
by an increasing subthreshold swing with the gate voltage. 

: 150nm)  

Gate Length Scaling 

The third property of a TFET is that the on-current does not change 
when varying the gate length because band to band tunneling is 
extremely localized at the tunneling junction. It is therefore not affected 
by the gate length. Nevertheless, this property might not be valid for 
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short gate lengths (below 100nm) where effects such as strain might 
change the performance of the device. Figure 4.16 shows experimental 
on-state current for different gate lengths down to 150nm. The current 
remains constant except for very long gate length for which the channel 
resistance becomes dominant.  

 
Figure 4.16: Gate length dependence in TFET. Data are extracted from finfet-based 
TFET at different drain voltages. The degradation observed for the 10um long device 
is related to channel resistance.  

4.4 Summary 

This chapter introduces to the characterization methods for TFET 
focus on the electrical characterization. Firstly, the measurements setup 
available is described including state of the art nanoprober and 
conventional industrial probing system. Later, some of the 
characterization techniques show how to extract device parameters 
when a bulk contact is not present. More information regarding the 
physical characterization techniques are presented in Appendix A. 

In the second part of this chapter, the main features of TFET are 
listed. In particular, the strong dependence of the tunneling current with 
the gate voltage complicates the definition of threshold voltage and the 
benchmarks of TFET devices. A new metric is proposed based on VDD 
and on-state current requirements. The transfer and output 
characteristics for TFET are briefly described. The non-linear onset 
present in TFET can be reduced by a proper device optimization such 
as increasing the gate coupling.   
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Chapter 5  
FinFET-based Si TFETs 

 

5.1 TFET at imec 

At the early stage of the thesis, silicon material has been selected as 
a starting material to study the band-to-band tunneling because of its 
easy integration and compatibility with CMOS processing. The finFET 
configuration was used as a first test vehicle to study the homo- 
junction Si TFET because of its more mature technology compared to 
the GAA technology while still providing nearly the same tight gate 
control and most integration steps readily available at imec.  

The integration flow used for finFET-based TFET has been 
extensively discussed in chapter 3. Figure 5.1 reports the main process 
steps for the Process Of Reference (POR). This process flow is 
considered as the process reference for homo-junction Si TFETs 
presented in this chapter. 

 
Table 5.1: Summary of the extracted density of interface traps. SPER anneal is 
compared with spike anneal. Fin topwall with (100) orientation and fin sidewall with 
(110) orientation are reported. 

The good quality of the silicon/oxide interface was verified by 
performing charge pumping measurements (as described in Chapter 4). 
A low density of interface traps close to 1010 cm-2 for both top and 
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sidewall contributions was obtained. No dependence on anneals is 
observed (Table 5.1). 

 
Figure 5.1: Process flow used as a process of reference (POR) for TFETs.    

The electrical results of the TFETs processed using the POR 
conditions are presented in Figure 5.2. The p- and n-type operations are 
measured on the same device because of the ambipolarity of the TFET. 
The on-current of this device is below 100 nA/µm at VGS of 2 V and 
VDS

In this chapter, an extensive study of several geometrical and 
process parameters has been carried out to find their impact on the 
performance. The variation of the gate oxide thickness, the fin width 
and the dopant profile is analyzed. All these parameters should have an 
impact on the electric field at the tunneling junction. In particular, 

 of 1.2V while the subthreshold swing is far to be close to 60 
mV/dec. It is clear that a process optimization is needed to boost the 
on-current and reduce the swing. 
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several methods to achieve abrupt doping profiles are proposed: 
optimization of the implantation conditions, modification of the 
activation anneal and dopant segregation by means of silicidation. Most 
of the learning can be transferred to new materials and offers a few 
guidelines for further development of TFET devices.     

 

 
Figure 5.2: Transfer characteristics of a fabricated TFET measured in n- and p-type 
operation at different drain voltage. The side where the tunneling occurs is named 
conventionally source and kept grounded. (Wfin 20nm, Nfin 15, LG

5.2 Impact of Fin Width in TFETs 

 150nm) 

The finFET architecture, originally proposed by Hisamoto [1], aims 
to increase the gate control over the channel by partially surrounding 
the channel with a gate. The improved Electrostatic Integrity (EI) of 
this configuration is able to reduce SCEs in conventional MOSFETs 
because of the reduction of the influence of the electric field lines 
between the source and the drain. A better EI is expected to be 
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beneficial to TFET as well because the tunneling current is 
exponentially dependent on the electric field at the tunneling junction 
which is controlled by the gate voltage.  

This section studies the impact of improved gate control over the 
channel on the performance of fabricated Si MuGTFETs [2]. For 
narrow fins, the devices are considered as Fully Depleted (FD) double 
gate devices and the sidewall components are dominant over the top 
component. In this case, the silicon body thickness is represented by the 
fin width itself. On the other hand, for wide fins, the dominant 
component is the top one instead of the sidewalls and, consequently, 
the device can be considered as Partially Depleted (PD) devices where 
the body thickness is the fin height which is constant and equal to 65 
nm.  

5.2.1 Gate Geometry and Electrostatic Integrity 

In conventional planar SOI transistor the EI can be improved by 
decreasing the silicon film thickness (or the junction depth in case of a 
bulk device). The motivation behind this phenomenon can be 
understood by solving the Poisson’s equation using the depletion 
approximation: 

 ∇2Φ(𝑥,𝑦, 𝑧) =  
𝑞𝑁𝑎
𝜀𝑆𝑖

 (5.1) 

For single-gate SOI MOSFETs, the equation(5.1) can be re-written 
as follows [3]: 

 𝑑2𝜑(𝑥)
𝑑𝑥2

−
𝜑(𝑥)
𝜆2

= 0 (5.2) 

where, 𝜆 = �
𝜀𝑆𝑖
𝜀𝑜𝑥

𝑡𝑜𝑥𝑡𝑆𝑖 (5.3) 

λ is called the natural length and is a parameter that represents the 
spread of the electric potential along the channel. It depends on the 
silicon film thickness (tSi) and the oxide thickness (tOX), two 
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parameters which have a major impact of the EI of the device. In the 
same way, λ can be extracted for other configurations (Table 5.2). The 
natural length is typically used to estimate the maximum silicon film 
thickness and oxide thickness that can be used to avoid the SCEs at a 
given transistor length.  

 
Table 5.2: Natural length for double gate and surrounding gate. 

5.2.2 Impact of Gate Geometry on TFET 

The concept of natural length, or screening length, has been 
extended to TFET by Knoch and Appenzeller [4-5], where it is used to 
describe the electrostatic of the tunneling junction assuming that the 
electric field is concentrated at the tunneling junction as shown in 
Figure 5.3. In this picture, λ represents the length of the tunneling path 
while ΔΦ is the energy range where the tunneling occurs. 

As a consequence, the electric field can be expressed by: 

 𝐹 = 𝐸𝐺+Δ𝜙
𝜆

  (5.1) 

And the tunneling probability after WKB approximation can be 
written as: 

 𝑇(𝐸) ∝ exp �−
4√2𝑚∗𝐸𝐺

3 2⁄

3|𝑒|ℏ(𝐸𝐺 + Δ𝜙) 𝜆� (5.2) 
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Figure 5.3: Conduction and valence bands in a tunneling.  The Fermi level filter 
action of the band gap is shown. [4] 

Following a similar approach, a linear dependence of the 
logarithmic of the tunneling current with the square root of the silicon 
film thickness has been qualitatively shown by a commercial TCAD 
simulator tool for double gate structures [6]. In particular, an 
improvement of the subthreshold swing has been observed when 
decreasing the silicon thickness as well as increasing the gate dielectric 
constant. Unfortunately, a degradation of the device performance is 
also reported for a silicon thickness below 10nm, possibly due to the 
reduced cross-sectional area available for current flow (i.e. channel 
resistance). 

In this work, the reported linear trend has been verified 
experimentally on finFET-based TFETs, fabricated with the Salsa2 
maskset featuring a minimum fin width of 10 nm. The device 
fabrication follows the POR conditions described in chapter 3 and the 
transfer characteristics are shown in Figure 5.4a. In Figure 5.4b, the 
plot of the tunneling current versus square root of the fin width is 
shown. At large fin widths, the finFET configuration effectively 
behaves as a single-gate configuration. At smaller fin widths, the 
coupling of the gates at the sidewalls is stronger and a rather linear 
dependence in observed. This linear correlation with the square root of 
the fin width is compared with the analytical modeling reported in [7] 
designed to search for a more quantitative agreement. The difficulty to 
obtain a quantitative agreement indicates that additional parameters 
such as the doping profile and concentration may also vary with the fin 
width and affect the band-to-band tunneling. 
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Figure 5.4: Transfer characteristics of 5 devices with different fin widths (a) and plot 
of the device current versus square root of the fin width showing the linear trend only 
for narrow fins (Wfin

A 3D TCAD process simulation [8] is performed to show the 
expected doping distribution after the HDD implantation and annealing 
(

 < 100nm) (b). 

Figure 5.5). For narrow fins, the doping profile along the channel 
direction (Figure 5.5b) results in a more uniform doping concentration 
compared to wide fins (Figure 5.5d), where the middle of the fin in the 
extension region remains undoped. The difference in doping profile for 
the two different fin dimensions leads to a different electric field 
distribution and this variation should be taken into account for the 
modeling. Unfortunately, it is extremely difficult to extract the effective 
active dopant concentration in case of narrow fins limiting the analysis 
to a qualitatively approach.  

In conclusion, the dependence with the fin width can be explained 
by combining (1) the improved EI of the double gate architecture 
compared to the planar devices and (2) the better doping uniformity for 
narrow fins. The scaling of the fin width will be limited by quantum 
mechanical effects for dimensions below 10nm in case of Si TFET.  
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Figure 5.5: TCAD simulations show the expected doping profile for narrow (a) and 
wide (b) fin. On the right a cross section of the fin along the channel direction is 
shown for narrow (b) and wide (d) fins.  

5.3 Oxide Scaling and TFET Performance 

The EI can be improved by reducing the silicon film thickness, or 
the fin width, but also by reducing the gate oxide thickness or by 
increasing the permittivity constant (k) of the gate dielectric as shown 
in [6-7]. The oxide scaling offers a larger room for improvement 
compared to the scaling of the fin width because the reduction of the fin 
width will soon be limited by the increasing of the channel resistance 
and the geometrical quantization. 

In our experiment, the interfacial oxide layer (IL) remained 
constant and the thickness of the high-k oxide was modified. Two 
thicknesses of HfO2 were implemented: 2nm and 4nm on top of a 1nm 
IL. Larger HfO2 thicknesses are not implemented because of their 
oxide quality degradation [9]. C-V measurements on conventional SOI 
MOSFET, fabricated together with the TFET devices, were used to 
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calculate the EOT by extracting Tinv. A Tinv of 1.9 nm, corresponding 
to an EOT of 1.5nm, was extracted for the reference sample of 2nm 
HfO2 while a value of Tinv

Figure 5.6

 of 2.6 nm (i.e. EOT of 2.2 nm) was 
extracted for the thicker gate dielectric.  

a shows the IDS-VGS characteristic of the measured 
devices (Wfin: 250nm) for two different gate oxide thicknesses. The 
impact of the gate oxide thickness is marginal compared to the 
simulation results, where a strong increase of the on-current together 
with an improvement of the swing was suggested [6, 10]. In the 
experimental devices with larger oxide thickness, the low onset voltage 
might be partially caused by a shift of flatband voltage for high-K 
oxides, for instance, the presence of fixed charges due to the instability 
of thick HfO2

Figure 
5.6

 layer [11]. The same behavior was also observed for the 
threshold voltage in MOS devices measured on the same wafer. In 
addition, the gate leakage component is larger for thinner gate oxide, as 
expected, and becomes dominant at low gate and drain biases (

b).  

 
Figure 5.6: Transfer characteristics for pTFETs with 2nm and 4nm HfO2 at VDS = -
0.9V. The close symbols represent the experimental data while the open symbols the 
simulation results obtained for abrupt profile and for equivalent EOT values (a). 
Transfer characteristics for pTFETs with 2nm HfO2 at two different drain voltages 
(b). The data points are obtained by averaging several devices. (Wfin 250nm, LG 
150nm and Nfin

 
 5) 
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5.4 Tunneling Junction Engineering through Doping  

In section 5.2, it was shown that the current improvement resulted 
from the improved device geometry but also from differences in doping 
profile of the narrow fin compared to the wide fin. Junction doping 
engineering is an alternative method to boost the band to band 
tunneling current. The strategy used to tune the doping profile is based 
on engineering of the implantation angle and dose at the source 
junction.  

 The different implantations conditions investigated are listed in 
Table 5.3. The implantation is done in two quadrants and symmetric to 
the channel direction to provide a symmetrical doping profile along the 
fin. In addition, some wafers received a sub-ms laser as anneal 
activation step instead of the standard spike anneal. The purpose of this 
laser anneal is to increase the dopant activation rate and the steepness 
of the junction as reported in [12]. The focus is to optimize the 
tunneling at the n+

 

 side only. The tunneling at the p+ side is not 
considered because of the high diffusion of boron, used as p-type 
dopant. 

Table 5.3: Extension implantation conditions implemented for the dopant 
optimization at the n+ side. Sub-ms laser anneal is used as activation anneal after the 
HDD implant. 
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Figure 5.7: Simulated doping profiles after the extension implantation with As. The 
energy used is 10keV for all the splits. Cut is performed along the fin direction, in the 
middle of the fin and 5 nm from the top of the fin. The doping splits are described in 
the inset. 

 

 
Figure 5.8: Average currents extracted for pTFET for different As extension implants. 
Trends for narrow fins (red), Wfin 20nm, and wide fins (blue), Wfin 250nm, are 
plotted. The values are extracted at VGS equal to -1.5V. 
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The POR condition is used as a reference and two different doses 
and tilt angles are used to evaluate the impact of the total implantation 
dose.  In addition, two different twist angles are implemented to 
increase the overlap of the source region with the gate. Figure 5.7 
shows the simulated doping concentrations for three different 
conditions A ,C and D prior  to  the annealing. 

The electrical results obtained for the different splits are 
summarized in Figure 5.8 for wide and narrow fins. Error bars are 
added to each value to show the dispersion of the results. First, a clear 
improvement is observed for the sub-ms laser anneal over the spike 
(POR) condition likely due to a steeper junction or to the higher dopant 
activation as explained at the beginning of this section. Secondly, 
comparing splits A and C an additional improvement of current for 
wide fins occurs due to the increased doping concentration. Thirdly, 
further increase of current is present in case of a larger twist angle 
during implantation because of a higher dopant concentration present 
under the gate. On the other hand, for narrow fins, the impact of the 
implantation conditions is much less outspoken. The reason is related 
to the implantation process in finFET devices. As explained at the 
beginning of this section, two quadrants implantation is used to assure a 
uniform implantation of the sidewalls of the fin. In the case of narrow 
fins, the implantation depths join in the middle of the fin (Figure 5.5). 
The profile achieved in narrow fins is therefore less sensitive to the 
implantation angles. In addition, we observe that the variability for 
narrow fins is larger than for wide fins. This might be due to fin width 
variability after etch for narrow fins and/or the full amorphization of 
the fins during the implantation, affecting the stability of these devices 
especially for higher doping dose.  

For wide fins, the impact of the doping conditions remains 
relatively marginal. We believe that doping by implantation is not able 
to guarantee a profile steep enough at the tunneling junction to boost 
the tunneling rate. The impact of a graded junction on the tunneling 
characteristics has never been discussed in literature so far. In general, 
only abrupt and box-like profiles are considered. In this work, we now 
report the results of  2D-TCAD simulations [8] to qualitatively 
understand the impact of four different types of profiles at the tunneling 
junction on the tunneling performance in the case of wide fins.  
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The simulated structure is an SOI gated p-i-n diode with gate length 
of 120nm, channel thickness of 65nm and the buried oxide thickness of 
145nm. The drain is p-type with concentration of 1×1020cm-3 and the 
channel concentration is 1×1015cm-3 

• Graded profile with a peak concentration of 1×10

p-type. Four different doping 
profiles are implemented for the n-type source with the following 
specifications: 

20cm-3

• Abrupt profile with a doping concentration of 1×10

, 
20cm-3

• Graded profile with a peak concentration of 1×10

, 
19cm-3

• Abrupt profile with a doping concentration of 1×10

, 
19cm-3

In graded junctions, the peak concentration is located 5nm from the 
gate edge under the gate. In both cases, the doping gradient follows a 
Gaussian distribution as shown in 

. 

Figure 5.9c.  

 
Figure 5.9: Simulated input characteristics for abrupt profile and for 1D Gaussian 
profile (Graded) along the channel as well as for two different doping concentrations 
(a). Schematic of the simulated device (b) showing the cut line where the doping 
profiles are extracted (c). 
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Figure 5.10: Band to band generation rate for electrons and holes extracted from 2D-
TCAD simulation. The maximum donor concentration in the source is 1×1020 cm-

3(a,b) and 1×1019 cm-3

Figure 5.9

 (c,d). Abrupt (b,d) and graded (a,c) junction profiles are 
shown. Position of the gate, source and channel are indicated in (a). Drain is not 
visible because of the plot range. The simulated device has a gate length of 120nm 
and the silicon channel thickness is 65nm. 

a shows the electrical results of the simulated structures. 
In case of abrupt junctions, a lower doping concentration results in a 
performance degradation as expected [13]. In case of graded junctions, 
a similar behavior is obtained but with a much reduced degradation. To 
better understand the reason behind this behavior, the band-to-band 
generation rate of electrons and holes is plotted in Figure 5.10 for the 
different structures. The band-to-band generation rate of electrons and 
holes is directly proportional to the tunneling current. Devices with a 
lower doping concentration (Figure 5.10c, d) have a lower carrier 
generation compared to the ones with higher doping concentration 
(Figure 5.10a, b). On the other hand, the graded junction in Figure 
5.10c has a bigger tunneling area compared to the abrupt junction in 
Figure 5.10d enhancing the line (vertical) tunneling over the point 
(lateral) tunneling [14]. As a consequence, for lower doping 
concentration a higher tunneling current is reported for the graded 
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junction. In case of the higher doping concentration, this effect is not 
observed because the tunneling distance, the distance between the two 
generation regions, increases (Figure 5.10a, b). 

5.5 Impact of the Annealing Conditions 

The annealing step is performed after the highly doped drain 
(HDD) implantation and it is responsible for the activation of the 
dopants and the recrystallization of implantation damage. This 
annealing also results in dopant diffusion and, hence, defines the final 
junction abruptness, critical for TFETs. The annealing conditions used 
in the experiments are: 

• conventional spike anneal (POR), 
• sub-ms laser anneal (LA), 
• low temperature anneal for Solid Phase Epitaxy Regrowth 

(SPER) able to activate the dopants [15-16]. 

The spike anneal is performed at high temperature (1050°C) as 
described in chapter 3. On the other hand, laser anneal creates 
shallower junctions than the spike anneal because of the extremely fast 
pulse of the laser, while still activating the dopants. Three different 
conditions are used for the laser anneal to optimize the process 
(1200°C, 1250°C, 1300°C) while keeping constant the other process 
parameters such as the scan speed. The third anneal condition (SPER) 
is performed at 650C for 10min. This anneal is able to recrystallize the 
amorphized silicon during the implantation process while activating 
dopants and maintaining an ultra-shallow junction. However, end-of-
range defects are expected to remain due to the low temperature of the 
process.  
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5.5.1 The Trend in MOSFET 

The impact of the annealing steps on MOSFET is analyzed in this 
section. An estimation of the lateral depth of the junction is obtained by 
extracting the gate overlap capacitance from C-V measurements 
performed on test structures made of large area MOSFETs. Figure 5.11 
summarizes the extracted lateral depth, Lov, for the three different 
anneal conditions at the n-doped region and the p-doped region. The 
outcome is not very surprising: at the n+ side, the overlap length (Lov

 

) 
is comparable for all the splits due to the limited diffusion of As atoms. 
In contrast, at the p+ side B atoms diffused more than two times in the 
case of spike anneal compared to the case of LA or SPER anneals due 
to the larger diffusivity of Boron. 

Figure 5.11: Overlap lengths extracted from overlap capacitance measurements for 
nMOS and pMOS for the different annealing conditions. The LA at 1250°C is 
displayed in this plot. 

Electrical results on MOSFETs show a strong correlation between 
the gate overlap lengths and the transistor performance. In particular, 
an improvement of the pMOS drive current is recorded for LA (Figure 
5.12) due to the shallower doping profile. In the case of nMOS devices 
there is no clear improvement as expected. On the other hand, an 
anomalous increase of off-current for nMOS is observed in case of the 
SPER. To understand the origin of this behavior, IDS-VGS

Figure 5.13
 plots for 

nMOS are shown in  for LA and SPER anneals. 
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Figure 5.12: ITP extract at VDD = 1V (nMOS), -1V (pMOS) for narrow fins (Wfin

  

 
20nm). 
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Figure 5.13: nMOS IDS-VGS characteristics for SPER and LA anneals. In the inset, the 
extracted Vt are plotted as a function of the gate length, LG. (Wfin 250nm, LG

 

: 
180nm) 

In case of SPER, the leakage current in  nMOSFETs is likely due to 
Gate-Induced Drain Leakage (GIDL) enhanced by the presence of 
silicide at the gate edge confirmed by TEM analysis (Figure 5.15) as 
previously reported in [17]. In Figure 5.14, a schematic shows how the 
presence of the silicide close to the gate edge is responsible for an 
enhanced GIDL component. The presence of silicide is a consequence 
of the nickel piping occurring during the silicidation process [18] 
enhanced by the presence of implantation damage not completely cured 
after the activation anneal. Contrarily to MOSFETs, the silicide-
induced high electric field could be beneficial for TFETs. 
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Figure 5.14: Schematic view of the enhanced GIDL for nMOS. 

 
Figure 5.15: Cross-sectional TEM image of the n+ side along the channel for the 
SPER (a) and LA (b) in wide fins. (Wfin

5.5.2 The Trend in TFET 

 250nm) 

Figure 5.16 shows the experimental IDS-VGS

Figure 5.17

 characteristics for the 
TFETs with a fin width of 250nm. For pTFETs, the characteristic with 
LA shows slightly better performance than in the case of spike anneal. 
The SPER split shows an anomalous behavior characterized by an 
increment of more than 3 decades of the drain current together with a 
large reduction of the tunneling onset voltage for both narrow and wide 
fins. The good reproducibility of the data is demonstrated by the 
cumulative probability plot of the device current in . In 
particular, the tight distribution for the narrow fins (SPER split) 
suggests the formation of a homogenous silicide.  
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Figure 5.16: Transfer characteristics for pTFET and nTFET, extracted at │V DS │= 
0.9V and for three different annealing processes. The device has Wfin 250nm (solid), 
LG 150nm and Nfin 5. The device with the best performance (dashed) has Wfin

 

 10nm.  

Figure 5.17: Cumulative distribution of the current extract at VDS of -0.9V and same 
drive current for two different splits including narrow (Wfin: 10nm) and wide (Wfin: 
250nm) fins. VBTBT represents the lowest current recorded for the given drain voltage. 
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The anomalous behavior for the SPER split may not only be due to 
the position of the silicide close to the gate as observed in Figure 5.15 
but also to the presence of end-of-range defects and dopant pile-up 
which can also contribute to boost the tunneling current [19]. To verify 
the presence of segregated dopants, SSRM measurements have been 
performed on dedicated structures. SSRM is able to characterize active 
dopants in two dimensions and, hence, it is preferred over SIMS 
analysis to obtain information on the lateral junction profile. The 
SSRM results show that a higher concentration of dopants is present in 
the proximity of the silicide along the channel direction (Figure 5.18).  

 
Figure 5.18: SSRM results and plot of the dopants concentration versus depth. Two 
curves correspond to two different directions: the red is along the channel and the 
blue is perpendicular to the substrate. Along the channel, a higher concentration of n+ 
dopants is recorded and indicated with a red arrow. 

The presence of defects/traps at the source is confirmed by the IDS-
VGS Figure 5.19 characteristics at different temperatures in a where 
three different regions are identified. In Figure 5.19b, the extraction of 
an activation energy around 0.4V confirms the presence of TAT at low 
gate voltages (see chapter 4) which is responsible for the degradation of 
the subthreshold swing [19].  
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Figure 5.19: Transfer characteristics of experimental TFET for different temperatures 
(a) where three different transport mechanisms are identified: BTBT, TAT and SRH. 
Arrhenius plot extracted for two different gate voltages in the TAT region. (Wfin

 

: 
250nm) 
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Additional devices have been fabricated to investigate further the 
impact of the silicide close to the tunneling junction and the results are 
discussed in the next section. On the other hand, a similar current 
increase with SPER anneal is not observed in nTFETs where the 
tunneling occurs at the P-doped region. As a consequence, this 
behavior seems to be related to the implantation damage at the source 
(n+) side using As dopants with much higher amorphizing power than 
B atoms. 

In conclusion, the effort to reduce the doping gradient has marginal 
effect except for SPER where a structural modification of the source 
region is responsible for the current increase. More details will be 
presented in the next section. 

 

5.6 Silicide Engineering by Dopant Segregation 

Silicide Engineering is not novel in CMOS integration. In the past 
years, there has been a large interest for Schottky barrier (SB) 
MOSFETs to replace conventional MOSFETs in advanced technology 
nodes with the promise for better control of the SCEs by shallower 
junctions. The fabrication of a SB MOSFET is similar to the 
conventional processing for MOSFET except for the absence of 
implantation. Unfortunately, the carrier injection is not sufficient to 
compete with the conventional MOSFET unless a very low Schottky 
barrier is implemented. The barrier height for electrons, 𝜙𝐵𝑛, is material 
dependent and, in the ideal case, can be written as: 

 
𝑞𝜙𝐵𝑛0 = 𝑞(𝜙𝑚 − 𝜒)  (5.3) 

where q is the electron charge, 𝜙𝑚is the metal workfunction and 𝜒 is 
the electron affinity of the semiconductor.  
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Figure 5.20: Schematic of the energy bands of a Schottky contact with n-type 

semiconductor. 

The reduction of the Schottky barrier is achieved by modifying the 
work function of the silicide. In case of n-type, the 𝜙𝐵𝑛0 can be reduced 
from 0.47 eV (NiSi) to 0.28 eV (ErSi1.7

 

)[20-22]. Alternatively, dopant 
segregation (DS) can be implemented [23-24] to further lower 𝑞𝜙𝐵𝑛. In 
case of NiSi, a reduction of the electron Schottky barrier to 0.074eV by 
forming silicide (NiSi) on n-Si using Antimony (Sb) was reported [25].  

Figure 5.21: Schematics and TEM images of the fabricated devices, SBTFET (a,b) 
and DS Schottky TFET (c,d). The lateral silicide thickness is larger in case of the n+ 
layer. The silicide at the drain side is not encroaching. (Wfin

In case of TFETs, we need to increase the effective Schottky barrier 
to suppress the thermionic current which cannot result in a subthreshold 

: 500nm) 
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swing below 60mV/dec at 300K. To understand how to fabricate and 
optimize such a device, two different devices are compared: the 
Schottky Barrier (SB) TFET and Dopant Segregated (DS) Schottky 
TFET. A schematic of the two devices together with a TEM images are 
shown in Figure 5.21. Starting from the understanding of the SB TFET 
in section 5.6.1, section 5.6.2 will explain how BTBT is possible in DS 
Schottky TFET. Contrary to the POR condition, the high-k thickness 
used is 3nm because we expect an increase of the gate leakage 
component due to the proximity of the silicide to the gate. 

5.6.1 SB TFET 

In a Schottky Barrier (SB) TFET [26], the source region is replaced 
by silicide while the drain is kept highly doped as in the conventional 
device. The main feature of this device is the presence of gate-
controlled Schottky barrier tunneling at the source. Here, we study the 
p-type SB TFET which has a p+

Figure 5.22

 region at the drain and, consequently, 
we focus our attention on the hole electron barrier, ϕBp, at the source 
side. In , simulation results of the SB TFET structure, 
described in the inset, show the presence of three different regions 
where different transport mechanisms are dominant: Thermionic 
Emission (TE), Thermionic Field Emission (TFE) and Field Emission 
(FE) which is the tunneling through the Schottky barrier. The TE 
region is present at low gate bias and represents the current due to the 
carriers able to go over the Schottky barrier. As a consequence, a linear 
dependence with temperature was extracted for the subthreshold swing 
(kT/q limit). When the gate bias increases, the barrier becomes thinner 
and tunneling through the barrier starts. Initially, the current can be 
dominated by TAT or FN tunneling and this explains the temperature 
dependence in the TFE region. When the Fermi level of the metal 
crosses the valence band of the semiconductor, the tunneling through 
the barrier (FE) becomes dominant which results in a weak temperature 
dependence. Experimental results (Figure 5.23) are in strong agreement 
with these simulation results. Here, the improvement of the current for 
narrow fins is attributed to the better electrostatic control of the gate. 
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Figure 5.22: Simulation results of a SB TFET for different temperatures. In the inset, 
the schematic of the simulated device is shown. Three different regions are identified 
(TE, TFET and FE). The dotted line corresponds to the case in which only FE is 
present. 

 

 
Figure 5.23: IDS-VGS plots of fabricated SB TFET at different temperatures. The 
results for narrow (Wfin 20nm) and wide fins (Wfin 500nm) are shown and closely 
match the simulation results. The presence of three different regions is indicated only 
for the narrow fins.   
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The subthreshold swing of the SB TFET can never be below 
60mV/dec because of the presence of the TE component. The 
introduction of a n+

5.6.2 Dopant-Segregated (DS) Schottky TFET 

 pocket is designed to increase the hole Schottky 
barrier and suppress the TE component. In this way, BTBT might be 
the dominant transport mechanism at low gate bias as explained in the 
next section.    

The fabrication of DS Schottky TFET follows the standard process 
flow of the POR described at the beginning except for the recess of the 
source prior silicidation. The dopant segregation is obtained by 
increasing the thickness of the silicide (Figure 5.21c).  

The formation of a highly doped layer next to the silicide induces a 
band bending in the region close to the Schottky junction, yielding a 
thinner tunneling barrier for electrons and increasing the effective hole 
Schottky barrier (Figure 5.24). For this reason, BTBT might be the 
dominant transport mechanism at low gate bias as observed in [27-28].  

Figure 5.25 shows the transfer characteristics of the fabricated SB 
TFET and DS Schottky TFET.   For comparison, a control device is 
also indicated as BTBT_ref. It is clear that the presence of the n+

Figure 5.26

 layer 
reduces the TE component. This phenomenon is even more visible 
when analyzing its dependence with the temperature in . At 
low gate voltage, the linear dependence of the inverse slope cannot be 
extracted (Figure 5.26d). Nevertheless, a temperature dependence is 
still present, most likely due to TFE or TAT components. The barrier 
tuning was not sufficient to improve the subthreshold swing at low gate 
bias. Possible improvements can be obtained by improving the dopants 
segregation technique. For instance, An et al. [29] proposed to perform 
the implantation after the metal deposition before the silicidation 
process in order to push the dopants toward the silicide/semiconductor 
interface during the silicidation process. In this way, the detrimental 
effect of the implantation damage can be avoided.  
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Figure 5.24: Schematic of the energy band diagram of SB TFET and DS Schottky 

TFET when low gate bias is applied.  

 

 
Figure 5.25: IDS-VGS characteristics of the fabricated SB TFET and DS Schottky 
TFET for narrow fin (Wfin: 20nm). The dotted line indicates the POR device with 
high-k thickness of 3nm. (LG

 
: 150nm)  
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Figure 5.26: Transfer characteristics and extract of the inverse slope at low gate 

voltage for SB TFET (a,c) and DS Schottky TFET (b,d). (Wfin

  
: 20nm) 
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On the other hand, DS Schottky TFETs have several limitations 
which undermine further optimization of this device: 

• the tuning of the barrier requires the introduction of 
different silicides for n- and p-type operations which 
increases the process complexity; 

• the large hole Schottky barrier (for p-type operation) might 
become a bottleneck for on-current requirements; 

• semiconductor materials with large bandgap are required to 
minimize the thermionic emission; hence, the BTBT cannot 
be improved;  

Alternative implementations of a Schottky barrier to boost the 
TFET on-current are investigated in literature. Lattanzio et al. proposed 
to add a thin oxide layer in-between the metal and the semiconductor in 
the source region. In their simulations, the device shows the sub-
60mV/dec subthreshold swing at low gate bias because of the induced 
BTBT while large on-current is observed at larger gate voltages as 
expected for SB FET. An alternative implementation was also 
suggested in [30], where a SB FET and a TFET were fabricated in 
parallel using a self aligned process. All these solutions have however 
issues regarding the complexity of the fabrication, the scalability and 
the reproducibility. For this reason, this approach is not further 
developed in this work. 

5.7 Performance of TFET 

Figure 5.27 shows the transfer characteristics of some of the 
fabricated Si TFETs compared with a conventional MOSFET 
fabricated on the same layout. It is clear that none of the fabricated 
TFETs outperform the MOSFET. In particular, conventional Si TFET 
cannot even reach 1µA/µm on current at an effective VDD

In conclusion, the TFET needs additional performance boost, for 
instance by changing the source material and replacing it with a lower 
bandgap semiconductor as explained in the next chapter where the 
heterojunction TFETs are introduced.  

 of 0.9V. The 
SPER split looks promising but the scaling of the supply voltage is 
limited by the presence of TAT at low gate voltages.  
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Figure 5.27: Transfer characteristics of Si pTFET fabricated in this work compared 
with conventional pMOS. In case of pMOS, the curve of a short channel device is 
added to show the impact of SCEs. (Wfin: 20nm, LG

5.8 Summary 

: 150nm).  

In this chapter, the impact of several geometrical and processing 
parameters of finFET-based Si TFETs has been analyzed in detail. An 
improvement of the on-current and subthreshold swing has been 
observed by reducing the gate oxide thickness and the fin width. As 
expected, the better gate coupling is important to optimize this device. 
The doping engineering is, however, more challenging when ion 
implantation techniques are used because of the large implantation 
damage, the high temperature step necessary to activate the dopants and 
the difficulty to obtain an abrupt doping profile.  

The strong temperature dependence of the current with the 
temperature at low gate voltage suggests that transport mechanisms 
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other than BTBT are dominant for both narrow and wide fins (see 
chapter 4). In narrow fins, the degradation is less visible due to a lower 
onset of the BTBT component due to the better gate coupling.  

The implementation of dopant-segregated SB TFET was explored 
to boost the on-current. An improvement of the on-current of about 4 
decades was achieved but BTBT was still not dominant at low gate 
voltages and, hence, the subthreshold swing resulted degraded. Further 
development of this approach was abandoned because the engineering 
of the Schottky barrier height is strictly material dependent and the 
difficulty to efficiently suppress the temperature dependent 
mechanisms at low voltage bias.  

None of the fabricated TFETs achieved the specified targets 
because of the large energy bandgap of silicon. In order to improve the 
tunneling performance, a low energy bandgap material such as 
germanium for p-type or III/V for n-type TFETs needs to be used [31-
32]. 
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Chapter 6  
Vertical Nanowire-based TFETs 
for Heterojunction Integration 

 

6.1 Introduction 

As introduced in the previous chapter, the integration of 
heterojunction TFET is required to boost the tunneling current. 
Therefore, the integration of heterojunction using SiGe source was 
explored in Fin-TFET architectures where a Si etch-back followed by a 
SEG of B-doped Si0.75Ge0.25

Figure 6.1

 is performed at the source while 
protecting the drain region using an oxide HM (Figure 5.29 a and b). 
As illustrated in , a good regrowth of the B-doped SiGe 
source was achieved after optimization of the cleaning conditions.  
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Figure 6.1: Schematic of the Si etch back (a) and SiGe regrowth (b) used to 
implement hetero junction TFET on SOI. TEM image shows a good quality of the 
SiGe layer (c). Unfortunately, no overlap with the gate is observed. 

However, as soon as the SiGe source features an overlap with the 
gate, no grow or uncontrolled growth was observed. The reason is that 
the HF pre-clean prior to SEG attacks the gate oxide and exposes the 
TiN which affects the SEG process. In addition, the gate oxide removal 
would lead to TiN gate and source shorts resulting in device failure. 
The only alternative to avoid the pre-clean issue is to perform an in-situ 
etch back of the source and SEG of the SiGe material. This solution 
was however not pursued because considered as very challenging and 
the heterojunction integration was focused on a vertical TFET 
configuration. In addition, the performances of Si TFETs are not 
competitive with conventional MOSFETs. In particular, efforts to boost 
the tunneling current by optimization of the process and geometrical 
parameters are not effective enough. As a consequence, it was 
suggested [1] that the implementation of heterojunction TFETs can 
strongly boost the tunneling current while maintaining a low off-
current. The improvement of the tunneling current is due to the 
lowering of the effective energy bandgap between the source and the 
channel as explained in chapter 2.  

In this chapter the implementation of heterojunction TFETs in a 
vertical device configuration is investigated. The reason behind the 
choice of vertical nanowires as a new test vehicle for TFET is 
multifold. Firstly, the vertical architecture offers the advantage to 
implement a hetero tunneling junction by epitaxial growth of the two 
different materials needed in the source and the channel. Secondly, a 
gate-all-around configuration provides the best electrostatic control of 
the gate on the channel.  

The vertical nanowires TFETs, or GAA TFETs, are fabricated 
using state-of-the-art standard CMOS processing steps, described in 
Chapter 4. Table 6.1 summarizes the main differences between the 
vertical and the planar processes. The implementation of a 
heterojunction is the main advantage of the nanowire together with its 
better scalability since the gate position is vertical. On the other hand, 
the gate alignment to the tunnel junction and the wire scalability might 
be critical because the process flow is not gate self-aligned and because 
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of lithography limitations for nanowire patterning and the nanowire 
etching with high aspect ratio. In addition, etch-induced surface 
roughness is also critical because of the deep patterning of the 450nm 
tall nanowires, much taller than what is used for fins. Contrary to 
finfet-based TFETs, the fabrication of the vertical devices focuses on 
nTFETs instead of pTFETs since the targeted source material is Si1-

xGex

 

 with different Ge concentration (up to 100%). The use of III/V 
materials for the source region of pTFETs is not mature enough at 
imec, especially on full wafers, and is not considered in this work. 

Table 6.1: Advantages and challenges to implement lateral TFET with two different 
archtectures: finfet and nanowire. The red squares indicate the key features able to 
make the TFET competitive with conventional MOSFET. 

This chapter is mainly divided in three parts. In the first part, the Si 
TFETs are presented as a reference device where the impact of some 
geometrical and process parameters is analyzed. Later, the 
heterojunction TFETs are introduced focusing on tuning of the Ge 
concentration at the source to boost the tunneling current. At the end, 
the performances of vertical TFETs are summarized with emphasis on 
the mechanisms responsible for the degradation of the subthreshold 
swing such as TAT. 
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6.2 Vertical-based Si TFET 

The Si TFET is used as a reference to benchmark the performance 
improvement obtained with a heterojunction. Figure 6.2(a-c) shows a 
schematic and TEM images of a vertical device with some typical 
dimensions labeled. The nanowire height is around 400nm. This 
nanowire height is necessary in order to allow: (1) the presence of a 
bottom isolation (2), a top isolation and (3) a gate length around 
150nm.  

 
Figure 6.2: Schematic of a fabricated GAA TFET (a), TEM image of a cross section 
of a 40nm-wide Nanowire (b) and enlargement of the gate stack (c). SSRM image 
with the doping quantification in case of implanted source (d). 

The bottom isolation is used to (1) suppress the ambipolar behavior 
in the device already observed in the finfet structure (Chapter 5) and (2) 
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to reduce the gate to drain leakage current and parasitic capacitance. 
The thickness of the bottom isolation needs to be optimized taking into 
account the diffusion of the dopants from the substrate into the intrinsic 
region during the epitaxial growth of the diode regions and during the 
device processing as shown by the SSRM measurements in Figure 
6.2d. On the other hand, the top isolation avoids shorts between the 
gate and the source. It consists of nitride spacers and an oxide layer as 
described in chapter 3. In addition, the amount of gate/source overlap 
can be adjusted during the gate HM etching.    

Typical transfer and output characteristics of vertical Si nTFETs are 
shown in Figure 6.3. In this case, the source is either implanted or 
epitaxially grown. The devices fabricated with the wireke maskset are 
measured using the nanoprober setup described in chapter 4. The 
measurements are performed with the p+ source (top contact) grounded 
and a reverse bias applied to the n+

 

 drain (substrate). The device current 
is measured at the source and normalized according to the total 
perimeter:  

Wtot = NNWπDNW (6.1) 

where NNW is the number of nanowires and DNW is the nanowires 
diameter. This approach is valid for narrow nanowires because of their 
circular section while the section of nanowires with a diameter 
exceeding 100 nm is closer to a square shape. In this case, the 
normalization slightly overestimates the tunneling current for large 
nanowires. A very low IOFF of 0.3 pA/µm is obtained with an ION/IOFF 
ratio ~104, for a supply voltage of 1.5 V. The subthreshold slope 
reported here (average ~300 mV/dec) is in line with other published 
data [2-3]. A point subthreshold slope lower than 60 mV/dec, typically 
measured at very low gate voltage and low drain bias [4-7] could not be 
measured due to the non-negligible gate leakage relative to the 
tunneling current in this bias range. Both device characteristics, i.e. the 
one obtained using the grown source integration flow or the one using 
an implanted source, are very similar. The reason for this is that a spike 
anneal is performed in both samples to activate the dopants implanted 
in the capping layer. As a consequence, the abruptness of the tunneling 
junction in the grown source device is not much improved compared to 
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the implanted source device and the electrical performance is 
equivalent in both devices.   

 
Figure 6.3: Transfer (a) and output (b) characteristics of a vertical SiNW n-TFET with 
implanted (solid lines) and epitaxially grown (dashed lines) P+ source for different 
drain biases. The output characteristics show a perfect saturation of the TFET device 
and the saturation voltage depends on the gate voltage similar to a MOSFET. (NWD 
40nm, LG 150nm, LG/S 20nm and NNW 50)  
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6.2.1 Impact of the Nanowire Diameter 

The nanowire diameter ranges from 40nm to 200nm in the vertical 
TFETs. As for the fin width dependence in fin-based TFETs (chapter 
5), a nanowire diameter dependence for the narrow nanowires is 
expected [8-10]. Using a similar approach as in [9], the natural length 
which describes the electrostatic integrity of the gate-all-around devices 
can be expressed by equation (6.2): 

 

λ = �2 ϵsi𝑡𝑆𝑖2 𝑙𝑛 �1 + 2tox
tSi
� + ϵox𝑡𝑆𝑖2

16ϵox
 

 

(6.2) 

In this equation, the silicon thickness, tSi

Two sets of data are analyzed: implanted source and epi-doped 
source. In case of implanted source, the source is self-aligned to the 
gate (as described in Chapter 4). Therefore, the overlap is mainly 
controlled by the implantation energy and does not vary much with the 
nanowire size [11]. In fact, the overlap between the gate and the source 
doping profile in similar for different nanowire diameters as illustrated 
in SSRM measurements in 

, represents the nanowire 
diameter, and has a stronger impact on the natural length compared to 
the double gate configuration presented in the previous chapter. This 
statement is also confirmed by the analytical modeling presented in 
[10]. 

Figure 6.4. The transfer characteristics of 
devices for different nanowire diameters are illustrated in Figure 6.5. A 
clear improvement of the tunneling current is observed for narrow 
nanowires. Unfortunately, the number of measured devices is limited 
due to nanoprobing and not sufficient to extract a statistical trend as it 
was done for the fin-based TFETs. When the diameter exceeds 100 nm, 
the current shows no dependence and the advantage of the GAA 
architecture is lost. 
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Figure 6.4: SSRM measurements of nanowires with different diameters where the 
source was implanted. The overlap between the gate and the source doping profile is 
very similar for the different nanowire diameters. 
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Figure 6.5: Input characteristics of vertical nTFETs featuring different nanowire 
diameters in the case of the implanted-source device. In this plot, the device features a 
12nm LG/D

 
. 

In case of devices with epi-doped source, the gate is not self-
aligned with the source and the overlap at the source can inherently 
vary with processing resulting in more ambiguous results. For instance, 
the input characteristics with different nanowire diameters of epi-doped 
source TFETs are illustrated in Figure 6.6 for two different processes 
for which isolation layers were formed either by CMP and oxide 
etchback (process A: CMP-based) or directly by wet etch-back (process 
B: CMP-free). The trend with the nanowire size is clearly opposite in 
the two process flows. This phenomenon can be explained by the TEM 
images in Figure 6.7, comparing wide and narrow nanowires for 
process B. The narrow wires clearly exhibit a smaller gate-source 
overlap than the large wires, resulting in the performance degradation 
as shown in the section 6.2.2. For process A, the gate overlap is larger 
for the small nanowires, and the trend is reversed. Depending on the 
processing, an “artificial” nanowire size dependence can be induced 
due to modification of other diameter-dependent device parameters, 
such as the gate-source overlap.  
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Figure 6.6: Input characteristics of vertical nTFETs (epi-doped source) featuring different 
nanowire diameters for processes A and B. 

 

 
Figure 6.7: TEM cross-section images of the vertical TFETs comparing two different 
nanowire diameters (300 nm and 50 nm) for process B. 
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6.2.2 Impact of the Gate-Source & Gate-Drain overlaps 

The impact of gate-source overlap has been studied by varying 
intentionally the thickness of the gate hardmask. In this case, epi-doped 
source TFETs are used and the analysis is carried out for wide fins to 
avoid data interpretation issues illustrated in the previous subsection. 
The gate-source overlap, LG/S

In 

, was calculated based on thickness 
measurement by ellipsometry of the bottom oxide, gate stack and gate 
hardmask. This calculation does not include the amount of boron 
diffusion due to the thermal budget during processing. The “effective” 
gate-source overlap is therefore larger than the one calculated, but the 
relative difference in gate-source overlap between wafers remains, as 
all wafers received identical processing conditions.  

Figure 6.8a, the input characteristics show a strong degradation 
of the nTFET on-state current when decreasing the gate-source overlap. 
This effect can be intuitively understood by considering the doping 
profile at the source obtained from SIMS analysis (Figure 6.8b). As the 
gate position is moved away from the source, increasingly lower 
doping levels are controlled by the gate and, consequently, a 
degradation of the on-state current is observed due to a lower tunneling 
probability.  

Figure 6.8a also shows the effective suppression of the ambipolarity 
by increasing the underlap between the gate and the drain, defined by 
the thickness of the bottom isolation. The drain-gate underlap, LG/D

 

, is 
calculated in a similar way as for the gate-source overlap and does not 
take into account the up-diffusion of arsenic dopants from the substrate 
during processing. The optimum bottom oxide thickness depends on 
the amount of As up diffusion and, therefore, the thermal budget during 
processing. 
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Figure 6.8: Transfer characteristics of vertical TFETs characterized by a different 
gate-source overlaps and gate-drain underlaps (VDS

 

=1.2V) (a). The nanowire has a 
diameter of 500nm and the source is doped during SEG. Boron profile at the top 
source junction obtained from SIMS analysis (b). The markers indicate the expected 
position of the gate edge for two measured devices: 4nm G/S underlap, 25nm G/S 
overlap. The black dotted line is used as a reference to indicate the position of the 
junction after epitaxial growth. 
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6.3 Heterojunction Vertical nTFET 

6.3.1 Introduction 

Germanium growth on Si is hampered by the large lattice mismatch 
(4%) between Ge and Si which results in growth that is dominated by 
misfit dislocations or non uniform layers. The growth of a good quality 
strained Si1-xGex Figure 
6.9

 layer on Si is limited by its critical thickness (
) which decreases when the Ge content increases [12-13]. For this 

reason, Si1-xGex

 

 source (with different Ge concentration) has been 
initially implemented to assess the impact of the reduced energy 
bandgap of the source on the tunneling current [14].  

Figure 6.9: Critical Thickness versus Ge content for Si1-xGex

6.3.2 Impact of the Ge Concentration and δ-layer   

 grown on bulk Si [15]. 

The reduction of the critical thickness of the SiGe layer with an 
increasing Ge content might limit the processing window since the 
thickness of the source layer should be at least 50nm-thick to assure a 
good source isolation. For this reason, we implement a p-doped 
Si0.73Ge0.27 layer on top of a strained SiGe doped δ-layer with higher 
Ge content. In fact, the introduction of a doped δ-layer between the 
source and the Silicon channel is meant to provide a higher Ge content 
at the tunneling junction and lead to the pinning of the Fermi level at 
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the source edge as in [16-17]. For instance, a δ-layer 5nm thick allows 
to have a stable phase of SiGe with a Ge content up to 45%. 

 

 
Figure 6.10: Schematic of the fabricated Si and SiGe/Si TFETs. In case of 
homojunction the δ-SiGe is not present.  

Figure 6.10 shows the schematic of the fabricated devices while 
additional details about the splitmatrix are summarized in Table 6.2. Si 
TFET is used as reference to highlight the improvement obtained with 
SiGe source TFETs where three different SiGe splits are designed to 
investigate the impact of the δ-layer. In particular, the case without δ-
layer and the case when this layer is highly doped (δB-SiGe) or 
intrinsic (δi-SiGe) are investigated. For the fabricated devices, an 
overlap LG/S

6.2.2
 of 30nm is implemented to reduce the variability in case 

of marginal gate to source overlap shown in section . The 
ambipolar behavior is reduced by defining a bottom isolation of 150nm. 
The physical gate length is around 150nm including the overlap with 
the source.  
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Table 6.2: Splitmatrix for vertical nanowire nTFETs. Thickness and Ge contents 
reported are measured by XRD measurements.  

In Figure 6.11, the SIMS measurements show: (1) the presence of 
the δ-layer as a bump for the germanium contents (splits B and C) and 
(2) the limited diffusion of the boron in the silicon channel. The 
maximum concentration of boron is not the active concentration and 
additional micro four-point-probe measurements indicate that only 1 x 
1020at/cm3 is the concentration of the electrically activated dopants. For 
the underlying layers, this characterization is not possible and we 
assume that the Boron concentration below 1 x 1020at/cm3 

The transfer characteristics for the vertical nTFETs are displayed in 

is fully 
active since the doping was performed in-situ during the epitaxial 
growth.  After this assumption, we can observe that the doping level is 
extremely high in the SiGe region for all the splits indicating the i-SiGe 
layer is also highly doped.  

Figure 6.12. The impact of the SiGe source is clear: the drive current 
improved together with the subthreshold swing as expected. When the 
δ-SiGe layer (splits B and C) is implemented a further reduction of the 
tunneling onset is observed compared to split A due to the higher 
germanium concentration.  
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Figure 6.11: SIMS profile for the SiGe splits showing the contents of Si and Ge and 
the quantification of the boron concentration in the sample. The data are obtained 
from test wafers which have the same thermal budget of the actual processing. The 
data are aligned to the source (Si0.77Ge0.27

 
) edge.  
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Figure 6.12: Transfers characteristics of vertical nTFET. The curves are obtained by 
averaging data of several devices. The nanowire diameter is 200nm.   

After shifting the characteristic of split A, it is clear that no 
improvement of the subthreshold swing is present for the three SiGe 
splits at the low gate voltages. The reason should be attributed to the 
presence of traps/defects at the SiGe/Si interface or in the SiGe region. 
This assumption is confirmed by TCAD simulations in Figure 6.13 (for 
split C). In this simulation, non local TAT and BTBT models with a 
new set of calculated BTBT parameters [18] have been used and no 
strain is considered. In particular, three different characteristics have 
been simulated: the first includes non local BTBT and TAT models, the 
second includes only BTBT and the last includes only the TAT. In 
addition, the carrier lifetime has been reduced by a factor 50 to match 
the experimental results and to emulate the presence of defects in the 
device. It is clear that the earlier onset of the TAT component is 
dominant over the BTBT component at low gate voltages. On the other 
hand, the BTBT component is dominant in the saturation regime. The 
presence of TAT is responsible of the degradation of the sub threshold 
swing.  
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Figure 6.13: Results of a TCAD simulation of vertical SiGe nanowire with a 
Si0.56Ge0.44

6.3.3 Impact of the Si Capping Layer  

 doped source similar to split C. 

As shown in Chapter 4, the integration of complementary TFETs 
with different materials might be compromised by the poor quality of 
the interface between the nanowire and the gate oxide. To offer a better 
quality interface a Si capping could be deposited before the gate oxide 
deposition. The impact of the Si capping layer is explored in this 
section.  

Preliminary experiments show how critical is the control of this thin 
Si layer. In Figure 6.14, a Si capping layer of 18 monolayers (~2.3nm) 
has been implemented but this layer was fully removed at the end of the 
processing; most likely, the growth rate of this layer at the sidewalls is 
slower than the one on horizontal surfaces and/or the cleans prior to 
gate stack deposition are enough to remove a large portion of the 
capping layer. As a consequence, no clear impact on the tunneling 
current is observed in Figure 6.15. More studies are needed to assess its 
impact on the device performance.  
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Figure 6.14: TEM image of a vertical nanowire TFET with a diameter of 200nm. A 
clear contrast between the SiGe source and the intrinsic Si channel indicates the 
sharpness of this interface. The black line in the middle of the nanowire represents the 
projection of the gate meaning the cleaving is not exactly in the middle of the 
specimen. The enlargement shows a presence of a thin oxide layer between the HfO2

 

 
and the source but it is difficult to determine if this layer belongs to the thermal oxide 
or the Si capping layer. 

Figure 6.15: Transfer characteristics for vertical nTFET (split C) for different 
thicknesses of the Si capping layer measured at VDS = 0.9V. A shift of the tunneling 
onset is observed without a clear improvement of the subthreshold swing. (DNW: 
200nm N: 20)  
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6.4 Analysis of the TFET Performance 

We have demonstrated that the implementation of heterojunction 
TFETs can effectively boost the on-current. However, it has little 
impact on the subthreshold swing which remains too low. In this 
section the origin of this degradation is investigated   for Si nanowire as 
well as for the heterojunction TFETs by analyzing the interface trap 
density and the temperature dependence of the input characteristics.  

6.4.1 Extraction of Interface Traps 

Vertical Si nMOSFETs were also fabricated following the same 
integration scheme as the Si TFETs but using arsenic implantation for 
the top source doping. The position of the bottom (drain) junction was 
tuned to ensure proper gate-drain overlap. Figure 6.16 shows the 
transfer characteristics of the vertical MOSFETs for 100nm and 50nm 
wide nanowires.  

 
Figure 6.16: Input characteristics of vertical nMOSFETs with 50nm & 100nm 
nanowire diameter (dashed line: Vds=0.1V, solid line: Vds=1.2V). 

For the 50nm nanowires, DIBL and short channel effects are fully 
suppressed and a perfect control of the gate on the channel is achieved. 
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Therefore, one can use the expression of the subthreshold slope in gate-
all-around devices [19] to extract the interface trap density, Dit

 

: 

S =
kT
q

ln10 �1 +
Cit
Cox

� ≅
kT
q

ln10 �1 +
qDit

Cox
� (6.3) 

The 75mV/dec extracted slope results in an interface trap density 
close to 2x1012eV-1cm-2

6.4.2 Temperature Dependence 

. This concentration is much higher than the one 
extracted for finfet in the previous chapter and reflects the roughness of 
the sidewalls after nanowire etching. The presence of traps is expected 
to have a strong impact on the tunneling characteristics as previously 
reported for III-V channel TFETs [20-21], by the presence of additional 
tunneling mechanisms through traps. Temperature measurements are 
carried out to further analyze this phenomenon in Si TFETS, as well as 
in the case of heterojunction devices. 

The impossibility to achieve sub 60mV/dec swing suggests that 
additional mechanisms are dominant at low gate voltage. For this 
reason, the devices have been characterized at different temperatures to 
identify other transport mechanisms. 

In Figure 6.17, the vertical Si TFET transfer characteristics show a 
clear temperature dependence suggesting the presence of TAT [22]. 
Results of TCAD simulations are able to match the experimental data 
after reducing the carrier lifetime by a factor 10 (Figure 6.18). TCAD 
simulation includes the non local BTBT model and TAT model based 
on Schenk [23]. In this case the TAT is dominant over the BTBT up to 
a gate voltage of 2V. The presence of TAT with a high density of 
interface traps and the low source concentration (2x1019 at/cm3) 
explains the poor performance of Si TFETs.  
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Figure 6.17: Transfer characteristics of Si TFET for different temperatures measured 
at drain voltage of 0.9V. (DNW

 

: 200nm) 

Figure 6.18: Results of a TCAD simulation showing that TAT is dominant over 
BTBT in case of Si TFET.  
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Figure 6.19: Transfer characteristics of SiGe (split A) for different temperatures 
measured at drain voltage of 0.9 V (a). The dash line is the result of a TCAD 
simulation where only BTBT is included. Extraction of activation energy at different 
gate voltages (b). (DNW: 200nm) 
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In case of the SiGe source (split A), the temperature dependence 
shown in Figure 6.19a suggests that the device current is mainly 
dominated by BTBT tunneling due to the small positive variation with 
the temperature. The positive dependence of the band-to-band 
tunneling current with temperature is related to the small reduction of 
the source energy bandgap with temperature. In Figure 6.19b, the 
activation energy at different gate voltages is extracted confirming that 
the main leakage mechanism at low gate voltage is SRH in the Si 
channel since the activation is about half of the Si energy bandgap. 
Nevertheless, we cannot exclude the presence of the TAT at low gate 
voltage as shown in Figure 6.13. In particular, the pure tunneling 
characteristic which should be visible below 150K shows a swing still 
larger than expected.    

The extracted activation energy as a function of gate voltage is 
shown in Figure 6.20 where a SiGe device (split A) is compared to a Si 
TFET. It reveals that band-to-band tunneling featuring an activation 
energy less than 0.1eV is only occurring at gate voltages above 2.5V in 
case of vertical Si TFET contrary to the finfet-based Si TFET. At lower 
voltages, the larger activation energy corresponds to trap-assisted 
tunneling. Finally, the OFF state of the device is characterized by a 
generation current (EA: ~0.56eV in Si) typical for reverse-biased diode 
or a surface recombination current  (EA: ~0.7eV) [24]. In the case of 
the SiGe source TFET, the EA

 

 is less than 0.1eV featuring BTBT for 
gate voltages above 1.5V similarly to the results obtained with finfet-
based Si TFETs where TAT is still present but only at very small 
currents or over a small range at low gate bias. 
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Figure 6.20: Arrhenius plot of vertical TFETs compared with the finfet-based TFET 
extracted at VDS of 0.9V. (Wfin 250, LG

 
 150) 
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6.5 Summary 

The vertical architecture is a preferred architecture for the 
implementation of heterojunction TFETs but faces several processing 
challenges, such as gate alignment and nanowire contacting. In spite of 
the processing complexity, SiGe TFETs were successfully integrated 
with improved drive current as shown in Figure 6.21.  

 
Figure 6.21: Transfer characteristics of vertical TFET compared to Si TFET (POR 
conditions) for wide and narrow fins (LG: 150 nm). The nanowire diameter is 200nm, 
LG/S is 25 nm while the LG is 150 nm and bottom isolation is 100 nm. The 60 mV/dec 
slope is indicated as a reference. All the curves are measured at VDS

In the planar case, the characteristics are degraded by TAT at low 
voltage bias. On the other hand, the characteristics of the vertical Si 
TFETs are completely dominated by TAT while the BTBT component 
is reduced due to the low source doping. The traps might be located 
inside the source material or at the nanowire sidewalls as suggested by 
the extraction of the interface traps for Si devices. It is there important 
to further improve the surface quality of the etched nanowires by 
optimized etch chemistry and efficient passivation of dangling bonds, 

 = 0.9 V. 
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as well as maintaining a low defectivity in the source material, 
especially in case of heterojunctions where defects are more likely to be 
present. We performed different re-oxidations following the Si 
nanowire etch. The oxidations were performed either at 550°C with an 
oxide thickness of 1.3nm repeated twice or five times, or at 1070°C 
with an oxide of 10nm. However, no significant change was observed 
electrically. In view of these results, these oxidations appear still 
insufficient to fully cure the damaged nanowire surface. 

In conclusion, we believe that the implementation of heterojunction 
may not be enough to achieve the intended device specifications and 
that further modifications of the TFET architecture are needed. In 
particular, it is necessary to further boost the vertical tunneling and 
reduce the point tunneling component to achieve a reasonable value of 
drive current as explained in the next chapter.  
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Chapter 7  
Hybrid TFET: A New Architecture 

 

7.1 Introduction 

In this chapter, the limitations of the lateral TFET configuration are 
discussed and a new architecture is proposed: the hybrid TFET. In this 
way, we aim to boost the tunneling current and achieve a steeper 
subthreshold swing by boosting the line tunneling component and by 
suppressing the point tunneling which is responsible of the slow turn-
on of the lateral TFET devices.  

This work is mainly based on TCAD simulations and it focuses on 
the implementation of heterojunction SiGe/Si TFET. Nevertheless, a 
process flow to implement the simulated architecture is proposed but 
unfortunately electrical results were not available before the 
competition of this thesis. The hybrid architecture can be used for 
heterojunction TFET with III/V material but this topic is not treated in 
this work because of the limitations of the available simulation tools.  

7.2 The Limitations of the Lateral TFET 

In the previous chapters, the performance of the TFET has been 
analyzed for two different architectures: finFET and vertical nanowire 
as depicted in Figure 7.1. In case of Si TFETs, we have argued that the 
expected sub 60 mV/dec was not achieved because of the presence of a 
doping gradient due to the implantation (section 5.4). In fact, we can 
imagine to divide the source region in several regions longitudinal to 
the channel. Each region has a different doping concentration from 
highly doped to lightly doped close to the channel. At low electric field, 
the tunneling is starting in the lowly doped region. When the electric 
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field increases, the other regions are gradually switching on. As a 
consequence, the overall tunneling current and subthreshold swing 
result to be degraded.  

To solve this issue, we have implemented heterojunction TFETs 
where the source is replaced with epitaxially grown SiGe (with 
germanium content up to 46%). The improved abruptness of the 
junction, however, did not break the kT-limit of the experimental 
TFETs.  

 
Figure 7.1: Schematic of the two lateral TFET configurations implemented in this 
work for finFET (a) and vertical nanowire (b). 

We believe that the gradual turn on is an intrinsic limitation of the 
lateral TFET design. In the lateral configuration, the point tunneling is 
dominant because we assume only a marginal overlap between the 
source and the gate. Figure 7.2 shows a simulated IDS-VGS

Figure 7.2

 plot for a 
lateral Si TFET together with the plots of the generation rate of 
electrons and holes to better understand when the tunneling starts. At 
low bias, the band-to-band tunneling is occurring at the edge of the 
source and the tunneling path is mainly directed along the channel 
( b). Increasing the gate voltage moves the tunneling direction 
more perpendicular to the gate and the tunneling path is getting shorter 
which indicates a larger tunneling current (Figure 7.2c). It is clear that 
if the lateral component which has longer tunneling paths is suppressed, 
the turn on of the device can be improved.  
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Figure 7.2: TCAD simulation of a lateral Si TFET (a) and band to band generation 
plots for electron and holes in proximity of the tunneling region for low gate voltage 
(b) and high gate voltage (c).  
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Increasing the gate-to-source overlap is not sufficient. Indeed, the 
vertical component of the tunneling, or line tunneling, will be enhanced 
as shown in Figure 7.3. Nevertheless the lateral electric field is not 
completely suppressed because of the presence of fringing fields.  

 
Figure 7.3: Transfer characteristics of a TFET where the gate fully overlap the source 
(a) and a lateral TFET configuration (b).  

Alternatively, the source doping can be decreased maintaining a 
large gate/source overlap. Experimental results with sub60mV/dec 
were demonstrated in [1] but the lower doping affects drastically the 
ON current of this device. 

Another option is to increase the vertical electric field by 
introducing a counter-doped pocket between the source and the gate 
[2]. Figure 7.4 shows how the generation rate looks like when such a 
highly doped pn junction is implemented. In this case, most of the 
tunneling component is vertical (i.e. line tunneling) but the doping 
concentration and position are extremely critical parameters which 
increase the process complexity.   
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Figure 7.4: Carrier generation plot showing the main tunneling direction (a) and 
transfer characteristics showing how sensitive is the tunneling current with the doping 
concentration of the counter-doped pocket [3]. 

Another solution is to add an intrinsic or lowly doped thin layer 
between the gate and the source and maintaining a complete overlap 
between the gate and the source as describe in the next section. 
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7.3 The Hybrid TFET 

In the “hybrid” TFET [4], the source region is fully overlapped with 
the gate and a thin channel region (i.e. pocket) is placed in-between the 
source and the gate oxide as shown [5] in Figure 7.5. Here the device is 
a Si TFET where the Si source and drain region are highly doped p-
type (1020 cm-3) and n-type (1020 cm-3), respectively while the Si 
channel region is lowly n-type doped (1015 cm-3

This novel architecture is able to concentrate most of the electric 
field in the channel region between the gate and the source. As a 
consequence, the vertical component of tunneling is dominant over the 
lateral component as shown in 

).  

Figure 7.6. Here, it is clear that the 
tunneling paths are orthogonal to the gate oxide and have the same 
tunneling lengths for a given gate voltage because of the presence of a 
uniform electric field induced by the gate voltage. In case of an 
optimized pocket, the saturation of the ON current is only occuring for 
large gate voltage, outside the targeted VDD

The planar configuration proposed is only one of many possible 
implementations. More details can be found in [patent pending].  

 range, i.e. 0.5V or below.  

 

 
Figure 7.5: Schematic of the hybrid TFET implemented on SOI substrate for planar 
architectures.  
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Figure 7.6: Transfer characteristics of the hybrid TFET compared to the lateral TFET 
(a) and band to band tunneling generation rate for electrons and holes in case of the 
hybrid TFET at ON state (b). Non local BTBT, Schockley-Read-Hall recombination 
and drift diffusion models were used to model the carrier transport. Fermi statistics is 
assumed.  
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7.3.1 Impact of Geometrical Parameters  

The main geometrical parameters are indicated in Figure 7.7. The 
source is represented on the top of the BOX but in reality an additional 
layer can be present. For instance, in case of heterojunction TFET the 
Ge is grown on the undoped Si. The thickness of the source, tsource, is 
kept equal to 60 nm in most of our simulations but it can be reduced 
without performance degradation down to 30nm if the source doping is 
equal or higher than 1019 cm-3. The channel thickness, tch

Figure 7.7

, is an 
important parameter but it is not a critical process variable since the 
epitaxial growth of this layer can be well controlled. The misalignment 
of the position of the source edge with respect to the gate is quantified 
by the parameter X2, which is positive when the source is extending 
farther than the gate edge as shown in .  

 
Figure 7.7: Schematic of the hybrid configuration. Gate, source and drain are labelled 
with G, D and S respectively. Geometrical parameters are also indicated. 

The initial simulations consider a homojunction Si TFET since the 
Si parameters have been already validated by experimental calibration 
as explained in Chapter 2. Most of the finding for homojunctions can 
be partially transferred to the case of the heterojunction TFETs. 

Impact of the channel thickness 

The channel thickness limits the minimum tunneling path if we 
consider a highly doped source since the channel is lowly doped. The 
variability with the channel thickness is shown in Figure 7.8. A wider 
channel is characterized by a reduced saturation current because the 
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tunneling barrier is limited by the physical channel thickness. For this 
reason we need to minimize the channel thickness. The quantization 
effects are not taken into account in this simulation because of the 
limitations of the simulation tool. Nevertheless, quantization is an 
important parameter which can shift the device characteristics as shown 
in [6].    

 
Figure 7.8: TCAD simulations showing the impact of the channel thickness on the 

performance of the Si hybrid TFET. 

Impact of the Gate Misalignment 

As shown in Figure 7.9, the gate to source misalignment has a 
strong impact on the device swing in case of negative values of X2 
because of the corner effects. In fact, most of the electric field is 
concentrated on the source corner for low gate voltages and as a result 
parasitic tunneling occurs. At higher gate voltage, the main tunneling 
component is between the channel and the source so no degradation is 
observed compared to the case where the gate is perfectly aligned with 
the source edge. In case of positive variation of the X2 parameter, less 
degradation of the tunneling onset is observed but a degradation of the 
current is visible. This degradation is related to the fact that the 
tunneling generation in the region comprised between the drain spacer 
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and the source is low because the absence of gate field. This region will 
be the bottleneck for the carrier generation when the device is on, 
resulting in a lower current.    

 
Figure 7.9: TCAD simulations showing the impact of the gate to source misalignment 
on the performance of the Si hybrid TFET. 

 

The parameter, X2, is one of the most critical parameters for this 
configuration. This variability can be reduced in two ways: (1) 
including a counter-doped pocket between the gate and the source 
similarly to the pnpn configuration presented in section 7.2 or (2) 
reducing the doping concentration at the source. The first option 
reduces any edge effect but results in a large degradation of the onset 
due to variation in the doping concentration (already shown in Figure 
7.4). In addition, Random Dopants Fluctuations (RDF) should also be 
taken into account for thin channels. The second option is preferred but 
it is only able to reduce the degradation without removing it. From now 
on, X2 is fixed to 2nm and is used as default parameter in the next 
simulations.   
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7.3.2 Optimization of the Hybrid TFET 

Although the hybrid configuration is able to boost the ON current in 
Si TFET, the improvement is not large enough to be competitive at 
operation at VDD = 0.5 V or below. In addition, the scalability of this 
configuration is limited by a minimal distance between the source and 
drain region necessary to reduce the diode leakage which degrade the 
ION/IOFF

Since the default germanium parameters available in Sentaurus 
device [5] are not calibrated with experimental data, a new set of 
parameters calibrated with the experimental results in [1] are used. For 
the following simulations an additional model is included to consider 
the confined carrier distribution that occurs near the Si-SiO

 ratio. To improve further the drive current and device 
scalability, we introduce a configuration with raised drain and replace 
the silicon source with germanium [7].  

2

 

 interface: 
the Modified Local-Density Approximation (MLDA) model [8].  

Figure 7.10: Schematic of the new architecture used in TCAD simulation. 

The new device architecture is shown in Figure 7.10. T_elev 
indicates the elevation of the drain. For simplicity and better 
convergency an L-shaped channel is implemented. In case SEG is used 
to obtain this layer, it will result in a more sloped profile because of the 
formation of facets during the epitaxial growth. The gate length has 
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been reduced to 14nm and the VDD to 0.5V. The oxide EOT is set to 
1nm and no gate leakage is considered in the simulation.  The source is 
Ge highly doped p-type (1020 at/cm-3) and later replaced by Ge with a 
lower doping (1019 at/cm-3

Impact of the Source Doping 

) because of the improved performance as 
shown later. The spacer thickness which represents the distance 
between the gate edge and the elevated drain edge can be adjusted. 

In highly doped p-type germanium, the position of the Fermi level 
is deeper in the valence band compared to silicon because of the lower 
density of states (equation (7.1)). 

 
EF − EV = kTln �

NV

NA
� (7.1) 

where NV is the effective density of states in the valence band and NA

Figure 
7.11

 is 
the doping concentration. As a consequence, if we lower the doping 
concentration the position of the Fermi level will be closer to the 
valence band improving the tunneling current as observed in 

. In addition, lower doping concentration shifts the tunneling path 
entirely in the germanium source. On the other hand, if the doping level 
is too low the Fermi level will be higher than the conduction band and 
we will observe a degradation of the tunneling current. The transfer 
characteristics for different doping concentration are shown in Figure 
7.12. The best results are achieved for low doping concentrations (1 x 
1019 or 2 x 1019 at/cm3). The excellence performance for the Ge-source 
hybrid TFET suggests that this device might be a potential candidate 
for low power application (below VDD

 

 = 0.5 V). 
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Figure 7.11: Energy bands and electron and holes BTBT generation for two different 
source doping concentration: 1 x 1020 at/cm3 (a) and 1 x 1019 at/cm3 (b). The cut is 
performed perpendicular to the gate and in the middle of the gate. (VDS

 
: 0.3 V) 

 
Figure 7.12: Transfer characteristics of hybrid TFET for different doping 
concentrations. (LG

 
: 14nm)  
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The implementation of III/V materials has not been done because of 
the lack of parameters for TCAD simulations. Nevertheless, we believe 
that this concept can be easily adapted by a proper choice of materials 
as demonstrated by the several promising experimental results 
appearing recently in the literature [9-10]. 

Impact of the Raised Drain 

The combined contribution of the drain spacer width and T_elev is 
equivalent to the parameter Lin Figure 7.7 specified earlier in . As a 
consequence, a degradation of the ION/IOFF

Figure 7.13
 ratio is expected for small 

values of these parameters, as shown in . T_elev of 30nm 
and a spacer width of 10nm are used as a standard reference in the 
following simulations. 

 
Figure 7.13: TCAD simulations showing the impact of T_elev and the drain spacer 
width for Ge-source hybrid TFET (Nsource = 1x1019cm-3

 
).  
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7.3.3 The Fabrication of the Hybrid TFET 

The fabrication of the planar hybrid TFET was started but a final 
prototype device did not reach process completion at the time this 
manuscript was written. For this reason, no experimental result will be 
presented but the main steps of the process flow are summarized in this 
section (see Figure 7.14). 

 
Figure 7.14: Schematic view of the proposed process flow to integrate the hybrid 
concept. 

The starting substrate is a SOI wafer similar to the one used for the 
finfet processing. Contrary to the finfet, STI isolation is needed to 
define the active area of the device. After the STI, the Si is etched back 
and the SiGe source and the Si channel (pocket) are epitaxially grown. 
Different splits in Ge concentration and doping level are being 
implemented. The initial experiments use SiGe as source material. The 
gate is then deposited and patterned. After the spacer formation, a 
source protection layer is deposited to protect the source region from 
the controlled etch-back to etch the source material present at the drain 
region. The gate to source misalignment is defined during this etch 
together with the spacer thickness. Afterward, undoped Si is grown on 
the top of the residual Si at the drain side followed by doped silicon 
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epitaxial growth. After the removal of the source protection layer, the 
device is then ready for silicidation and back-end processing. 

7.4 Summary 

In this chapter, a new device concept has been introduced: the 
hybrid TFET. This device is able to provide a better swing and boost 
the on current of the lateral TFET design by overlapping the source 
with the gate and concentrating the tunneling along a direction normal 
to the gate. In this way, all the possible tunneling paths have the same 
length and the gradual turn on of the device observed in the lateral 
configuration is not present.  

In addition, the impact of different processing and geometrical 
parameters show that the main source of variability is the gate 
misalignment. In fact, in case the source does not fully overlap the gate, 
a parasitic point tunneling component arises and degrades the swing at 
low voltage bias. The control of this parameter can be done if a self 
aligned process is implemented as described in the previous section.  

In this work, the impact of the quantum confinement of the carriers 
is not taken into account because of limitations of the simulator tool. 
The impact of the quantum confinement was predicted by theoretical 
calculations for Si TFET in [6], where a strong shift of the tunneling 
onset was recorded. The presence of the intrinsic layer between the 
source and the gate might reduce the impact of the confinement but this 
effect needs to be taken into account in future simulations.    

This configuration is suitable to implement heterojunction TFET 
but only the case with Ge source is shown in this chapter because of the 
impossibility to simulate the III/V material with commercial TCAD 
simulators. 
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Chapter 8  
Conclusions, Future Work and 
Outlook 

 

8.1 General Conclusions 

The general purpose of this thesis dissertation was to propose a 
critical study of the Tunnel FET as a potential replacement for 
conventional MOSFETs beyond the 14nm node and offer insights 
about its possible manufacturability. We would like to remember that 
the carrier injection mechanism in TFETs is based on band-to-band 
tunneling, a quantum mechanical phenomenon which is totally different 
from the classical thermal injection over a barrier characteristic of a 
conventional MOSFET. The novelty of this device brings a lot of 
incognita’s about the impact of several processing and geometrical 
parameters and the choice of a suitable device architecture.  

The approach of this study was mainly experimental and was 
focusing on a particular configuration: the lateral TFET. It consists of a 
gated p-i-n diode and represents the basic embodiment of a TFET. 
TFETs have been fabricated according to a CMOS compatible process 
flow and two architectures have been implemented: 

• FinFET on SOI. A mature technology used for a fast 
learning for homojunction Si TFET. The use of SOI 
substrate is mandatory for a good device isolation and to 
reduce junction leakage currents [1]. 

• Vertical nanowires. An exploratory architecture suitable to 
implement heterojunction TFETs which should boost the 
tunneling current without increasing the off-current. In 
particular, SiGe-source TFETs with various Germanium 
concentrations were implemented. 
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These two architectures were chosen for their excellent control of 
the electrostatic potential thanks to the good coupling of the gate 
electrode to the channel. The transition from a homojunction device to 
a heterojunction device is necessary to reduce the effective tunneling 
bandgap without increasing the off-current [2]. In fact, the off-state 
current is limited by the large energy band gap of the channel material. 

In chapter 2, simple semi-classical models such as the Kane’s 
model [3] qualitatively predict that the band to band tunneling 
generation rate (proportional to the tunneling current) is strongly 
dependent on the electric field at the tunneling junction, the tunneling 
effective masses and the energy band gap, or effective energy band gap. 
As a consequence, good electrostatic control and low energy bandgap 
materials are needed to implement TFETs. We have also pointed out 
the difficulty to describe quantitatively this quantum mechanical 
mechanism with semi-classical models. The necessity of non local 
models together with an accurate calibration of the model parameters is 
mandatory. Nevertheless, an ad-hoc quantum mechanical approach [4-
10] is suggested to verify the limitations of the semi classical approach. 
For instance, it has been theoretically demonstrated that effects such as 
the quantum confinement can strongly impact the tunneling behavior 
[11].  

In chapter 2, we have also introduced transport mechanisms other 
than band-to-band tunneling which are often not included during the 
simulation but are present in experimental devices. In particular, the 
presence of TAT represents one of the major bottlenecks to achieve a 
sub-60mV/dec swing in TFETs. This phenomenon is more severe in 
vertical devices because of the severe damage during the nanowire 
patterning, the lower source doping and the presence of large amounts 
of interface traps (verify only in case of Si TFET). For this reason, it is 
of utmost importance to understand not only the band-to-band 
tunneling but also all the possible leakage mechanisms present which 
can affect the device performance and how to suppress them.  

In chapter 3, the design and fabrication of TFETs have been 
described. This chapter was divided in two main parts because of the 
two different architectures studied: (1) the finFET and (2) vertical 
nanowire.  
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The design and process flow for finFET-based Si TFETs is very 
similar to the process flow used for conventional MOSFETs. Contrary 
to the MOSFET case where only one type of doping is used to implant 
both the source and drain regions, the TFET requires a mask 
modification to implement two types of doping at the source and drain. 
The two masks NPLUS and PPLUS join in the middle of the gate 
providing an implant to the poly-Si gate. For this reason, we could not 
verify the device scalability when the gate length is below 150nm. To 
avoid silicide encroachment, additional spacers have been deposited 
after the HDD implants. A standard BEOL processing allows the 
electrical characterization in industrial probing stations. Furthermore, a 
possible implementation of planar heterojunction TFET was explored. 
The integration of heterojunction is realized by a Si etch back followed 
by a SEG of B-doped Si0.75Ge0.25

As explained earlier, vertical nanowire-based TFETs have been 
designed and fabricated to implement heterojunction TFET. Contrary to 
the finFET approach, the integration of vertical nanowires as TFETs 
required the complete development of a new process flow and the 
design of a dedicated maskset. For this, several learning cycles were 
necessary before a finalized process flow was reached. The main 
challenges were:  

 in the source, similarly to the 
implementation of SiGe stressors used in CMOS technology [12]. It 
has been observed that there is either no growth nor uncontrolled 
growth in case of overlap with the gate because of contamination issues 
due to the exposure of the gate stack to the pre-cleaning prior the SEG 
(chapter 5). As a consequence, we suggested moving toward vertical 
architectures when implementing heterojunction TFETs.  

• nanowire patterning. To achieve a device with 150nm gate 
length and proper top and bottom isolation, the height of the 
etched nanowire was around 400nm. The tuning of the dry 
etch was critical to achieve a nearly straight profile of the 
nanowire sidewalls. 

• gate alignment strategy for epi grown source. The gate 
alignment is critical because it depends on the uniformity of 
the CMP step and the control of the wet etch-back of the 
oxide which covers the top of the nanowire. 

• source replacement for heterojunction TFET.  
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In chapter 4, an overview of several electrical characterization 
techniques used in this study have been described. In particular, the 
extraction of device parameters such as EOT or Dit has been explained 
shortly. Later, an overview of the TFET operation modes is presented 
with an emphasis on the method used to identify the band-to-band 
tunneling over other transport mechanisms. Some interesting features 
of the TFET are its weak temperature dependence and its insensitivity 
to gate length scaling. In case of very short gates, we expect an increase 
of the off-state current due to the reverse biased diode leakage which 
might affect the ION/IOFF

In chapter 5, the performance of homojunction Si TFETs has been 
analyzed. The POR device was characterized by an average slope of 
100mV/dec and an I

 ratio. This effect is not studied in this work 
because of limitations in the device fabrication of very short gates. The 
transfer and the output characteristics of TFETs have been shown and 
discussed for the lateral TFET configuration focusing on the main 
difference with the conventional MOSFETs. In particular, the difficulty 
to find a proper metric to benchmark the TFET is discussed. It is indeed 
not possible to define a clear threshold voltage in TFETs similarly to 
MOSFETs.  

ON/IOFF ratio around 7 decades considering a VDD

• impact of the dimensionality. A clear improvement of the 
device performance has been observed in case of narrow 
fins. The best gate coupling together with a more uniform 
doping of the fin is able to reduce the tunneling onset. This 
beneficial shift allows the device to be more robust against 
TAT and a better subthreshold swing is recorded at low gate 
voltages 

 
range of 1V. This poor performance is related to the large energy 
bandgap of silicon. Nevertheless, the impact of several geometrical and 
process parameters to improve the tunneling performance has been 
investigated. The main findings can be listed as follows: 

• doping profile. The impact of the doping concentration and 
profile was studied by implementing different implantation 
conditions during the LDD. The limited impact on the 
device performance is explained by the presence of 
diffusion due to the thermal activation steps. As a 
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consequence, we suggest that an in-situ doped source is 
necessary to achieve the required abruptness. 

• oxide thickness. TCAD simulation predicts that the scaling 
of EOT has a great impact on the TFET performance. In our 
experiments the EOT was varied from 2.2 nm to 1.5 nm 
using 2 nm or 4 nm of HfO2

• silicide Engineering. A novel configuration has been 
introduced to boost the tunneling current, the DS Schottky 
TFET. In this case, the silicide is encroaching under the gate 
creating a highly doped dopant segregated region which is 
supposed to boost the tunneling current. Despite of the large 
increase of the on-current and reduction of the tunneling 
onset, this device has intrinsic limitations in achieving a 
stable sub-60mV/dec regime.  

. The thinner oxide showed a 
performance improvement but the gate leakage current 
increased as well and further EOT scaling was not possible. 
As a consequence, a boost of on-current is required before 
scaling the EOT. This boost of the on-current requires the 
implementation of a new source material. 

In chapter 6, the performance of vertical nanowires is discussed. At 
the first stage, the homojunction Si TFETs have been implemented to 
study the impact of geometrical parameters which differ from a planar 
integration scheme, such as the gate alignment in case of an epi-grown 
source. Contrary to the finFETs, the vertical nanowires have more 
interface traps and larger interface roughness which degrade the device 
performance. Nevertheless, the epi-grown source and a large source-to- 
gate overlap have helped device performance. In addition, the presence 
of a bottom isolation of 50nm is able to suppress the ambipolarity in 
case of low thermal budget processing which limits the up-diffusion of 
the dopants of the drain region into the channel. In this chapter, a 
preliminary study of heterojunction TFETs is discussed as well. In 
particular, SiGe with Germanium concentration up to 45% has been 
implemented by growing a thin layer with the high Germanium 
concentration followed by a layer with a lower Germanium 
concentration. In this case, a great improvement of the on-current is 
observed together with a reduction of the tunneling onset. As observed 
in the narrow fins, the reduction of the tunneling onset reduces the 
impact of the TAT. Nevertheless, TAT is still dominant at low gate 
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voltage hiding the possible sub-60mV/dec swing. Further studies are 
required to assess the impact of higher Ge concentrations. 

 
Figure 8.1: Comparison of published TFET IDS-VGS characteristics for experimental 
p-channel (a) [13-14] and n-channel (b) [15-19] TFETs extracted at VDD

An overview about recent state-of-the-art TFET performance [13, 
15, 17, 19, 21-23] together with the best results obtained in this work is 
shown in 

 of 1V. The 
dash lines are measured characteristics for HP and LP 32-nm node MOSFET 
technology [20]. The blue squares represent the experimental data obtained during 
this work. All the measurements were reported at room temperature. 

Figure 8.1. The TFET characteristics are compared with 32-
nm MOSFET designed for High Power (HP) or ultra Low Power (LP) 
applications. The high power applications MOSFET are designed to 
reduce the clock delay which is proportional to Ceff*VDD/IDsat and 
represent the upper boundary. The ultra low power, or Low Standby 
Power, applications are designed to minimize the static power 
dissipation and represent the lower boundary. So far, it is clear that the 
Si- and Ge-based TFET are not in a current range of interest for either 
HP or LP applications as the on current is well below 100µA/µm and 
the supply voltage is still close to 1V. In addition, the experimental data 
in this work agree with the best results available in literature for 
equivalent material system. On the other end, the introduction of new 
materials together with the implementation of heterojunction TFET [2] 
may provide the required boost in on-current to place as a promising 
candidate for sub 0.5 V logic operation.  
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Chapter 7 anticipates the outlook of this work. Here, a new device 
architecture, the hybrid TFET, is proposed since we believe that the 
lack of a 60mV/dec swing is related to some limitations of the lateral 
TFET configuration in which the point tunneling is the dominant 
tunneling component. The hybrid TFET consists of a gated p-i-n diode 
where the gate is fully overlapping the source and an additional pocket 
similar to the intrinsic channel is added between the gate stack and the 
source. The preliminary simulation experiments shows on-currents of 
100µA/µm at VDD

 

 of 0.5V with Ge source and a gate length of 45nm. 
In this case, the subthreshold swing is below the kT-limit for more than 
7 decades. The weaknesses of this device are: the degradation of the 
tunneling onset when the gate does not fully overlap the source and the 
strong dependence of the tunneling current on the thickness of the 
pocket. These parameters can be controlled during the fabrication of the 
device, in particular the thickness of the pocket because of the 
selectivity of the epitaxial growth of this layer. In conclusion, a process 
flow has been designed but the results are not available yet and, hence, 
they are not presented in this work.  

8.2 Future Work and Outlook 

In this thesis, a in depth study of the potentialities of TFETs has 
been presented but there is certainly a lot of room for improvements. 
Because of the lack of time and delays in the processing of 
experimental devices, a certain number of studies could not be 
performed and three of them should receive more consideration in the 
future: 

• Impact of the Si capping layer in vertical heterojunction 
TFETs. The growth on the nanowire sidewalls needs to be 
controlled and the surface roughness should be improved. 

• Decouple the point and line tunneling in heterojunction 
TFETs by changing the doping of the source or the gate-to- 
source overlap or inserting a wide bandgap pocket between 
the source and the channel.  

• Ge-source TFETs should boost the tunneling current but the 
source replacement approach is needed because of the 
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impossibility to grow a strained Germanium layer on a 
blanket wafer. This approach consists of replacing a poly- 
SiGe dummy source with a thin layer of Ge followed by the 
deposition of amorphous germanium to fill the top region. 
If the processing is successful we should be able to show 
whether nTFETs with Ge-source can replace conventional 
nFET. 

When this PhD work started the question was: what is the ideal 
tunnel FET configuration? At the beginning, the answer was: the one 
with the lower bandgap, the most abrupt junction and the highest 
doping concentrations. Is it still true? After four years, our knowledge 
about TFETs substantially improved and we are now able to answer 
that question in a different way. For this reason, we would like to give 
some recommendations for future research in this field. 

What we are looking for is basically: the best tunneling barrier and 
the best TFET architecture. Regarding the tunneling barrier, it is known 
that the only materials where bandgap engineering is possible are III/V 
materials. Among the III/V compounds, only the one with compatible 
lattice parameters can be chosen to achieve a good quality of the 
heterojunction interface. The implementation of broken bandgap 
heterojunctions is very promising [24]. In this way, it is possible to 
implement materials with a bandgap which is not too small and does 
not degrade the density of states. The doping does not need to be 
maximized, ideally the Fermi level should be aligned with the valence 
band (in case of n-type operation) to make the tunneling more efficient. 
My suggestion is to define two research paths: a material approach and 
an integration approach. The former should aim to characterize the 
properties of new broken bandgap materials such as InAs/GaSb with 
emphasis on the interface quality and properties. In fact, we do not 
know how abrupt will be the interface and this aspect is not taken into 
account in the simulations, although it is very important 
experimentally. Regarding the integration approach, we suggest to start 
some learning on the passivation of III/V materials and gate stack 
options. Recent publications show good results with InGaAs system 
[25] which is a well known III/V compound. 

Regarding the best TFET architecture, we have already discussed 
about it in chapter 7: we are looking for an architecture where the 



_______________________________ 8.22   Future Work and Outlook 

197 

 

tunneling is normal to the gate to maximize the control of the gate over 
the tunneling barrier. The hybrid TFET concept presented in chapter 7 
needs to be implemented and evaluated. Nevertheless, we should be 
aware of the scalability of this solution since TFET should replace 
MOSFET beyond 14nm. Certainly, the planar approach proposed in 
chapter 7 is not extremely scalable. For this reason, vertical architecture 
is more suitable for extreme scaling since the restriction on the gate 
length is more relaxed. A vertical implementation of this concept has 
been proposed in a pending patent.  
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Appendix  
Physical Characterization 
Methods 

 

During device processing, top SEM inspection of the device is 
routinely performed in order to verify the general morphology of the 
device. However,  to obtain more detailed information about the 
morphology of the device such as the uniformity and composition of a 
silicide or dopant profiles, additional techniques, such as Transmission 
Electron Microscope (TEM), Energy-Dispersive X-ray Spectroscopy 
(EDS) or secondary ion mass spectrometry (SIMS) are required. In this 
work, several techniques have been used and a short description of each 
of them is presented in this section. 

Transmission Electron Microscopy (TEM) 

In a Transmission Electron Microscope (TEM), high energy 
electrons are transmitted through a thin foil of material. The purpose is 
to form an image of the sample structure or to make local chemical 
analysis of the material. The technique has sub-nanometer lateral 
resolution for imaging and nanometer resolution for chemical analysis. 
As very thin samples are needed, special preparation of the specimens 
for TEM analysis is needed. In this work, the TEM was mainly used to 
assess the quality and physical dimensions of the gate stack, observe 
implantation damages and other morphological features (Figure 1).  
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Figure 1: TEM Cross sectional view of a fabricated TFET (Wfin

Another imaging technique often used is the High Angle Annular 
Dark Field (HAADF) Scanning Transmission Electron Microscopy 
(STEM) able to generate a Z-contrast imaging without diffraction 
effects. This contrast image has an intensity that is approximately 
proportional to the square of the atomic number, Z

 500nm). A 
quantification of the gate stack is illustrated together with the strain Si present under 

the nitride spacer. The inset shows the region shown in the TEM image.  

2

Another technique available with TEM is the EDS which measures 
the energy distribution of X-rays generated by interaction of the 
electron beam with the thin foil. It allows qualitative/quantitative 
analysis of the elements present in the material at selected points or 
along a line on the specimen.  In principle all elements heavier than B 
can be measured. Peak overlaps may limit the sensitivity depending on 
the combination of elements present. To have a good spatial resolution, 
EDS is generally acquired in STEM mode. EDS is useful to 
characterize the composition of a metal gate, the type of silicide or the 
presence of contaminants in the device.  

 and is therefore 
strongly composition dependent. For instance, along the [110] direction 
the bright spots correspond to two atomic columns for Silicon. Another 
possibility is to detect medium angle scattered electrons (called dark 
field STEM, DF-STEM). In that case diffraction effects are important 
and lattice defects will show up more clearly.  
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Spreading Resistance Profiling (SRP) 

The Spreading Resistance Probe (SRP) is used to obtain resistivity 
depth profiles on Silicon or Germanium doped samples (with 
determination of the electrical junction depths). The carrier depth 
profiles can be computed based on specific mobility models. The 
sample needs to be cleaved and the beveled surface is measured as 
illustrated in  

Figure 2. Contrary to the SSRM, the measurement cannot be 
executed on the fabricated device. This technique was used in this work 
to extract the profile of the active dopant in case of vertical devices and 
analyze the impact on the profile of different annealing steps. This 
technique is characterized by a simple sample preparation and a short 
measurement time. Unfortunately, there are issues in presence of 
junction due to carrier depletion effects. 

  
Figure 2: Schematic of the apparatus for SRP 

 

Secondary Ion Mass Spectrometry (SIMS)  

Secondary Ion Mass Spectrometry (SIMS) is suited for the 
detection of trace elements, such as dopants or impurities, along the 
depth of a sample with very high sensitivity. SIMS results can be 
quantified in concentration only if the trace element is present in low 
concentration (less than few percent) and if the matrix is known, for 
instance: Si, SiGe, Ge, GaAs, InGaAs, InP, GaN.  



Appendix: Physical Characterization Methods  ___________________  
 

204 
 

Since depth scales are determined using crater depth measurements, 
a constant sputter rate need to be considered during the whole SIMS 
depth profile. For this reason, SIMS is suitable for single layer samples 
and the spatial accuracy is not at the nanometer scale as in SSRM. 
Contrary to the SSRM and SRP, SIMS cannot distinguish between 
dopants which are electrically active and not. 

 

Scanning Spreading Resistance Microscopy (SSRM) 

Scanning spreading resistance microscopy (SSRM) is used to 
obtain information on the two-dimensional carrier distribution in 
semiconductor materials with nm-spatial resolution. SSRM uses a 
conductive probe (diamond) to evaluate the spreading resistance of the 
material in between the probe and a back contact (Figure 3). This 
resistance can be converted to an active doping concentration after a 
proper calibration. 

 
Figure 3: Schematic of the apparatus for SSRM. 

SSRM is very sensitive to dopant concentration variations and 
outperforms all other 2D-techniques such as SRP and SIMS.  Within 
one structure, extremely small variations of resistivity (10-20%) can be 
monitored and interpreted quantitatively.  However small variations in 
doping concentrations from wafers to wafers or between different chips 
on a single wafer cannot be monitored (<20%). SSRM is currently a 
mature technique on silicon (Si). Similarly to SRP, SSRM benefits in 
theory from an extremely large dynamic range (1014 to 1021 at/cm3).  
The SSRM is extremely important for the carrier profiling of vertical 
nanowire because it is possible to probe directly on the measured 
device in case of 200nm wide nanowire. 
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