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ABSTRACT

The down-scaling of conventional MOSFETs has led to an impending power crisis, in which static
power consumption is becoming too high.  In order to improve the energy-efficiency of electronic
circuits, small swing switches are interesting candidates to replace or complement the MOSFETs
used today.  Tunnel FETs, which are gated p-i-n diodes whose on-current arises from band-to-band
tunneling, are attractive new devices for low-power applications due to their low off-current and
their potential for a small subthreshold swing.

The numerical simulations presented in this thesis have been carried out using a non-local band-to-
band tunneling model in Silvaco Atlas.  Numerical simulations based on correct underlying models
are important for emerging devices, since they can provide insights about optimization before
fabrication is carried out,  can aid the understanding of device physics through 1D and 2D cross
sections, and can be the basis for the formation of an accurate compact model. 

In general, only CMOS-compatible materials and structures have been used in the Tunnel FET
designs presented here.  One goal of this thesis was to stay within the framework of what is possible
in standard industrial nanoelectronics cleanrooms today, without requiring processes whose mastery
lies many years in the future.  For this reason, the focus of this thesis is on all-silicon devices, and
heterostructures that incorporate other materials are only mentioned.

In chapter three, the optimization of the static characteristics of a Tunnel FET is carried out, looking
at gate structure (single or double), doping levels of each device region, gate dielectric permittivity,
and silicon body thickness.  A study of the reduction of the band gap at the tunnel junction is also
presented, showing the resulting improvement in on-current and subthreshold swing.

Chapter four introduces a new method for threshold voltage extraction in Tunnel FETs.  This method
has one key advantage over the commonly-used constant current threshold voltage extraction
technique:  it has a physical meaning.  The transconductance method, which has already been used
for conventional MOSFETs, pinpoints the Tunnel FET voltage at which the transition from strong
control to weak control of the tunneling energy barrier width, and therefore the on-current, takes
place.  This is analogous to the threshold voltage in a conventional MOSFET which marks the
transition from weak inversion to strong inversion at φs=2φF.  It is found that Tunnel FETs have two
threshold voltages, one in relation to the gate voltage, and the second in relation to the drain voltage,
and each depends on the voltage applied at the opposite terminal.

A length scaling study is carried out in chapter five, demonstrating the scaling limits of Tunnel FETs
at gate lengths on the order of 10-20 nm, due to p-i-n diode leakage current that degrades the off-
current.  Tunnel FETs designed to have better electrostatic control of the tunnel junction by the gate
can scale further before they hit this diode leakage limit at some small gate length.

Chapter six presents an additive booster strategy for Tunnel FET optimization, and then uses the
resulting optimized device as the basis of a parameter variation study.  Here, one parameter is varied
at a time, and the effects on the important characteristics (subthreshold swing, threshold voltage, and
on-current) are evaluated.  The parameters requiring the most control during fabrication are
identified.

Since Tunnel FETs are emerging devices, the most important future work will be to fabricate fully-
optimized n- and p-type devices, and to develop accurate compact models for their incorporation into
circuits.

Keywords:  TFET, Tunnel FET, tunneling transistor, band-to-band tunneling, high-k dielectric,
double-gate, gated p-i-n diode, subthreshold swing
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RÉSUMÉ

La miniaturisation des MOSFETs traditionnels a conduit à une impasse energetique, dans laquelle la
consommation électrique en régime statique est devenue trop grande. Afin d'améliorer l'efficacité en
énergie des circuits électriques, des interrupteurs à faible inverse de pente sous seuil sont des
candidats intéressants pour remplacer et complémenter les MOSFETs traditionnels. Des transistors à
effet de champ à junction tunnel (Tunnel FETs) sont des diodes p-i-n à grille où le courant à l’état
passant provient de porteurs passant de bande à bande par effet tunnel.  Ils sont des dispositifs
intéressants pour des applications à faible consommation de puissance car leur courant de fuite en
état de veille est faible tandis qu'ils présentent un fort potentiel pour une faible inverse de pente sous
seuil.

Les simulations numériques présentées dans ce travail de thèse, ont été réalisés par l'intermédiaire du
logiciel Silvaco Atlas en utilisant un modèle d'effet tunnel de bande à bande non local. Des
simulations numériques basées sur des modèles exacts sont importantes pour des dispositifs
émergents puisqu'ils peuvent fournir des indications cruciales pour une optimisation précédant la
fabrication. La simulation peut également aider à la compréhension des mécanismes physiques à
travers des coupes 1D et 2D, et peuvent constituer la base sur laquelle un modèle compact peut être
fondé.

En règle générale, seuls des matériaux et structures compatibles avec la fabrication des CMOS ont
été utilisés dans les dispositifs présentés dans cette thèse. En effet, un des objectifs était de rester
dans le cadre de ce qui est actuellement possible dans les salles blanches industrielles, sans exiger
des procédés avancés dont la maîtrise se situe plusieurs années dans le futur. Pour cette raison,
l'accent de ce travail est placé sur les dispositifs tout-silicium tandis que des hétérostructures qui
incorporent d'autres matériaux ne sont que mentionnés.

Au chapitre trois, les caractéristiques statiques d'un FET à effet tunnel sont optimisées en étudiant la
structure de grille (simple ou double), les niveaux de dopages dans chaque région du dispositif, et
l'épaisseur de la couche de silicium. Une étude de la réduction de la largeur de bande interdite au
niveau de la jonction tunnel est également présentée, montrant une amélioration du courant à l’état
passant et de l'inverse de pente sous seuil.

Le chapitre quatre introduit une nouvelle méthode pour l'extraction de la tension de seuil d'un FET à
effet tunnel. Cette méthode présente un avantage clé sur la technique traditionelle d'extraction de la
tension de seuil à courant constant dans le sens où elle a un sens physique. La méthode de
transconductance, qui a déjà été utilisée pour des MOSFETs conventionels, identifie la tension du
FET à effet tunnel où on obtient la transition entre contrôle fort et contrôle faible de la largeur
énergetique de la barrière à l'effet tunnel et donc du courant à l’état passant. En ce cas, on remarque
l'analogie avec la tension de seuil d'un MOSFET conventionel qui marque la transition entre faible et
forte inversion à φs=2φF. Nous présentons que les FETs à effet tunnel ont deux tensions de seuil,
l'une liée à la tension de grille, l'autre lièe à la tension de drain et chaqune dépendente de la tension
appliquée sur le terminal opposé.

Une étude du dimensionnement des grilles est presentée au chapitre cinq, démontrant les limites de la
miniaturisation des grilles pour des FETs à effet tunnel pour des largeurs de l'ordre de 10-20nm, à
cause du courant de fuite de la jonction p-i-n qui détériore le courant à l’état bloqué. Des FETs à effet
tunnel qui présentent un meilleur contrôle éléctrostatique de la jonction tunnel par la grille peuvent
être miniaturisés plus avant d'atteindre cette limite lièe au courant de fuite.

Le chapitre six présente une stratègie booster pour l'optimisation des FETs à effet tunnel, et ensuite le
dispositif optimisé est utilisé comme base pour une étude paramétrique. Un paramètre est alors varié
à la fois, puis les effets sur les caractèristiques importantes (inverse de la pente sous seuil, tension de
seuil, et courant à l’état passant) sont étudiés. Les paramètres exigeant le plus grand niveau de
contrôle durant la fabrication sont ainsi identifiès.
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Puisque les FETs à effet tunnel sont des dispositifs émergents, le travail à suivre le plus crucial sera
de fabriquer des dispositifs complétement optimisés de type n et p et de développer des modéles
compacts exacts pour leur incorporation dans des circuits.

Mots-clés: TFET, FET à effet tunnel, transistor à effet tunnel, effet tunnel bande à bande,
diélectrique à fort k, double grille, diode p-i-n à grille, inverse de la pente sous seuil.
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wb band-to-band tunneling energy barrier width (m)
wj doping profile junction width, from high to low doping level (m)
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12 CHAPTER 1: Thesis overview

1.1  Objectives

Numerical simulations of Tunnel FETs such as the ones presented in this thesis are important in
several ways.  They allow the investigation of the device physics, with the possibility to “see” inside
a device through cross sections in 1D or 2D.  Simulations also enable the thorough optimization of
Tunnel FET design parameters, with the advantage that a parameter can be varied and the results
obtained in half a day rather than after half a year in the cleanroom.  In addition,  when numerical
simulations are backed up by correct physical models, the results can be useful to other researchers
for the development of robust compact models.  In a developing field where experimental results are
still limited, these simulations can even be essential, since they allow the variation of a large number
of parameters in a short amount of time.  In this way, the work presented here can further our
understanding of this emerging device, and can contribute to the progress made in future Tunnel FET
fabrication and model development.

1.2  Outline

Chapter 2:  Introduction

Chapter 3:  Tunnel FET Optimization

Chapter 4: Threshold Voltages for Tunnel FETs

The motivation for the thesis work is presented, based
upon the power crisis currently being experienced by
conventional MOSFETs.  Possible solutions to the crisis
are mentioned, on both the circuit and device level.
Small swing switches are introduced, and then in
particular, the Tunnel FET is described and its operation
explained.  A band-to-band tunneling transmission
equation derivation is shown, and the history and state-
of-the-art of the Tunnel FET are given.

The following Tunnel FET parameters are varied in
order to optimize the device:  single or double gate,
doping levels in the source, drain, and intrinsic regions,
gate dielectric permittivity, silicon body thickness, and
band gap at the tunnel junction.  An asymmetrical lateral
strain profile, or a heterojunction, would boost on-
current by reducing the band gap only at the tunnel
junction side of the device, while keeping off-current
low with a large band gap at the drain side.

A new, more physical threshold voltage definition is
proposed, in which the threshold would mark the
transition between a quasi-exponential and a linear
control of the drain current by an applied voltage.  Two
threshold voltages are identified -- one associated with
the gate, and the second with the drain, and their
interdependence is described.  The deleterious effects of
VTD for circuits are mentioned, and then VTD is
extracted from measured Tunnel FET data.
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Chapter 5:  Tunnel  FET Length Scaling

Chapter 6:  Tunnel FET Parameter Variation

Chapter 7:  Conclusion and Perspectives

This chapter summarizes the material presented in the thesis, and gives suggestions for areas which
need more study and investigation in the future.  Perspectives are given, both related directly to this
thesis work, and more generally.

A detailed scaling length study is carried out on Tunnel
FETs without varying other parameters simultaneously,
in order to isolate and understand the effects of length
scaling alone.  The increased p-i-n leakage of short
devices can be understood through a careful
investigation of the band diagrams and depletion region
width.  The scaling of supply voltage is also briefly
explored, and conclusions are drawn about what
parameters should be simultaneously down-scaled in
order to maintain good characteristics.

The additive booster technique of Tunnel FET
optimization is explained and carried out on
unoptimized devices.  Then the effects of parameter
fluctuations on Tunnel FET characteristics are studied,
focusing specifically on gate threshold voltage, point
and average subthreshold swing, and on-current.  The
parameters for which the characteristics are the most
sensitive are identified as those requiring the tightest
control during device design and fabrication.
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Chapter 2

Introduction

This chapter presents the motivation for this thesis, and more generally for small swing devices, by
explaining the power crisis currently faced by conventional MOSFETs, due to their ever-increasing
static power consumption.  The reasons behind this crisis are explained, and then some currently-
used solutions are presented, both those on the circuit level and the device level.  Small swing
switches are introduced as the best device-level option, and then the most widely-researched
examples are shown -- IMOS, MEM and NEM switches, and then finally, Tunnel FETs.  

The introduction to the Tunnel FET follows, including its structure and operation.  A derivation of a
band-to-band tunneling transmission equation based on the WKB approximation is carried out, and
then the non-constant subthreshold swing of the Tunnel FET is illustrated, and some definitions are
given.  The temperature-dependence of Tunnel FET characteristics is shown, and then the most
important models  used for the simulations in this thesis are presented.  Finally, the history and state-
of-the-art of tunneling transistors are reported. 



16 CHAPTER 2: Introduction

2.1  The limitations faced by CMOS:  the power crisis

The topic of this thesis is Tunnel FETs, but in order to understand why Tunnel FETs are interesting
semiconductor switches, it is necessary to understand what is wrong with conventional MOSFETs.
In order to understand that, we need to begin with an explanation of Dennard’s scaling rules.

In 1974, R. Dennard, et al. published an article which has become very famous in the semiconductor
device community, about how to scale a MOSFET while keeping the electric fields inside the device
unchanged [1].  He recommended that all device dimensions be scaled by 1/κ, while the doping of
the source and drain regions should increase by a factor of κ.  Applied voltages should also be scaled
by 1/κ.  These rules have been roughly followed ever since, until rather recently.  

The reason for which Dennard’s scaling rules no longer work as well as they did in the past can be
seen in Fig. 2.1, which shows the scaling trend from the 1.4 μm node to the 65 nm node.  While the
supply voltage VDD decreased to about 20% of its original value, the threshold voltage VT only went
down to approximately half of its starting value.  That threshold voltage decrease did not happen as a
natural result of Dennard scaling.  It had to come about in other ways, such as changing the doping of
the channel region under the gate.  Since the electric fields inside a MOSFET stay nearly constant
when the scaling rules are followed correctly, the threshold voltage stays nearly constant as well,
unless other changes are made.  

Figure 2.1: The trend of supply voltage and threshold voltage scaling vs. technology generation.
VDD decreases with device dimensions, but VT does not.  From [2].

The most important consequence of VDD reducing during device scaling while VT reduces
significantly less, is that the gate overdrive, also shown in Fig. 2.1, goes down.  When gate overdrive
decreases, on-current decreases, which negatively affects device performance, the Ion/Ioff ratio, and
dynamic speed (CgVDD/Ion).  There are two possible solutions to this problem of needing a high gate
overdrive:  either VDD can stay higher than it should with constant field scaling, or VT can be scaled
down more aggressively.  Both of these options, and their repercussions, will be discussed.

Fig. 2.2 shows that the formerly-followed scaling trends of 1/κ = 0.7 every 2 or 3 years (bold and
dashed lines at the top of the figure, for reference) no longer hold true for VDD.  In order to maintain
acceptable levels of gate overdrive, VDD scaling has slowed down drastically.  When the supply
voltage decreases along with device dimensions, then the power density IonVDD/A (on-current times
supply voltage divided by surface area) remains constant, which means that the energy needed to
drive the chip, and the heat produced by the chip, remain constant.  This assumes that when devices
scale down, we don’t see chip size decreasing, but rather, more complexity and functionality is added
with each generation, and chip size remains more or less constant.
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Figure 2.2: Scaling trends showing the decreases in tox and Lg, while VDD stays almost unchanged.
From [3].

When VDD doesn’t scale down, power density increases instead.  For each MOSFET, the dynamic
and static power consumption can be expressed as [4]

where f is the frequency and CL is the total switched capacitive load, and

where Ileak is the sum of the leakage currents in the device when the MOSFET is in the off-state.

If VDD does not decrease, and yet device dimensions decrease, and more devices are added to a chip
such that chip size is not significantly reduced, then it can be expected that power consumption will
rise considerably.  The current trend of increasing power is illustrated in Fig. 2.3.  The discussion up
until now has not explained why static power would be increasing much faster than dynamic power,
and that comes back to the second option for keeping a high gate overdrive:  scaling down VT.

Figure 2.3: Trends of dynamic and static CMOS power, showing that static power consumption has
become a greater problem than dynamic power consumption.  From [4].

One characteristic of conventional MOSFETs is their fixed slope in subthreshold, when IDS-VGS is
plotted on a log-lin scale.  This fixed slope means that once the device has been fully optimized in
order to have the most abrupt possible turn-on with gate voltage, and the subthreshold swing S =
dVGS/d(log IDS) has hit its limit of 60 mV/decade at room temperature, then the only way to lower
the threshold voltage further is to shift the IDS-VGS characteristic horizontally on the x-axis, as
illustrated in Fig. 2.4.  If we want to shift VT by 60 mV, then the price to pay is an increase of one

Pdynamic = fCLVDD
2 (2.1)

Pstatic = IleakVDD (2.2)
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decade of off-current, and in turn, of static power.  Further discussion of the immutability of the
subthreshold swing in conventional MOSFETs will be presented in section 2.2.2.

Figure 2.4: A typical IDS-VGS curve for a highly-optimized conventional MOSFET, showing the
subthreshold swing limited to 60 mV/decade at room temperature.  If we want to decrease VT by
shifting the curve left, we pay a price in leakage current.  Solid curve’s data is from an optimized
asymmetrical double-gate conventional MOSFET in [5], which is then shifted three times.  Such a
shift could come from engineering the gate work function, for example.

Why is power dissipation such a problem?  There are quite a few reasons for which circuits should
use less energy, some of which will be mentioned here.  The first can be seen on a global scale.  We
would like our computers, appliances, and gadgets to use less power because it’s better for the
environment.  On a more personal level, it’s less expensive to use less electricity.  On a practical
level, it’s more convenient for battery-operated gadgets because their batteries will last longer before
needing to be charged.  And on a comfort level, it is better when laptops and hand-held gadgets have
a lower power density and therefore produce less heat.  Looking at Fig. 2.5, the trend of increasing
power  for Intel computer chips is shown.  If we assume that chips tend to be on the order of 1 to 2
cm2, we can get a rough idea of the power density as well.  According to [6], published in 2010,
current power density is around 60-80 W/cm2.  An ITRS presentation predicted that the power
density for the 14 nm node would be greater than 100 W/cm2 [7].  Fig. 2.5 also shows on its right
axis that in order to cope with the increasing power density, the heatsink must grow in volume.  This
too has a limit, since we would like our appliances, computers, and gadgets to stay the same size or
shrink, not get larger in order to accommodate a large heatsink required by the power-hungry chip
inside.

Figure 2.5: Computer chip power trends, along with the accompanying increase in heatsink volume.
From [6].
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2.2  Possible solutions to the power crisis

2.2.1  Circuit-level solutions
In order to try to reduce the power dissipation of CMOS, circuit engineers change their circuits, and
device engineers change their devices.  The bulk of this thesis is about devices, but in order to give a
glimpse of some of the ways in which circuit designers have responded to the power crisis, a handful
of currently-used circuit-level solutions will be presented in this section. 

One efficient solution for reducing leakage is to cut off the power supply to idle circuit blocks by
using sleep transistors.  When sleep transistors control a circuit block, the supply voltage to those
blocks is removed or reduced, so that the leakage from the transistors inside that block is eliminated
or reduced drastically.  One example of this idea is shown in Fig. 2.6, where sleep transistors control
the switches connecting the virtual supply rails to the external supply voltage and the external
ground.  When the sleep circuit turns off those two switches, the arithmetic logic unit (ALU) is no
longer powered. 

Figure 2.6: Circuit diagram of an ALU which will be turned off by sleep transistors.  From [8].

Another way in which circuits can use less power is by incorporating two types of MOSFETs:  one
with a high threshold voltage, and the other with a low threshold voltage.  These dual-VT circuits use
low-VT CMOS on the critical paths, where speed is critical but leakage will be high, and high-VT
CMOS off the critical paths where leakage can be reduced without sacrificing performance [9].  

Transistor stacks are another circuit-level technique that can reduce off-state leakage.  Two stacked
transistors as shown in Fig. 2.7 (right) have a lower off-current than one transistor alone (left).  The
reason for this is that the transistors act as a voltage divider, so the drain-source voltage is halved
across each device.  This has the effect of raising the potential barrier across the stacked transistors,
as shown at the bottom of  Fig. 2.7.  As with high-VT devices in a dual-VT design, stacked devices
can only be used on non-critical paths because they are slower [10].
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Figure 2.7: Left:  one transistor alone, along with its band diagram.  Right:  two stacked transistors,
with a lower leakage current due to the higher potential barrier shown in their band diagram.  From
[10].

Sub-threshold operation of MOSFETs is an additional energy-saving technique.  Fig. 2.8 shows (left
axis) that as VDD scales down, there is a minimum level of energy per instruction that can be attained
in sub-threshold [11].  The energy rises at higher VDD due to active energy and at lower VDD due to
leakage energy.  Operating with a lower supply voltage means that the frequency of operation must
also decrease, as shown on the right axis of Fig. 2.8.

Figure 2.8: Energy per instruction vs VDD (left axis) and frequency vs. VDD (right axis), showing an
energy minimum with VDD.  From [11].

A multi-core or many-core processor incorporates multiple smaller processors which can work in
parallel in order to increase throughput without increasing frequency.  Having multiple cores can
decrease energy consumption, especially if the cores are asymmetric, where different circuits
accelerate different processes.  Asymmetric cores are not the best choice, however, if performance
scalability is the goal.  In that case, symmetric cores are a better option, but then the power savings
will not be high [12].

2.2.2  Device-level solutions
Rather than coming up with circuit-level solutions to design around device problems, it would be
better to change the devices themselves.  So why not design conventional MOSFETs with S < 60
mV/decade at room temperature?

The answer to that question comes down to the way in which conventional MOSFETs produce their
current in the subthreshold region.  First, it is necessary to understand the Fermi-Dirac distribution
function, which describes the probability of the occupation of energy levels by electrons.  This
function is presented in Fig. 2.9, plotted against E-EF, so that the probability of energy level
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occupation is 50% at E-EF = 0 eV, or in other words, where the electron energy is equal to the Fermi
level.  At absolute zero, the Fermi-Dirac distribution function would be 100% for energies less than
the Fermi level, and 0% for energies more than the Fermi level, and the function would be perfectly
abrupt.  As temperatures rise, the function becomes less abrupt, as can be seen in Fig. 2.9.

Figure 2.9: The Fermi-Dirac probability as a function of energy, for different temperatures.  From
[13].

The Fermi-Dirac distribution function can be represented mathematically as

For conventional MOSFETs operating in the subthreshold region, as the gate voltage increases, the
rate of increase of carriers in the channel is determined by this function, which is limited by kT/q.
The Fermi-Dirac probability can be seen in the MOSFET subthreshold current equation [14]:

where the kT/q term limits the rate of increase of the current with applied gate voltage.  Solving for
the swing, the kT/q term coming from the Fermi-Dirac distribution once again appears, and here
serves as the determining factor for the well-known limit of 60 mV/decade at room temperature for
conventional MOSFETs.

where m is the body-effect coefficient, whose value is close to 1 for a well-optimized device.  To be
more precise, m = 1 + Cdm/Cox [14], where Cdm is the bulk depletion capacitance at threshold, when
φs=2φF.  In an optimized MOSFET with very good gate control, Cox >> Cdm, and m is slightly
greater than 1.  Then Eq. 2.5 becomes S = ln(10) x 26 mV, or about 60 mV/decade.

Since the subthreshold swing is inherently tied to the physical mechanism by which current is
generated inside the device in subthreshold, in order to change this limit for swing, it is necessary to
change the physical mechanism of the device.  In the next section, several types of devices will be
introduced that do not generate their subthreshold current in the same way, and that therefore are not
confined by this limit on subthreshold swing. 
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2.3  Small swing devices

This section is an overview of a couple of the main technologies that compete with Tunnel FETs, but
is by no means a state-of-the-art of all small swing devices and the progress made for each type.
There are plenty of interesting ideas being studied that could reduce a switch’s subthreshold swing to
less than the 60 mV/decade limit of conventional MOSFETs at room temperature.  Several ideas are
so new that only one group is working on them, and they have no experimental confirmation.  Here,
just two types of devices will be mentioned, both of which have attracted international interest and
have been explored and experimentally verified in multiple research groups:  the IMOS, and MEMS/
NEMS switches.

The IMOS is a gated p-i-n junction whose gate is offset from one of the junctions (see Fig. 2.10) such
that a very high electric field exists in the non-gated portion of the i-region when the device is on,
leading to avalanche breakdown.  The impact ionization process means that the IMOS can have a
very small subthreshold swing and high on-current [15].  Experimental transfer characteristics are
presented in Fig. 2.10(b), showing subthreshold swings of about 4 and 9 mV/decade for n-channel
and p-channel devices, respectively.

                            (a)                                                                            (b)
Figure 2.10: (a)  A typical IMOS structure, in which a p-i-n diode is partially gated, with part of the
intrinsic region left uncovered, from [16].  (b)  Measured IMOS IDS-VGS characteristics for n-
channel (left) and p-channel (right) devices, from [17], where the source was biased at -5.5 V.

The main problems with IMOS include scalability, since there must always be a gated and an
ungated region between the source and drain, hot carrier degradation, since impact ionization
necessarily creates hot carriers and these can go into the gate oxide, and the difficulty of low-voltage
operation, since high voltages are required in order to induce breakdown.

The second type of small-swing switch that will be discussed in this section is the electro-mechanical
relay, either on the micron scale (MEMS) or the nanometer scale (NEMS).  While some MEMS
switches seem to be just two-terminal devices, which might have extremely small values of swing
[18] but are limited in terms of applications in circuits, others are three-terminal devices that could
potentially replace conventional MOSFETs.  There are many possible designs for this type of switch.
One possibility is to fabricate a flexible cantilever beam connected electrically to the source terminal,
which is activated by a gate electrode underneath, and pulled down to touch the drain electrode in the
on-state [19].  Another possibility is to use a more typical MOSFET layout, with source, channel, and
drain, as in the two devices shown in Fig. 2.11.  The first (Fig. 2.11(a)), as we reported at IEDM
2005, has an air gap between the gate dielectric and the gate contact and the gate itself moves up (off-
state) and down (on-state) [20].  The second (Fig. 2.11(b)) has source and drain regions on the
substrate, and a moving gate/channel which can be pulled down into contact with the source and
drain in the on-state [21]. 
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                                      (a)                                                                           (b)
Figure 2.11: Two possible designs for MOSFET-like MEMS relays, with a source, drain, and gate.
(a)  From [20].  (b)  From [21].

                                               (a)                                                                                (b)
Figure 2.12: Measured IDS-VGS characteristics for the MEMS switches shown in Fig. 2.11(a) and
(b), respectively, demonstrating extremely small subthreshold swings.  The swing in this type of
device is set by the voltage step size,  has no fundamental limit, and can approach zero.  (a) Junction
leakage is still present for this relay design.  From [20].  (b) Off-state current is much lower for a
design in which the source and/or drain is physically separated from the MOSFET channel.  From
[21] .

MEMS and NEMS switches are interesting due to their potentially high on-currents, very low off-
currents, and small subthreshold swings.  Their disadvantages include lower speed [19] and
reliability problems due to their mechanical nature, such as structural damage where the two pieces
need to touch each other and then come back apart thousands or millions of times [18].

A third type of small-swing switch is the focus of the rest of this thesis:  the Tunnel FET.  It will now
be presented in great detail.

2.4  Introduction to the Tunnel FET

Tunnel FETs, also referred to as TFETs, Surface Tunnel Transistors (STTs) or Tunneling FETs, are
promising devices to complement or even replace conventional MOSFETs for low-power
applications. They offer the potential for a very low off-current and a small subthreshold swing.

Tunnel FETs are interesting as low-power devices because of their quantum tunneling barrier.  When
the devices are turned on, the carriers must tunnel through the barrier in order for current to flow
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from source to drain.  When the devices are off, the presence of the barrier keeps the off-current
extremely low, several orders of magnitude lower than the off-current of a conventional MOSFET. 

2.4.1  Tunnel FET structure and operation
Tunnel FETs are gated p-i-n diodes, or less commonly, gated p-n diodes.  To switch the device on, the
diode is reverse biased, and a voltage is applied to the gate.  In order to be consistent with MOSFET
technology, the names of the device terminals are chosen such that voltages are applied in a similar
way for Tunnel FET operation.  Since a reverse bias is needed across the p-i-n structure in order to
create tunneling, and since an NMOS operates when positive voltages are applied to the drain and
gate, the n-region of a Tunnel FET is referred to as its drain, and the p+ region as its source for an n-
type device.

Fig. 2.13 shows the basic device structure for a typical p-i-n Tunnel FET.  The structure shown is an
n-type device, with a p+ source and an n+ drain.  In a p-type Tunnel FET, the source would be doped
n+ and the drain would be doped p+.  All Tunnel FETs shown in this thesis have a metal gate with a
work function of 4.5 eV.

Figure 2.13: A simple Tunnel FET device structure, an n-i-p diode with one gate.

                        (a)                                                  (b)                                                 (c)
Figure 2.14: Energy band diagrams taken horizontally across the body of a Tunnel FET in (a) the
off-state where the only current comes from p-i-n leakage, (b) the on-state with a negative bias on the
gate leading to pFET-type behavior, and (c) the on-state with a positive bias on the gate leading to
nFET-type behavior.

When a Tunnel FET is OFF, only p-i-n diode leakage current flows between the source and drain,
and this current can be extremely low (less than a fA/μm).  Fig. 2.14(a) shows the energy bands
horizontally across the body of a Tunnel FET in the off-state, with a reverse bias applied across the
p-i-n junction, but no voltage applied to the gate.  

When a Tunnel FET is designed with symmetry between the n- and p-sides (similar doping levels,
similar gate alignment, etc.), the device exhibits ambipolar behavior, whereby the transfer
characteristics resemble those of a pFET when a negative voltage is applied to the gate, and those of
an nFET when a positive voltage is applied to the gate.  Fig. 2.14(b) shows the energy bands with a
reverse bias applied across the device, and a negative voltage applied to the gate.  The energy bands
in the intrinsic region under the gate are lifted, and the energy barrier is now small enough for band-
to-band tunneling to take place between the valence band of the intrinsic region and the conduction
band of the n+-region.  When a positive voltage is applied to the gate, on the other hand, the energy
bands in the intrinsic region are pushed down, as in Fig. 2.14(c), and tunneling takes place between
the valence band of the p+-region and the conduction band of the intrinsic region.  The energy barrier
width for band-to-band tunneling is the single most important factor that determines the amount of
drain current through a Tunnel FET.  
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The on-current of an n-type Tunnel FET depends on the width of the energy barrier between the
intrinsic and p+ regions, and the current increases exponentially with a reduction in this barrier
width.  Fig. 2.15(a) shows the dependence of the energy barrier width on the gate voltage for several
different gate dielectric constants.  The barrier width starts to saturate at high VGS.  Fig. 2.15(b)
shows the exponential dependence of the simulated tunneling current on the barrier width.  More
details about the simulations will be presented in section 2.5.

(a)

(b)
Figure 2.15: (a)  Width of energy barrier for band-to-band tunneling, vs. VGS, for different values of
the gate dielectric constant.  The value of the barrier width was extracted from the narrowest
location on the simulated band diagrams at the tunnel junction (as shown in the inset), at a distance of
2.5 nm from the dielectric surface, with 1 V applied to the drain and the source grounded.  (b)  Drain
current vs. energy barrier width for different values of the gate dielectric constant.  Double-gate
Tunnel FET with L = 50 nm, tSi = 10 nm, tdielectric = 3 nm, VDS = 1 V.

2.4.2  Band-to-band tunneling transmission
An expression for the band-to-band tunneling current in Tunnel FETs can be found by using the
WKB approximation and taking the tunnel barrier as a triangularly shaped potential barrier as shown
in Fig. 2.16.  With the WKB approximation, the band-to-band tunneling transmission is given by

(2.6)
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where k(x) is the quantum wave vector of the electron inside the barrier.  Inside a triangular barrier,
the wave vector is

Here, PE is the potential energy, and E is the energy of the incoming electron.  When the triangular
barrier is drawn at the coordinates shown in Fig. 2.16, with the electron at the energy of the widest
part of the triangle (at E=0), then the E term goes away, and PE can be replaced by the equation for
the triangle:  Eg/2-qFx, where Eg is the band gap of the semiconductor material at the tunnel junction,
and F is the electric field.  Then,

Figure 2.16: Band-to-band tunneling can be calculated by approximating the energy barrier width by
a triangular potential energy barrier, where the electrons must tunnel through the widest distance at
the base of the triangle.  Redrawn from [22].

Plugging this into Eq. 2.6 gives

The next step is to carry out the integration.

Looking back at the triangular barrier, we know that at x = x2, (Eg/2 – qFx) = 0, and that at x = -x1,
(Eg/2 – qFx) = Eg, so
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Eq. 2.11 is a general expression for band-to-band tunneling transmission.  This equation can be
improved slightly by making it more specific to tunneling transistors.  Now referring to Fig. 2.17, the
dimensions of the shaded triangular barrier are a height of ΔΦ + Eg, and a width of λ.  The magnitude
of the electric field corresponds to the slope of the energy bands, so we can replace the electric field
F by Δy/Δx = (ΔΦ + Eg)/λ.  Since electric field is measured in V/m, and the new term has the units
eV/m, we must also cancel out an electron charge, which gives

(from [23]).  ΔΦ is the energy range over which tunneling can take place, Eg is the band gap at the
tunnel junction, λ is a screening length, and m* is the tunneling mass.  There are four important
conditions in order for band-to-band tunneling to take place:  available states to tunnel from,
available states to tunnel to, an energy barrier that is sufficiently narrow for tunneling to take place,
and conservation of momentum [22].  In order for band-to-band tunneling to take place in materials
with an indirect band gap such as silicon, crystal phonons are necessary in order to conserve
momentum, and Eg in the numerator of Eq. 2.12 is replaced by Eg-Ep, where Ep is the phonon
energy.  The effective mass m* must then change to mrx*, which is the reduced effective mass in the
tunneling direction.  If these changes are not made to Eq. 2.12, band-to-band tunneling current is
overestimated for indirect materials.

The parameter λ deserves a bit more explanation.  It has several different names, including screening
length, natural length, and Debye length, and refers to the spatial extent of the electric field, or the
length over which an electric charge has an influence before being screened out by the opposite
charges around it [24].  It can be expressed in terms of the dielectric constants and thicknesses of the
gate dielectric and semiconductor body of a device, and depends upon gate geometry.  The
expression for a double-gate device is [25]  

where εSi and tSi are the dielectric permittivity and thickness of the silicon (or whatever
semiconductor material is used to make the device), and εox and tox are the dielectric permittivity and
thickness of the gate dielectric.  For a single-gate device, the factor of (1/2)0.5 must be removed from
the λ expression, and for a wrap-around gate, the expression becomes more complicated [25].  These
equations for λ were created to describe conventional MOSFET behavior, but have also been used
for Tunnel FETs [23], and it will be shown in Chapter 3 that they show the right trends for our
Tunnel FET simulations (Figs. 3.9 and 3.15).

Fig. 2.17 shows how the band-to-band tunneling behavior of the Tunnel FET acts as a band pass
filter that cuts off the low-energy and high-energy tails of the Fermi distribution of the n+-type
source.  The Fermi-Dirac distribution and Fermi level for the source are first drawn at the left within
the source, and the low-energy tail of the distribution is crossed out because no carriers can exist at
energies inside the band gap.  Then on the channel side, the source Fermi-Dirac distribution is shown
again, and this time the high-energy tail is crossed out since those energy levels can’t exist inside the
band gap of the channel.  The result is the version of the distribution shown at the far right, in which
only the electrons in the source within the energy range ΔΦ are available for tunneling. 
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Figure 2.17: Energy band cross section of a Tunnel FET showing the triangular barrier
approximation within the bands,  ΔΦ,  the screening length λ, and the filtering behavior of the device
in the on-state, from [23].

2.4.3  Subthreshold swing in Tunnel FETs
The dependence of swing on gate voltage up to the threshold voltage (taken at IDS = 10-7 A/μm) is
shown in Fig. 2.18, demonstrating two important things.  First, the subthreshold swing of Tunnel
FETs is not constant, but rather is a function of gate voltage.  And second, at low gate voltages, it is
possible for Tunnel FETs to have a subthreshold swing less than the 60 mV/decade MOSFET limit at
room temperature.

Figure 2.18: Dependence of the Tunnel FET subthreshold slope on gate voltage for different
dielectric constants, from numerical simulation. Each curve goes up to the threshold voltage of that
device.  L = 50 nm, tdielectric = 3 nm, tSi = 10 nm, VDS = 1 V.  The points were generated by taking
the swing value (dVGS/d(log IDS)) at each point on the IDS-VGS curves.

In order to derive an expression for the subthreshold swing of a band-to-band tunneling device, we
can start with the expression given by Sze [26] for the tunneling current through a reverse-biased p-n
junction:

where 
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and

Veff is the bias at the tunnel junction and F is the electric field at the tunnel junction ([27], who took
them from [26]).  When the subthreshold swing is calculated as S = dVGS/d(log IDS), the result [27]
is

                

Several conclusions can be drawn from this equation.  First, as already illustrated in Fig. 2.18, it
should be noted that in sharp contrast with a conventional MOSFET, the subthreshold swing is a
function of VGS.  This means that the subthreshold region does not appear as a straight line when
IDS-VGS is plotted on a log-lin scale, and the swing does not have one unique value.  Swing is
smallest at the lowest VGS, and increases as VGS increases.  Fig. 2.19 shows a comparison of the IDS-
VGS curves for a typical conventional MOSFET, and for a typical Tunnel FET.

Figure 2.19: Qualitative comparison of IDS-VGS for a conventional MOSFET [5] and a Tunnel FET
showing the non-constant subthreshold swing for the Tunnel FET.  In general, Tunnel FETs have a
much lower off-current and a lower on-current than conventional MOSFETs.

Due to the changing values of swing along the IDS-VGS curve, it is useful to define two different
types of swing, point swing (Spt) and average swing (Savg).  These are illustrated in Fig. 2.20.  Point
swing is the smallest value of the subthreshold swing anywhere on the IDS-VGS curve, typically
found right as the device leaves the off-state and tunneling current starts to flow.  Average swing is
taken from the point where the device starts to turn on, up to threshold, often defined using the
constant current technique.  Average swing is the more useful value for circuit designers, though in
order to truly utilize the average slope as shown in Fig. 2.20, the gate work function would need to be
adjusted in order for the turn-on point to fall right at VGS = 0 V.
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Figure 2.20: Visual definitions of point swing, taken at the steepest point of the IDS-VGS curve, and
average swing, taken as the average from turn-on to threshold.

2.4.4  Tunnel FET temperature characteristics
The temperature dependence of silicon Tunnel FETs with an SiO2 gate dielectric has been reported
in [28] and [29].  Simulations of Tunnel FETs with a high-k dielectric show the same general trends:
the off-current, caused by the generation of carriers in a reverse-biased junction, increases with
temperature, while the on-current, coming from band-to-band tunneling, changes only slightly, as
shown in Fig. 2.21.  The inset of Fig. 2.21 shows that the subthreshold swing of the Tunnel FET for
fixed values of VGS is nearly constant as temperature increases, unlike that of a MOSFET, which
degrades proportionally to the increase in temperature, as can be seen in Eq. 2.5.  Due to rising off-
current, the average subthreshold swing of Tunnel FETs will significantly degrade with increasing
temperature, but beyond the leakage level, the current characteristics remain nearly unchanged.

Figure 2.21: Simulated IDS-VGS characteristics for various temperatures for a double-gate Tunnel
FET with εdielectric = 21.  VDS = 1 V.  As temperature increases, Ioff increases, but Ion changes very
little.  Inset:  Subthreshold swing at specific VGS values, vs. temperature in Kelvin.  The swing is
only slightly affected by changes in temperature.

The use of a high-k dielectric rather than SiO2 leads to a decrease in the threshold voltage shift
caused by temperature.  This is to be expected with the constant current method of VT extraction,
since with a higher dielectric constant, VT falls on a steeper part of the IDS-VGS curve.  While ΔVT/
ΔT is in the range of 1-2 mV/K for Si/SiO2 Tunnel FETs [29] and MOSFETs, we find that ΔVT/ΔT
is 0.2-0.3 mV/K for Tunnel FETs with a gate dielectric constant of 21.

Although subthreshold swing doesn’t degrade with increased temperature, when taken at a fixed
value of VGS, it must be kept in mind that circuit designers don’t care about swing at a fixed value of
gate voltage.  They would be more interested in average swing, taken from turn-on up to threshold.
Since an increase in temperature has a strong effect on Ioff, as seen in Fig. 2.21, the steepest part of
the curve is lost as temperature goes up, and so Savg will be significantly degraded.
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2.5  Silvaco Atlas models

The most important model for Tunnel FET simulations is the band-to-band tunneling (BTBT) model.
There is a choice to be made between local models, which use simple equations in which the electric
field is an important parameter, and non-local models, which have a more physical basis and don’t
depend on the electric field at the individual mesh points in the simulated device structure, but rather
on band diagrams calculated along cross-sections through the device.  The non-local BTBT model
was used for all simulations in this thesis, except in the appendix when specified otherwise.  The
equations for all BTBT models available in Silvaco Atlas are given in the appendix.

In principle, all the right qualitative trends are captured by Atlas’ non-local BTBT model, but the
quantitative predictions are less reliable and need further calibration on data or even new model
developments, as will be shown and discussed in more detail in the appendix.  For this reason, the
qualitative trends of Tunnel FET characteristics’ dependence on device parameters is expected to be
correct, but the quantitative values should be treated with great caution.

The energy bands for the non-local BTB tunneling model in Silvaco Atlas are calculated as shown in
Fig.  [30], where each energy in the allowed range shown in the figure has a corresponding
contribution to the BTBT current.  The tunneling probability is calculated using the WKB
approximation.

             

Figure 2.22: Example of energy bands used for calculating BTBT current in Silvaco Atlas.  This
figure will be presented again along with more explanation and equations in the appendix.

Two other important models that were applied during simulation are the bandgap narrowing model
from Slotboom and de Graaf [31], which reduces the band gap when doping concentrations are high,
and the quantum model, which uses a density gradient to simulate the effects of quantum
confinement in thin material layers.  Equations for these models are given in the appendix.

2.6  History and state-of-the-art of the tunneling transistor

Quinn et al. at Brown University [32] were the first to propose the gated p-i-n structure of a Tunnel
FET in 1978, and suggested the usefulness of this device for spectroscopy.  Banerjee et al. at Texas
Instruments [33] studied the behavior of a three-terminal silicon tunnel device using a p--region
instead of an i-region under the gate.  Takeda et al. at Hitachi [34] created a band-to-band tunneling
MOS device on silicon that they called the B2T-MOSFET, and showed the lack of VT rolloff when
scaling, and the temperature dependence of the device characteristics.  Baba at NEC [35] fabricated
Tunnel FETs which he called Surface Tunnel Transistors, using MBE to create mesa structures in
III-V materials.  In 1995, Reddick and Amaratunga at Cambridge [36], seemingly unaware of all the
previously mentioned work, published measured characteristics of silicon Surface Tunnel
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Transistors.  They were motivated by the desire for devices that would be faster than conventional
MOSFETs, as tunneling devices are, and that could be scaled down more easily without running into
problems such as punchthrough.  They are sometimes erroneously given credit for being the first to
make silicon Tunnel FETs.  In 1997, Koga and Toriumi at Toshiba [37] proposed a post-CMOS
three-terminal silicon tunneling device with the same structure as a Tunnel FET, though the
experimental results which were presented showed a device that was forward-biased.

In 2000, Hansch et al. at the University of the German Federal Armed Forces in Munich [38] showed
experimental results from a reverse-biased vertical silicon tunneling transistor made with MBE, with
a highly-doped boron delta-layer to create an abrupt tunnel junction, and noted the saturation
behavior in the ID-VG characteristics.  Aydin and Zaslavsky at Brown Univ., along with their
collaborators in New York and France [39] fabricated Lateral Interband Tunneling Transistors on
SOI in 2004.  These devices used a different Tunnel FET structure without an intrinsic region,
instead placing the gate over a p-n junction, claiming that this would reduce gate capacitance and
therefore increase speed.  The authors also claim that there should be no current saturation for these
devices.  Similar devices on bulk silicon had already been investigated by Grove and Fitzgerald in
1965 [40].

In 2004, band-to-band tunneling was demonstrated in carbon nanotube (CNT) FETs by Appenzeller
et al. [41], as illustrated in Fig. 2.23.  In order to create the energy bands necessary for tunneling, a
back gate and a top gate were used.  The researchers claimed that the one-dimensionality of the
CNTs led to extremely different band bending conditions than those in 3D semiconductors.  A
subthreshold swing smaller than the 60 mV/dec limit of conventional MOSFETs was reported for the
first time, which was a momentous occasion, even if the low swing value was only between a couple
of points at very low current values.  A year later, Appenzeller et al. [42] published a comparison of
several CNT transistors, and concluded that the Tunnel FET, now with only one gate, was the
superior device and showed conventional-looking IDS-VDS output characteristics while still
achieving a subthreshold swing of less than 60 mV/dec.  

                                  (a)                                                                              (b)
Figure 2.23: (a)  2004 CNT Tunnel FET with two tunnel junctions and back gate by Appenzeller and
Knoch, showing the first realization of a tunneling device with a subthreshold swing of less than 60
mV/decade at room temperature.  (b)  IDS-VGS for this device, with the region of low swing marked.
From [41].

In 2004, Bhuwalka et al. at the University of the German Federal Armed Forces in Munich [43]
published the first of many articles about their vertical Tunnel FET on silicon with a SiGe delta layer,
grown by MBE.  The SiGe replaced the silicon delta layer already used by Hansch, and in theory, the
smaller bandgap should have reduced the tunnel barrier width and increased tunneling current in the
on-state as well as lowering the subthreshold swing.  In 2006, the same group proposed a lateral
Tunnel FET on SiGe on insulator [44], and showed through simulation that on-current would
increase with the percentage of Ge in the SiGe.  No experimental results have been published to date
by this group for these devices.  



History and state-of-the-art of the tunneling transistor 33

2004 continued to be a busy year for the Tunnel FET, as Wang et al. at TUM (Munich) published
experimental results for complementary silicon tunneling devices fabricated in a CMOS process with
leakage currents of less than 10-11 A/μm [45]. This group went on to report results for tunneling
devices showing surprisingly high on-currents [46].  Sadly, these devices were not true Tunnel FETs
since a parasitic conventional MOSFET dominated the device characteristics, and several of this
group’s articles (including [46]) had to be retracted [47].

In 2006, Zhang et al. at Notre Dame [48] remarked once again what others before them had noticed –
that theoretically, it is indeed possible for Tunnel FETs to have a subthreshold swing lower than 60
mV/dec.  The structure they studied was a gated p-n diode, but the general equations they put forth,
and the band-to-band tunneling behavior, would be the same as for a gated p-i-n structure.

To put this thesis work into the context of all this Tunnel FET research activitiy, here is what we
published around this same time period.  We started publishing results of our Tunnel FET
simulations in 2006, starting with ESSDERC 2006, and our first long article appeared in
Transactions on Electron Devices in July of 2007 [49], just before many more groups became active
on the topic and started publishing.  The subject matter of those two articles is presented in Chapter
3.  The same year, we published a Tunnel FET threshold voltage study [50], whose content will be
seen in Chapter 4, and a length scaling study [51], whose content is presented in Chapter 5.

In 2007, Verhulst et al. at IMEC showed by simulation that shortening Tunnel FET gate length, so
that the gate covers the source-side junction where tunneling takes place, but does not cover the
majority of the intrinsic region, has the benefits of decreasing off-current (tunneling through the
drain-side junction) and reducing speed, with a small or no reduction in the on-current, depending on
the device design [52].  In the same year, Toh at the National University of Singapore published a
study of double-gate Tunnel FET silicon body thickness optimization, in which he showed an
optimal device thickness for maximum on-current [53].  Nagavarapu et al. at UCLA suggested a
pnpn device design in 2008, in which a narrow region of the opposite doping is introduced into the
Tunnel FET source just under the gate edge.  This narrow region acts as a source of electrons, and
increases the band bending and the electric field at the tunnel junction, thus increasing on-current
[54].

The following publications all appeared in 2009.  Schlosser et al. at the University of the German
Federal Armed Forces in Munich studied the simulated advantages of putting an extremely high-k
dielectric on a Tunnel FET, and the benefits of the fringing fields when the dielectric is only over the
intrinsic region [55].  Vadizadeh et al. at the University of Tehran presented a simulation study of
Tunnel FETs in which a high-k dielectric covered the tunnel junction, and the rest of the intrinsic
region was covered by a low-k dielectric [56].  This technique led to little improvement in device
characteristics, however; most of the shown improvement actually came from a shift in the gate work
function which shifted their I-V curves along the voltage axis.  Patel et al. at UC Berkeley simulated
an interesting device whose band-to-band tunneling takes place perpendicularly to the gate dielectric
surface, and showed that it would have a very small subthreshold swing and a high on-current [57].
Their device has an ultra-shallow n+ pocket at the surface of the p+ drain (for an n-type device), and
the gate overlaps this pocket.  When gate voltage is applied, carriers tunnel upward from the p+
source into the n+ pocket, and then drift to the drain.

There were also some fabricated Tunnel FET results in 2009.  Sandow et al. from
Forschungszentrum Jülich published experimental data for p-type Tunnel FETs on SOI, showing the
effects of varying source and drain doping levels, gate dielectric thickness, and device length [58].
Kazazis et al., with his colleages at Brown University and in France, fabricated Tunnel FETs on thin
GeOI that showed very high leakage, with Ion/Ioff < 100 [59].  Moselund et al. at IBM’s Zurich
Research Laboratory fabricated Tunnel FETs on silicon nanowires with a wrap-around gate, using
two different gate dielectrics:  SiO2 and HfO2 [60].  The nanowires were grown vertically and doped
in-situ, and then deposited on a pre-patterned substrate where the gate dielectric was deposited and
the drain, source, and gate contacts were made.   Improvements in subthreshold swing and on-current
were seen with the use of a high-k dielectric.
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Figure 2.24: (a)  N-type Tunnel FET device structure showing delta layer of SiGe at the tunnel
junction, and (b) the resulting output characteristics for a device with 3 nm of SiGe.  From [61].

Non-silicon Tunnel FETs

Starting in 2008, many research groups started to publish on the topic of alternative semiconductor
materials that could be used in order to boost the low on-current typically seen for all-silicon Tunnel
FETs.  This section will only mention articles based upon Tunnel FETs comprised of one single
material.  Heterojunctions will be discussed in the next section.

Luisier et al. at Purdue University did an atomistic study of InAs Tunnel FETs, in which they found
that subthreshold swings of less than 60 mV/decade at room temperature could only be attained if
single-gate body thicknesses were less than 4 nm, and double-gate body thicknesses were less than 7
nm, or for nanowires of less than approximately 10 nm diameter [62].  Looking at more exotic
material systems, Tunnel FETs could one day be fabricated on graphene nanoribbons, which are
basically unrolled single-walled carbon nanotubes.  The simulated transfer characteristics presented
in [63] represent the extremely optimistic upper bounds of possible device performance and reach a
simulated subthreshold swing of 0.19 mV/dec.  

Mayer et al. at CEA-LETI fabricated Tunnel FETs on a buried oxide layer [64].  The semiconductor
portion of the device was either silicon, Si1-xGex (x = 15% or 30%), or germanium.  Both on-current
and off-current increased significantly when the band gap of the material used was reduced from
about 1.1 eV (silicon) to about 0.66 eV (germanium).  Silicon nanowire Tunnel FETs have been
transferred onto flexible plastic substrates [65], and though the devices were not optimized and had
poor characteristics, they seemed to be insensitive to substrate bending within the tested range. 

Heterostructure Tunnel FETs

With a heterostructure Tunnel FET, the materials are chosen such that the source material has a small
band gap so that the energy barrier width at the source junction is reduced in the on-state, while the
drain material has a large band gap, which creates the largest possible energy barrier width at the
drain side in the off-state, to keep the off-current low.  It is not enough to choose any small band gap
material for the source and any large band gap material for the drain, however.  The way in which the
bands naturally line up with each other at the heterojunction, which depends on their electron
affinities, is also crucial.  This was illustrated by Verhulst et al. from IMEC in [66], showing that the
best situation is a continuous valence band with a conduction band offset for p-type Tunnel FETs,
and a continuous conduction band with a valence band offset for n-type Tunnel FETs.  In this way,
the energy barrier width in the on-state is minimized, and the highest possible on-current results.

Knoch at TU Dortmund University looked a bit more at band gap line-ups for III-V heterostructure
Tunnel FETs, this time just for p-type devices [67].  In this simulation study, depending on the
fractions of aluminium and gallium in the AlxGa1-xSb nanowires on an InAs surface, the band
diagrams at the tunnel junction varied from staggered to broken.  The results showed that a minimum
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swing could be attained using a heterojunction with a staggered band line-up that is nearly broken but
not quite.

Strain-engineered Tunnel FETs

Heterojunction Tunnel FETs are interesting because they allow the independent manipulation of
semiconductor properties at the two junctions of the device.  Using a material with a small band gap
at the source side increases the on-current.  This effect can also be achieved with either a strained
material at the source side, or with a lateral strain profile.  

When low-band gap materials and strain are combined at the tunnel junction of a Tunnel FET, the
band gap there is reduced by both effects, and the on-current is improved by both.  A group at
Stanford [68] presented experimental results from a heterostructure Tunnel FET whose strained
germanium layer goes all the way across the device, comprising source, instrinsic region, and drain,
as shown in Fig. 2.25(a).  Because the germanium layer has a small band gap and is sandwiched
between two silicon layers with a larger band gap (Fig. 2.25(b)), the current flows within the
germanium layer.  As a result, the on-current is high when the drain and gate voltages are 3 and 4 V,
respectively, as seen in Fig. 2.25(c), but the device displays unwanted ambipolar behavior.    

                                        (a)                                                                               (b)

                                                                                (c)
Figure 2.25: (a)  Device schematic for fabricated Tunnel FETs, using a buried, strained Ge layer.  (b)
Band diagram for this device, showing the reduced band gap in the strained germanium layer.  (c)
Measured IDS-VGS characteristics, where a high on-current was obtained with VDS = 3 V, and a low
off-current and a small subthreshold swing were obtained with VDS = 0.5 V.   From [68].

Nayfeh et al. at MIT fabricated Tunnel FETs with a strained SiGe layer [69].  The devices were not
designed to be Tunnel FETs but rather conventional p-type MOSFETs, but when the n-type bulk is
used as a drain, Tunnel FET characteristics are the result.  The devices show an increase in on-
current by several orders of magnitude with increasing germanium content in the strained layer.  Off-
current increases as well, since the non-tunnel junction (at the drain side) also has a small band gap. 

In 2009, we published a simulation study of Tunnel FETs with a lateral stress profile [70],
demonstrating high on-current due to a reduced band gap at the tunnel junction, and small off-current
and small subthreshold swing due to a large band gap at the drain junction.  This material will be
presented in Chapter 3.
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Modeling of Tunnel FETs

Some recent work on the subject of Tunnel FET modeling will be mentioned in this section, even
though this thesis does not go into the topic further.  In 2007, Knoch et al. [71] analyzed the physics
of dimensionality (1D and 3D) in Tunnel FETs.  Vandenberghe and Verhulst, and their colleagues at
IMEC have published several articles on the topic.  They model two different types of tunneling
current, happening in two locations in the device body:  point and line tunneling [72].  They have
also modeled characteristics for Tunnel FETs with various gate configurations [73].  More progress
needs to be made before the models match the experimental data closely.

Good analytical and compact models for Tunnel FETs still need to be developed, both for static and
dynamic behavior.  These models would allow the extraction of figures of merit, and would enable
benchmarking against conventional MOSFETs.  They would also let circuit designers easily
incorporate Tunnel FETs in their circuit simulations.  None of this is currently possible.  Such
analytical and compact models will need to incorporate important device design variables such as
gate oxide thickness, body thickness, and the band gaps at both the source-side and the drain-side
junctions.

Tunnel FETs in circuits

The subject of Tunnel FETs in circuits is also outside the scope of this thesis, but once again, some
recent work from 2008 and 2009 will be acknowledged.  Fulde et al. at the Technical University of
Munich analyzed the analog and digital device characteristics of p-type multiple-gate Tunnel FETs,
found an intrinsic gain of more than 300, and showed how they could be used as part of a voltage
reference circuit [74].  Kam et al. at UC Berkeley found that for slow applications (f < ~500 MHz),
Tunnel FETs are more energy-efficient than conventional MOSFETs [75].  When Ion, and therefore
VDD, must be high, however, and speed is critical, then MOSFETs are the more suitable choice.

Koswatta et al. at Purdue University carried out an in-depth performance comparison between
Tunnel FETs and conventional MOSFETs on a carbon nanotube platform [76].  They found that
despite Tunnel FETs’ limited on-currents, they had a fundamentally smaller switching energy than
conventional MOSFETs, and could switch faster at higher Ion/Ioff ratios.  Kim et al. at the University
of Michigan developed an SRAM cell based on heterojunction Tunnel FETs that showed greatly
reduced leakage in comparison with conventional CMOS [77].  Finally, Mookerjea et al. at
Pennsylvania State University explained the extraction of effective drive current and output
capacitance for Tunnel FET delay calculations [78].

2.7  Conclusion

This chapter showed the reasons behind the search for a MOSFET-like switch with a subthreshold
swing of less than 60 mV/decade at room temperature.  The Tunnel FET is a strong contender in this
category.  As shown in the history and state-of-the art, although the device was invented decades ago,
it is a relatively young device, and still has a huge amount of unexplored potential.  A fully optimized
device has yet to be successfully fabricated and measured, and Tunnel FET modeling is still in its
infancy, as is the exploration of its use in digital and analog circuits.  

The following topics were presented in this chapter:

• The limitations faced by CMOS:  the power crisis (Section 2.1)
The motivation for small swing switches goes back to the scaling of conventional MOSFETs, and the
continuing increase in their static power consumption.  This section explained that the leakage power
increase comes from scaling down dimensions without scaling down the supply voltage, and from
trying to keep gate overdrive high by reducing threshold voltage through shifting IDS-VGS
characteristics and thus increasing Ioff.

• Possible solutions to the power crisis (Section 2.2)
Both circuit-level and device-level solutions were discussed.  The use of sleep transistors, dual-VT
logic, stacked transistors, sub-threshold logic, and multi-core processors were mentioned as circuit-
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level solutions.  At the device level, it was shown that the subthreshold swing for conventional
MOSFETs cannot scale below the 60 mV/decade limit at room temperature due to the physics of
current generation in sub-threshold.

• Small swing devices (Section 2.3)
This section briefly presented the two “other” most widely investigated small swing switches:
IMOS, and MEM / NEM switches, and described their operation principles.  Their advantages and
disadvantages were also outlined.

• Introduction to the Tunnel FET (Section 2.4)
This detailed section introduced the Tunnel FET structure and operation, and then showed the
derivation of a basic band-to-band tunneling transmission equation.  Subthreshold swing in Tunnel
FETs was described, and definitions of point swing and average swing were illustrated.  Tunnel FET
temperature characteristics were presented.  

• Silvaco Atlas models and meshing (Section 2.5)
Descriptions of the most important models used in the Silvaco Atlas simulations were given,
including the models for non-local band-to-band tunneling, bandgap narrowing, and the quantum
model.

• History and state-of-the-art of the tunneling transistor (Section 2.6)
A history of transistors that use band-to-band tunneling current in their on-state was given, starting
from 1978 and continuing to the present day (2010), showing that the Tunnel FET is still an
emerging device with much unexplored potential.
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Chapter 3

Tunnel FET Optimization

Before investigating the unique properties of Tunnel FETs or looking in detail at their behavior, it is
important to carefully choose all device parameters such that characteristics are optimized, and to
show why each choice was made as it was.  In this chapter, Tunnel FET optimization is explored,
considering the following parameters:  single or double gate, doping levels in the source, drain, and
intrinsic regions, different gate dielectric materials (SiO2 and high-k), and silicon body thickness.
2D cross-sections of an optimized Tunnel FET are then presented for electric field, electric potential,
and current flowlines, the last of which shows the two-dimensionality of current flow inside this type
of device.  Energy band diagrams in the y-direction (through the depth of the device) are also
presented in order to aid understanding of the current flow.  Finally, one last possibility for
optimization is discussed, reducing the band gap at the tunnel junction in order to improve on-
current.  In order to keep off-current and subthreshold swing low, the band gap must remain large
(that of unstrained silicon) at the drain-intrinsic region junction.
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3.1  Tunnel FET parameter optimization

3.1.1  Device structure and operation
The Tunnel FETs optimized in this first section of the chapter are n-type devices whose dielectric
covers the source, intrinsic region, and drain, as shown in Fig. 3.1.  The single-gate and double-gate
structures which will be compared in section 3.1.2 are shown, though the rest of the chapter will
focus on the double-gate device.  All simulations for this section were done in Silvaco Atlas, version
5.11.24.C.  In this section, the doping profiles at the junctions are perfectly abrupt (0.5 nm,
determined by the meshing) for all simulations.  The energy band diagrams for this double-gate
device in the off-state and on-state are shown in Fig. 3.2.
     

                                              (a)                                                        (b)
Figure 3.1: Structure of simulated n-type Tunnel FETs:  (a) single-gate and (b) double-gate. SiO2
and high-k gate dielectrics were studied.  tdielectric = 3 nm (physical) and Lintrinsic = 50 nm.  Drain
doping (n) = 5x1018 atoms/cm3 and source doping (p+) = 1020 atoms/cm3.  Junctions were perfectly
abrupt.  

                                      (a)                                                                              (b)
Figure 3.2: Energy band diagrams for the Tunnel FET structure shown in Fig. 1(b).  (a)  Off-state,
VDS = 1 V and VGS = 0 V.  In this state, the only current is p-i-n diode leakage current.  (b) On-state,
VDS = 1 V and VGS = 1.8 V.  In this state, the energy barrier is thin enough that electrons can tunnel
from the valance band of the p+ region to the conduction band of the intrinsic region.

3.1.2  Double gate
When changing from a single-gate design to a double-gate design, Tunnel FETs will benefit from the
added gate, such that the current will be at least doubled.  In this way, the on-current is boosted,
while the off-current, still in the fA or pA range, increases by the same factor but remains extremely
low.  This can be seen in Fig. 3.3, for a device with tSi = 50 nm, simulated both as single-gate on SOI
and as double-gate.  The left axis shows a logarithmic scale, and the right axis a linear scale.  The
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solid curve shows the single-gate Tunnel FET’s current multiplied by two, and the curve is
coincident with the double-gate simulated results.  When the device body is thin enough, however,
the electrostatic control of the tunnel junction by the gate will be improved with a double-gate
configuration, and the current will more than double, as shown in Fig. 3.4 for a device with tSi = 10
nm.  Ths solid line shows that the current for the double-gate device is much larger than that of the
single-gate current doubled; the double gate gives an advantage of about two decades of current in
sub-threshold, and about one decade for high VGS (around 1.2 V).  The broken curve corresponding
to the right axis shows the ratio between the current for the double-gate device and the current for the
single gate device, IDS,DG/IDS,SG.  This effect of enhanced current is analogous to the volume
inversion caused by the strong electrostatic control of the gates in ultrathin SOI MOSFETs [1].  The
subthreshold swing and threshold voltage are also reduced with the double-gate configuration when
tSi = 10 nm.

Figure 3.3: Transfer characteristics for Tunnel FETs with tsi = 50 nm.  The double-gate device has
twice the current of the single-gate device on SOI.  Left axis is log scale, and right axis shows the
same data on a linear scale.  VDS = 1 V.

Figure 3.4: Transfer characteristics for Tunnel FETs with tsi = 10 nm (left axis), and ratio between
the double-gate and single-gate devices’ current (right axis).  VDS = 1 V.

3.1.3  Doping levels in the source, drain, and intrinsic regions
The doping levels of the Tunnel FET source and drain must be carefully optimized in order to
maximize on-current and minimize off-current, while still considering what is realistic for device
fabrication.  Different levels of p-doping for the source are shown in Fig. 3.5.  The source doping has
a large effect on the on-current level, since the tunneling takes place between the source and the
intrinsic region.  The highest-possible source doping level is desireable for optimized Tunnel FET
behavior.  In the rest of this chapter, a level of 1 x 1020 atoms/cm3 has been used, because it is a high
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doping level, yet still realistic in terms of a design to be fabricated.  Note that in all of chapter 3
except section 3.3, the Tunnel FETs had perfectly abrupt junctions, so the doping drops from  the
source level of 1020 atoms/cm3 p-type to the intrinsic level of 1017 atoms/cm3 n-type across one
mesh point (mesh spacing = 0.5 nm).

Figure 3.5: IDS-VGS for varying source doping levels.  A very high source doping level is
advantageous because it leads to a smaller swing and higher on-current.  VDS = 1 V.

The drain doping level is important for a different reason, and its effect is most clearly seen in the
off-region of the IDS-VGS curve, as seen in Fig. 3.6.  When the source and drain doping levels are
equal (see the curve for drain doping = 1 x 1020 atoms/cm3), the Tunnel FET has ambipolar
characteristics, which is not desireable for circuit designers.  Lowering the drain doping not only
suppresses the ambipolarity, but also lowers the off-current and “uncovers” a section of the I-V curve
which has a lower subthreshold swing.  A low drain doping is desireable, therefore, for an optimized
device, but ideally, the doping should be high enough that contact formation is not too difficult.  For
the remainder of the simulated work shown in this thesis, a drain doping level of 5 x 1018 atoms/cm3

has been used.  This doping level would require a silicide, or some similar technique, in order to
create a good Ohmic contact on the drain side.

Figure 3.6: IDS-VGS for varying drain doping levels.  The ideal drain doping level is low enough to
suppress ambipolarity.  VDS = 1 V.

The last doping level to investigate is that of the intrinsic region.  This doping level has little effect
on Tunnel FET transfer characteristics until the doping level is high, as shown in Fig. 3.7.  The only
curve that is different from the others is for an n-type doping of 1 x 1018 atoms/cm3.  As long as the
doping level is less than 1017atoms/cm3, the exact concentration and type is not important, and does
not impact the gate’s ability to control the energy bands and the band-to-band tunneling at the tunnel
junction.  For the rest of this section, the intrinsic region doping is 1017 atoms/cm3.
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Figure 3.7: IDS-VGS for varying intrinsic-region doping levels.  The doping type and level of this
region plays little role in device characteristics until the doping levels become high.  With an n-type
doping of 1018 atoms/cm3, the transfer characteristics finally change, but now we have changed our
device structure from a p-i-n gated diode to a p-n gated diode, which would be optimized differently
and is outside the scope of this thesis.  VDS = 1 V.

3.1.4  High-k gate dielectric
An improved on-current and decreased subthreshold swing can be obtained by the careful choice of a
gate dielectric.  As shown in Fig. 3.8(a), current increases as the gate dielectric constant increases.
Here, Si3N4 and two high-k dielectrics with dielectric constants of 21 and 29 are compared with
SiO2, all with a physical thickness of 3 nm.  In addition to improved Ion, both the point and average
subthreshold swing improve as the result of the better gate coupling given by a high-k dielectric.  The
off-current is less than 1 fA for all materials.
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(b)
Figure 3.8: (a) DG Tunnel FET characteristics for various gate dielectrics.  ε = 3.9 corresponds to
SiO2, ε = 7.5 to Si3N4, and ε = 21 and ε = 29 to high-k dielectrics such as HfO2 and ZrO2.  (b)  The
characteristics of a simplified double-gate conventional nMOSFET for various gate dielectrics.
Junctions were ideally abrupt, as for the Tunnel FET, with source and drain doped to 1020 and the p-
type body doped to 1017.  For both (a) and (b), L = 50 nm, tdielectric = 3 nm, tSi = 10 nm, and VDS = 1
V.  

The on-current of a Tunnel FET does not increase merely proportionally to the increase in the gate
capacitance, as it would for a conventional MOSFET.  A simplified conventional MOSFET 2D
structure has been designed for numerical simulation in order to show the difference between the two
(Fig. 3.8(b)).  One striking difference between Figs. 3.8(a) and (b) is that the Tunnel FET’s
subthreshold swing continues to improve as the gate dielectric permittivity increases.  In contrast, the
swing for the MOSFET hits its 60 mV/decade limit at room temperature and cannot improve further.

Fig. 3.9 shows the linear relationship between log(IDS) and εox
-0.5, which supports what we expected

to see about the dependence of the source-drain current on the gate dielectric permittivity, from Eqs.
2.12 and 2.13.

Figure 3.9: log(IDS) versus 1/εox
0.5; the linearity of the plot is in good agreement with the proposed

modeling in Eqs. 2.12 and 2.13.  VDS = 1 V.

While high-k dielectrics have advantages for device characteristics, when put directly in contact with
a silicon channel, they can lead to defects at the semiconductor/dielectric interface.  Although Tunnel
FETs might be less sensitive to changes in channel mobility than MOSFETs since the transport
through the tunnel junction dominates over any scattering in the channel, standard CMOS fabrication
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techniques require an interfacial layer between the high-k dielectric and the silicon channel.  A
Tunnel FET with a more CMOS-compatible dielectric layer has been simulated, and the resulting
IDS-VGS curve can be seen in Fig. 3.10.  The simulated device had 1 nm of silicon oxynitride at the
silicon surface, and 2 nm of a high-k with ε = 29.  It is clear that even with an interfacial layer, the
subthreshold swing and on-current are very much improved over the device with an SiO2 gate
dielectric.  In addition, Fig. 3.10 shows that with this device structure in which the gate dielectric
covers the source and drain as well as the intrinsic region, as in Fig. 3.1, the improvement in
characteristics with increasing dielectric permittivity saturates.  Even going to a permittivity as high
as 200, the on-current does not increase significantly over that of the device with ε = 29, and the off-
current and subthreshold swing are not quite as good.  The situation is not the same when the gate
dielectric is aligned with the intrinsic region, as will be seen in Chapter 6.

Figure 3.10: DG Tunnel FET characteristics for structures with 3 nm of SiO2, with 2 nm of high-k
dielectric (εdielectric = 29) and a 1 nm interfacial layer of silicon oxynitride (εdielectric = 5.7), and with
3 nm of high-k dielectrics having εdielectric = 29, 100, and 200.  VDS = 1 V.  The improvement in
characteristics saturates with increasing dielectric permittivity, when the gate dielectric covers the
drain, intrinsic region, and source regions.

High-k dielectrics bring additional challenges such as the limitations of soft and hard dielectric
breakdown.  Depending on the characteristics of fabricated high-k dielectric layers, it may be
necessary to limit applied gate voltages more than what is reported here.  For example, depending on
whether the structure of a HfO2 layer is more tetragonal or cubic, the breakdown field could be 3.9 or
6.7 MV/cm, leading to a breakdown voltage of VGS = 1.17 V or 2.01 V [2].  Of course, these voltage
numbers would change depending on the high-k dielectric thickness and/or the existence of an
interfacial layer.  Though the current simulations aim to stay within optimistic limits, a re-
optimization of the design will be needed once the parameters of fabricated materials are known.  In
general, a high-quality gate dielectric with the highest possible permittivity is optimal for best
Tunnel FET performance.

3.1.5  Thin film structure
Silicon-on-insulator (SOI) and silicon-on-nothing (SON) fabrication technology are two fabrication
methods currently used to create double-gate devices.  Both of these techniques are commonly used
on thin films, down to several nanometers thick.  Tunnel FETs are sensitive to this thickness, which
influences the shape of its IDS-VGS curve, as shown in Fig. 3.11. 
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Figure 3.11: Double-gate Tunnel FET IDS-VGS characteristics for various silicon body thicknesses.
Lintrinsic = 30 nm, tdielectric = 3 nm, and εdielectric = 25.  VDS = 1 V.  

Several trends can be seen in this figure.  First, the off-currents are practically independent of the
thickness.  As the film gets thinner than 7 nm, on-current starts to drop, possibly due to the reduced
cross-sectional area available for current flow.  This reduction of on-current happens in Tunnel FETs
whose dielectric layer covers the source and drain, but not in those whose dielectric is aligned to the
intrinsic region (at least not in the studied voltage range), as will be seen in Chapter 6.  Toh, et al. [3]
observed the same trends in their Synopsis simulations of double-gate Tunnel FETs, as shown in Fig.
3.12.  For a full understanding of why this phenomenon takes place, more investigation is needed.

Figure 3.12: On-state drain current (left axis) and current density (right axis) vs. silicon body
thickness of a double-gate Tunnel FET, from [3].  Maxima can be seen in both total current and
current density.  For the thickest devices, the effect is that seen in section 3.1.2, where a device above
some critical thickness does not benefit from increased electrostatic gate control from a double gate.
For the thinnest devices, the reduced cross-sectional area seems to limit the current flow.

Since the on-current has a maximum, the ratio Ion/Ioff will also have a maximum when plotted
against silicon layer thickness.  Fig. 3.13 shows that for the particular device design studied here, this
optimum value occurs when tSi is between 7 and 8 nm, depending on the value chosen for VDD,
where Ion is taken at VGS = VDD.  The maximum ratio is about 2x1011, and as a comparison, the
optimized asymmetrical DG MOSFET from [4] has an Ion/Ioff ratio of 106 with Ion taken at VGS =
1.5 V.  
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Figure 3.13: The ratio Ion/Ioff as a function of the silicon layer thickness, for εdielectric = 29.  A
maximum, the optimum point, occurs in the thickness range of 7 to 8 nm, depending on the value of
VDD used.  1 V was applied to the drain.

It is clear in Fig. 3.11 that both the average and point values of subthreshold swing decrease as
thickness decreases, as shown in more detail in Fig. 3.14.  The subthreshold swing also decreases as
the gate dielectric permittivity increases.  While the point swing is lower than the 60 mV/decade
limit for MOSFETs for all dielectrics and thicknesses simulated, the average swing (as defined in
Fig. 2.20) is lower than this limit only for a high-k dielectric with a constant of 29 and a silicon body
thickness of less than 10 nm.    

Figure 3.14: Point subthreshold swing (left y-axis) and average subthreshold swing (right y-axis) as
a function of silicon layer thickness for different gate dielectric constants.  Lintrinsic=50 nm and
tdielectric=3 nm.  VDS = 1 V.

Clearly, these values of the average swing depend upon our chosen definition for the threshold
voltage.  A lower constant-current value would lower the threshold voltage, and in turn would
advantageously lower the average swing values.  It is worth mentioning, however, that qualitatively,
all the trends of the curves remain the same.

The relationship between the drain current and the body thickness can be seen in Chapter 2, Eqs. 2.12
and 2.13: log(IDS) is linearly dependent on tSi

-0.5.  Fig. 3.11 shows that this relation may hold true for
devices thicker than about 7 nm with this device design where the gate dielectric covers the source
and drain regions, but when the silicon body is too thin, the drain current could be limited by the
reduced body thickness.  Fig. 3.15 shows the extraction of the relationship between log(IDS) and tSi

-
0.5 for various values of the gate voltage. 
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Figure 3.15: log(IDS) versus tSi
0.5 at different gate voltages; the relationship is approximately linear,

in agreement with the proposed modeling of Chapter 2, Eqs. 2.12 and 2.13.  VDS = 1 V.

The conclusion to be drawn from this study of the influence of Tunnel FET body thickness on device
characteristics is that it is beneficial to use a thin body, especially for double-gate benefits as shown
in section 3.1.2, but depending on the specific device design, it may be necessary to stay above some
critical thickness so that current will not decrease, as previously discussed.  The optimal thickness
shown here, 7 nm, would vary somewhat depending on other device parameters.  In subsequent
simulations, a body thickness of tSi = 10 nm is used.

3.2  2D Tunnel FET simulations

All simulations carried out in Silvaco Atlas were 2D, and it is informative to look at vertical cross-
sections of the energy bands of the Tunnel FET, as well as contour plots in two dimensions, in order
to understand the functioning of the device.  All diagrams are shown for one half of the double-gate
devices, with the gate dielectric at the top and the center of the body at the bottom.  The devices are
always symmetrical around the center of the body.  

Looking first at the x-direction component of the electric field across a device in the on-state (Fig.
3.16(a)), we see that the electric field is close to zero nearly everywhere.  Between the intrinsic and
p+ regions, where the tunneling takes place, we see a high positive field throughout the depth of the
device.  In the potential contour plot for this same device in the same state (Fig. 3.16(b)), we see that
the potential drops abruptly at the tunnel junction, and once again, this holds true for the entire device
depth, not just at the surface.
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(b)
Figure 3.16: (a) Contour plot of the x-component of the electric field in one half of a double-gate
Tunnel FET biased with VDS = 1 V and VGS = 1.8 V (in overdrive) with tdielectric = 3 nm and
εdielectric = 29.  (b) Contour plot of the potential of the same device under the same bias conditions.

In the diagrams of current flowlines, shown at the threshold voltage where IDS = 10-7 A/μm (Fig.
3.17(a)) and in overdrive (Fig. 3.17(b)), it is clear that the current does not stay close to the gate
dielectric as in a MOSFET.  As the electrons move from right to left (source to drain) in the Tunnel
FET, they move parallel to the interface through most of the source, then move away from the
dielectric interface at about the location of the tunnel junction, and then, attracted by the positive
voltage on the gate, flow closer to the interface before spreading back out and passing through the
drain parallel to the interface, as they were in the source.  (Electrical contacts are on the sides of the
source and drain.)  

(a)

(b)
Figure 3.17: Current flowlines for the same Tunnel FET as in Fig. 3.16, with (a) VGS = VT (obtained
using the constant current technique) and (b) VGS = 1.8 V.  For both, VDS = 1 V.

Inspection of some vertical energy band cross-sections can help in understanding this current flow.
Fig. 3.18(a) shows the energy bands taken vertically at the junction between the source and intrinsic
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regions, where the band-to-band tunneling takes place.  The energy is lower at the dielectric surface
than deep in the body, especially at high VGS, as can also be noticed in the potential contours where
we see that the tunnel junction (the abrupt change in potential) is more in the source near the
dielectric, and more in the intrinsic region deeper in the body.  So just at this junction, electrons will
want to go toward the dielectric, to lower energy.  Fig. 3.18(b) shows the energy bands cutting
vertically through the very center of the intrinsic region.  Here, the bands are nearly flat, and the
electrons no longer stay as close to the gate dielectric, as evidenced by the current flowlines in Fig.
3.17.

(a)

(b)
Figure 3.18: Cross-sections of the conduction bands and valence bands of the same device as in
Figs. 3.16 and 3.17, taken vertically from the dielectric interface through the body.  (a)  Cross-section
at x = 150 nm, just at the junction between the intrinsic and p+ regions, where tunneling takes place.
(b)  Cross-section at x = 125 nm, at the center of the intrinsic region.  For all figures, VDS = 1 V.

The current flow pattern could give an advantage over conventional MOSFETs in terms of the
effects of surface roughness on device characteristics.  Tunnel FETs should be less affected by
variations in mobility, due to the current being less confined to the surface under the gate. 
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3.3  One final optimization:  the band gap

The optimizations carried out in section 3.1 were for an all-silicon device.  Since the most frequent
criticism of Tunnel FETs as a conventional MOSFET replacement is that their on-current is too low,
the last optimization to be shown here is a very important one:  the band gap at the tunnel junction.
Reducing the band gap at the source-intrinsic region junction has the potential to raise the on-current
by several orders of magnitude, thereby making them directly competitive with highly-scaled
MOSFETs, as already mentioned in the state-of-the-art section in Chapter 2.  

Many groups around the world are looking into band gap engineering for Tunnel FETs.  Published
experimental results for devices with reduced band gaps look promising.  A team from Stanford
University attained 300 μA/μm from their strained-germanium Tunnel FETs, which had a band gap
of 0.4 eV, biased with VDS = 3 V and VGS = 4 V [5].  A group from CEA-LETI in France measured
4 μA/μm from p-type Tunnel FETs on GeOI, with VDS = -0.8 V and VGS-VBTBT = -2 V [6].
Simulations also show promising characteristics from nanotubes and nanowires whose band gaps are
smaller than that of silicon.  M. Lundstrom’s group at Purdue University predicts 10 μA from carbon
nanotubes whose band gap is 0.667 eV, biased at the low voltages of VDS = 0.3 V and VGS = 0.7 V
[7].  And finally, J. Knoch at TU Dortmund University in Germany published simulations that
showed 1 μA from AlGaSb nanowire Tunnel FETs biased with VDS = -0.4 V and VGS = -0.45 V [8].

The Tunnel FETs presented in this section were simulated with Silvaco Atlas version 5.13.16.C with
varying strain profiles all having their maxima at the tunnel junction, as shown in Fig. 3.19.  They are
doped with 5x1018, 1016, and 1020 atoms/cm3 in the n-type drain, slightly n-type intrinsic region, and
p+-type source respectively, and the tunnel junction doping abruptness is 2 nm/decade. The
simulated devices have a silicon thickness of 10 nm, a dielectric (SiO2) thickness of 1.2 nm, and a
gate length of 50 nm. The metal gates have a midgap work function. The nonlocal band-to-band
tunneling model was used, along with band gap narrowing and the quantum model.

The key parameter of the devices investigated in this section is the asymmetrical uniaxial tensile
strain which was simulated as a band gap narrowing at the source-intrinsic region junction, with 1 to
6 GPa of stress corresponding to 0.05 to 0.3 eV of band gap shrinkage [9]. Since this lateral strain
profile, as illustrated in Fig. 3.19, is incorporated in simulations simply by changing the band gap
along the intrinsic region of the device, the results could be generalized to apply to heterojunction
Tunnel FETs with a reduced band gap at the tunnel junction.  For that reason, this section can be seen
not only as an exploration of how a lateral strain profile can improve Tunnel FET characteristics, but
also as a final optimization to be carried out in order to have superior switch behavior.  In this
section, high stress and low band gap will be referred to interchangeably, and the reader must keep in
mind that any conclusions drawn for Tunnel FETs with high stress at the tunnel junction can be
extended to hererostructure Tunnel FETs with a low band gap material at the source side.  While 6
GPa of stress is unrealistic for silicon (2 or 3 GPa is more realistic, as will be mentioned in the
feasibility section later in this chapter), the corresponding band gap reduction of 0.3 eV is
reasonable, or even small, when considering heterostructures.

We chose to only investigate the influence of band gap shrinkage on Tunnel FET characteristics, and
for this reason, the carrier mobility was kept constant.  This is a worst case scenario, since uniaxial
tensile strain causes a reduction in carrier mass in silicon [10], so Tunnel FET on-current should
increase even more than is shown in this section if uniaxial tensile strain is present at the tunnel
junction.
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Figure 3.19: Cross section of simulated all-silicon double-gate Tunnel FET and lateral strain profiles
(arbitrary units) applied on silicon films with a thickness of 10 nm, investigated in this section.

As already seen in Chapter 2, the critical factor that determines the on-current of a Tunnel FET is the
tunneling barrier width at the tunnel junction in the on-state.  In Fig. 3.20, the energy band diagram is
shown along the channel for a reference silicon Tunnel FET (band gap = 1.1 eV) and for a Tunnel
FET with a lateral strain profile in the channel (with a band gap minimum of 0.9 eV, corresponding
to 4 GPa of stress, at the tunnel junction) in on-conditions. A narrowing of the barrier of 13% is seen
in the case with the lateral profile, which increases tunneling probability and hence Ion.

Figure 3.20: Band diagram profile along the channel for silicon Tunnel FET (“No stress” band gap =
1.1 eV) and strained channel (“Lateral profile” varying from 0.9 eV to 1.1 eV) in on-conditions: VDS
= VGS = 1 V. Inset: barrier narrowing is 13% in the case with a lateral profile.

The optimization of silicon Tunnel FETs by using a reduced band gap only at the tunnel junction
results in high Ion without the high Ioff that is observed in all SiGe or GeOI Tunnel FETs that also
have a small band gap at the drain-intrinsic region junction [6].  The improvement in Tunnel FETs
with a lateral strain profile (maximum stress = 4 GPa) can be seen in Fig. 3.21, where we compare
the IDS-VGS characteristics with those of Tunnel FETs on unstrained silicon, and on uniformly
strained silicon.  The unstrained device has an Ioff (at VDS = 1 V and VGS = 0 V) several decades
lower than the uniformly strained device, due to the large band gap and therefore the wider tunneling
barrier at the drain-side junction, but has comparatively low on-current.  The uniformly strained
device with 4 GPa of stress everywhere has an Ion (at VDS = VGS = 1 V) ten times higher than the
unstrained device, thanks to the smaller band gap (0.9 eV) at the source-side junction, but has high
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leakage. With the asymmetrically strain-engineered Tunnel FET, it is possible to take the best of
both: high Ion, a decade higher than that of the unstrained device, and low Ioff, about three decades
lower than the device with strain everywhere.

Figure 3.21: Drain current versus gate voltage for all-silicon Tunnel FETs with L = 50 nm and strain
profile as a parameter. Ioff is reduced for a lateral stress profile (stress peak 4 GPa), with respect to
constant stress (4 GPa everywhere), and on-current is improved compared to the device without
stress. VDS = 1 V.

Figure 3.22: Influence of the shape of the lateral strain profile on all-silicon Tunnel FET
characteristics, for the profiles shown in Fig. 3.19.  The maximum band gap reduction was 0.2 eV for
all profiles.  VDS = 1 V.

Fig. 3.22 reports simulations of IDS-VGS characteristics for the various lateral strain profiles shown
in Fig. 3.19; we conclude that the exact profile shape is not very critical for the Ion/Ioff improvement,
as long as the band gap has its minimum at the source-intrinsic region junction, and its maximum at
the drain-intrinsic region junction.  The only curve which is not coincident with the others in Fig.
3.22 is for a perfectly abrupt stress profile, which is not physically realistic and only shown for
reasons of comparison.  In addition, the reason this curve is different than the others is due to the
location of the abrupt profile, as can be seen in Fig. 3.19 -- right at the tunnel junction.  If the abrupt
change in band gap had instead been placed in the center of the intrinsic region, then the silicon
region with the larger band gap would not have affected the tunneling barrier width, and the IDS-VGS
curve would once again have been coincident with the other four.

Fig. 3.23 shows the transfer characteristics for Tunnel FETs with different amounts of maximum
band gap shrinkage at the tunnel junction. For each incremental decrease of the band gap of 0.1 eV,
the current increases by 3 to 4x.  In addition, a remarkable improvement is found in the average
subthreshold swing (Savg), taken over more than seven decades from the turn-on point up to a current
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of 10-7 A/μm, presented in more detail in Fig. 3.24. Savg ranges from 65 mV/dec. for the optimized
Tunnel FET without strain, down to 36 mV/dec. for the device whose band gap shrinks to 0.8 eV at
the tunnel junction.

Figure 3.23: Simulation of IDS-VGS characteristics’ improvement with decreasing band gap at the
source-intrinsic region junction. L = 50 nm, VDS = 1 V.

Figure 3.24: Average and point swings versus band gap reduction at the tunnel junction in the
double-gate Tunnel FET with L = 50 nm.  VDS = 1 V.

The output characteristics presented in Fig. 3.25 show further important improvements in
asymmetrically strained Tunnel FET behavior.  First, Ion at VDS = VGS = 1 V is increased from 8 μA/
μm in devices without strain to 72 μA/μm when a tensile strain of 4 GPa is applied on the source side
(shrinking the band gap to 0.9 eV there).  Second, Tunnel FETs, unlike conventional MOSFETs,
have a drain threshold voltage as presented in [11] and discussed in detail in Chapter 4.  The drain
threshold voltage, VTD, gives an unwanted high Ron resistance at low VDS that is detrimental to the
design and operation of Tunnel FETs as fast logic devices, seen in more detail in Chapter 4.  If one
decreases the band gap at the source tunnel, the drain threshold voltage decreases quasi-
exponentially (Fig. 3.26), and both Ron (especially at low VDS) and Ion are significantly improved.
Fig. 3.26 also shows that the gate threshold voltage decreases almost linearly with band gap
shrinkage at the source side (from 0.67 V for no strain, to 0.49 V for ΔEg = 0.25 eV), without
affecting Ioff, kept low by the non-strained drain junction.
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Figure 3.25: Drain current versus drain voltage for Tunnel FETs with different max. band gap
shrinkage ΔEg at the tunnel junction due to strain, for VGS = 1 V.  ΔEg = 0.2 eV corresponds to 4 GPa
of stress.

Figure 3.26: Drain and gate threshold voltages’, VTD and VTG, dependence on ΔEg at the tunnel
junction; while a quasi-linear decrease is observed for VTG, the VTD decrease is much faster (quasi-
exponentially). Both VTD and VTG are extracted at IDS = 10-7 A/μm.  1 V was applied to the opposite
terminal.

In Fig. 3.27 we present the relative improvement (%) of the drain current in all regions of operation,
as induced by a band gap reduction of 0.2 eV at the source-intrinsic region junction. The Tunnel FET
channel length is varied from 2 μm down to 50 nm. Typical Ion improvements at maximum applied
drain and gate voltage (=1V) range from ~400% (in long channels) to ~800% (in short channels) for
ΔEg = 0.2 eV. A significantly higher improvement is observed in channels where the intrinsic gate
region is shorter than 100 nm; here the highest current increase (> 1000%) is observed near the
transistor turn-on point. In these short channel transistors, the reduced band gap has its strongest
effect right where the current starts to increase and the subthreshold slope is steepest, and the current
of the reference transistor is very low.
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Figure 3.27: Percent improvement in drain current between a Tunnel FET without stress (reference),
and devices with 4 GPa of stress (ΔEg = 0.2 eV) at the tunnel junction, for various intrinsic region
lengths.  VDS = 1 V.

Feasibility of lateral strain profile formation in real devices

Several possibilities exist for the practical implementation of such a strain profile.  Ref. [12] shows
nanowires on strained-Si-on-insulator with stress levels up to between 2 and 3 GPa (see Fig. 3.28(a)).
Strain relaxation would need to be implemented at the non-tunnel junction, and there are several
possibilities for doing so.  One example is the technique shown in [13] for relaxing uniaxial stress,
using a compressive capping layer, pictured in Fig. 3.28(b).  If the capping layer were only present
over the drain junction, then the source junction would retain its uniaxial strain and therefore its low
band gap.  Another way of obtaining a lateral strain profile is by creating nanowires using a top-
down process, where some step in the process produces strain within the wires.  In [14], shown in
Fig. 3.29(a), stress profiles from 0 (end of wire) to 2.6 GPa (center of wire) were engineered in
silicon nanowires by oxidation.  In [15], presented in 3.29(b), nanowires with stress of more than 4
GPa, resulting from metal gate deposition, were formed.  Tunnel FETs could be fabricated on these
wires with the tunnel junction on the wire where the stress level is high, and the other junction on the
non-strained anchor where the band gap would be that of unstrained silicon.  One further way to
create a strain profile would be to employ a technique that produces uniaxial strain in a localized
region.  For example, a SiN capping layer could be used to create high tensile stress at the channel/
source region, as shown in [16].  One of these techniques, or some combination, could lead to a
solution for creating Tunnel FETs with the strain profile presented here.

                                        (a)                                                                            (b)
Figure 3.28: One possible approach to achieving a lateral strain profile in Tunnel FETs could use
strained silicon nanowires as presented in part (a), from [12], and then relax the strain around the
drain-intrinsic region junction using a technique such as that shown in (b), from [13], so that off-
current stays low.
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                                         (a)                                                                             (b)
Figure 3.29: Another approach for creating Tunnel FETs with a lateral strain profile:  build them on
strained nanowires.  (a)  Silicon nanowires with a strain peak of 2.6 GPa at the center of the wires,
from [14].  (b)  Silicon nanowires with strain estimated to be more than 4 GPa, from [15].  In both
cases, the source-intrinsic region junction could be placed in a high-strain region, near the center of
the wires, while the drain-intrinsic region junction could be placed at the end of the wires or on the
anchor where the band gap is the largest.

3.4  Conclusion

Before moving forward with other investigations in Tunnel FET behavior, it was necessary to start
with an optimized device.  Optimization was carried out on the following parameters:  single or
double gate, doping levels, gate oxide permittivity, silicon body thickness, and band gap at the tunnel
junction.  2D simulations looked at device behavior in the on-state, since a solid understanding of
what is happening in the device body is critical for optimization and further exploration of Tunnel
FETs.  

The following technical topics and contributions were presented in this chapter:

• Tunnel FET parameter optimization (Section 3.1)
This section shows the optimization of the fundamental Tunnel FET parameters:  single or dou-
ble gate, doping levels in the source, drain, and intrinsic regions, gate dielectric permittivity, and 
silicon body thickness.  A double gate multiplies the on-current by two if the body thickness is 
larger than a certain value, and increases it by a larger factor for a very thin body.  Increasing 
source doping strongly increases on-current, while decreasing drain doping can suppress ambi-
polar behavior.  Intrinsic region doping has little effect until the doping level gets above 1018 
atoms/cm3 (and is no longer intrinsic).  Increasing gate dielectric permittivity greatly improves 
on-current and subthreshold swing.  Finally, a maximum of on-current exists for some silicon 
body thickness -- 7 nm for the specific device design investigated here.  Two other important 
device design parameters, gate oxide alignment and abruptness of the doping profile at the tun-
nel junction, were not investigated here but will be discussed in detail in Chapter 6.

• 2D Tunnel FET simulations (Section 3.2)
Two-dimensional simulated cross-sections of optimized Tunnel FETs in the on-state show that 
the electric field is high at the tunnel junction down into the center of the body of a 10-nm thick 
double-gate device.  Similarly, the potential changes abruptly at this junction all the way down 
into the body.  Current flow lines show that the current flow is not confined to the surface, even 
in overdrive, but instead flows throughout the body thickness, then comes closer to the surface 
right at the band-to-band tunnel junction, before spreading out again.  Energy band cross-sec-
tions in the y-direction (from the dielectric surface down to the center of the body) help explain 
this current flow pattern.

• One final optimization:  the band gap (Section 3.3)
In order to improve Tunnel FET on-current, one more important optimization can be carried out.  
When the band gap is decreased at the tunnel junction (between the source and the intrinsic 
region), either by straining the silicon at that location or by using a material with a smaller band 
gap at the source side, on-current is increased.  If the band gap remains large at the drain side of 
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the device, off-current and subthreshold swing remain low.  Several possible techniques were 
suggested for the fabrication of Tunnel FETs with a lateral strain profile.  

All results presented in this chapter, represent original contributions, except Fig. 3.12 from [3], and
the material presented in the feasibility section at the end of section 3.3.
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Chapter 4

Threshold Voltages for Tunnel FETs

This chapter explains the need for a  new, physically-based definition of threshold voltage for Tunnel
FETs.  A new definition is proposed, based on the transition between a quasi-exponential
dependence, and a linear dependence of the drain current on voltage.  It is shown that the Tunnel
FET has  two threshold voltages: one in terms of gate voltage, VTG, and one in terms of drain
voltage, VTD.  The extractions of VTG and VTD are performed based on the transconductance change
method, and a systematic comparison with the constant current method is reported.  The effect of
gate length scaling on these Tunnel FET threshold voltages, as well as the dependence of VTG on
applied drain voltage and VTD on applied gate voltage, are investigated.  The negative impact of the
drain threshold voltage on circuit design is briefly discussed, mentioning both static and dynamic
operation.  Finally, the threshold voltage extraction technique is carried out on a collaborator’s
measurement data, confirming the validity of the proposed method.
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4.1  Why a new definition for Tunnel FET threshold voltage?

Although the physics determining the current flow inside a Tunnel FET is not the same as in a
conventional MOSFET, the two devices’ switching behavior is similar enough that it is tempting to
analyze a Tunnel FET as if it were a MOSFET.  Most typical CMOS benchmarking parameters are
equally applicable to a Tunnel FET, so there is no problem when looking at off-current, on-current,
Ion/Ioff ratio, transconductance, gate leakage, etc.  There is one parameter, however, that is more
connected to the nanoscale physics processes going on inside the device, and consequently deserves
our particular attention:  the threshold voltage.

The threshold voltage is one of the most important electrical parameters of a solid-state switch. For
the conventional MOS transistor, there is a physical definition of the threshold voltage; it is the gate
voltage marking the transition between weak inversion and strong inversion, when the density of
carriers in the inversion channel at the surface equals the doping level in the substrate, φs=2φF.  Since
there is no such identified mechanism in Tunnel FETs, until now the VT has been extracted at a
constant current, arbitrarily chosen at values suggested by CMOS experience.  

In this chapter, a new way to extract a threshold voltage for a Tunnel FET is proposed, and the new
VT is a physically meaningful quantity.  This new technique uses the second derivative of the I-V
characteristics to find the transition point on the I-V curve where the current’s dependence on the
voltage changes from quasi-exponential (often just called “exponential” in this chapter for
readability), to linear.  This derivative method of threshold voltage extraction thus locates the voltage
where there is a transition between strong and weak control of the tunneling energy barrier width.
Beyond its physical meaning, this extraction method has the advantage that it does not depend upon
the accuracy of a particular analytical model, but rather can be extracted directly from experimental
data.   The details of the technique will be explained in section 4.3.1.

4.2  Simulation:  device structure

The double-gate n-type Tunnel FETs investigated here have been simulated with Silvaco Atlas,
version 5.11.24.C.  In all simulations, junctions were quasi-perfectly abrupt (junction width 0.5 nm),
and the p-type source, intrinsic region, and n-type drain were doped at 1x1020, 1x1017, and 5x1018

atoms/cm3 respectively.  The silicon body thickness is 10 nm.
 
The gate dielectric covers the drain, intrinsic region, and source in all simulations.  Three different
gate stacks were studied.  The first uses 3 nm of SiO2 as a gate dielectric (ε = 3.9).  The second
employs 3 nm of a high-k dielectric (ε = 25), which could be HfO2 or ZrO2.  The third incorporates a
gate dielectric with two components:  a 1 nm interfacial layer of oxynitride (ε = 5.7) and 2 nm of a
high-k dielectric (ε = 25), corresponding to a more realistic fabrication process. All Tunnel FETs
simulated here use a midgap (metal) gate work function of 4.5 eV.

4.3  Threshold voltages of Tunnel FETs

4.3.1  Gate threshold voltage, VTG
The easiest way to extract a gate threshold voltage for the Tunnel FET is to use the constant current
method, and several researchers, including myself, have done so [1]-[5].  This technique has several
advantages including simplicity of extraction and independence from the accuracy of a drain current
model.  Unfortunately, this method uses an arbitrary current value and has almost no physical
meaning, despite its practical interest.  The threshold current value used elsewhere in this thesis is
IDS = 10-7 A/μm, and the condition to which this corresponds inside a typical optimized Tunnel FET
can be seen by studying the dependence of the drain current on wb, the tunneling energy barrier
width (Fig. 4.1).  Here, the energy barrier width has been extracted by taking the energy bands across
the Tunnel FET body and then measuring the narrowest point across the energy barrier on those
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bands.   This technique works well at applied gate voltages above several hundred mV due to the
exponential dependence of tunneling probability on barrier width.   

Fig. 4.1 shows that when the constant current method is applied to an optimized double-gate Tunnel
FET, the threshold voltage corresponds to a wb of about 7.3 nm, which is still in the region of a
strong dependence of the barrier on the gate voltage, as shown by the dashed line in Fig. 4.2.  This
technique for extracting a threshold voltage is not based on a physical transition inside the device -- it
is arbitrary.

Figure 4.1: Drain current vs. energy barrier width wb for different values of the gate dielectric
permittivity.  VDS = 1 V.

Figure 4.2: Energy barrier width for tunneling, wb, vs. applied gate voltage of a double-gate Tunnel
FET with two different gate dielectrics:  SiO2 and high-k.  VDS = 1 V.

The Tunnel FET’s threshold voltage does not need to be arbitrary.  It is possible to create a new,
more physical definition of the gate threshold voltage VTG for this device, related to the main
mechanism that controls the current level -- the energy barrier width.  Fig. 4.3 shows IDS-VGS curves
for Tunnel FETs with three different gate dielectrics:  SiO2, and high-k with and without an
interfacial layer.  The curves are shown on a logarithmic scale on the left axis, and on a linear scale
on the right axis.  Using both the logarithmic and linear scales, the shape of the curve can be
understood.  Up until about 1 V on the gate (at a slightly higher voltage for the device with SiO2), the
current has an exponential dependence on the gate voltage.  Then the dependence becomes linear.  In
theory, the current should then saturate at high VGS, since the energy barrier cannot decrease in
width indefinitely, but unfortunately, that is beyond the abilities of Silvaco Atlas simulations to
converge.  It can be seen, however in several publications including by simulation in [6] and from
experimental measurement in [7].
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Figure 4.3: IDS-VGS in logarithmic (left axis) and linear (right axis) scales, L = 100 nm, for Tunnel
FETs with three different gate dielectric stacks:  3 nm of high-k (εdielectric = 25), 2 nm of high-k
(εdielectric = 25) over 1 nm of interfacial silicon oxynitride (εdielectric = 5.7), and 3 nm of SiO2
(εdielectric = 3.9).  VDS = 1 V.

The new definition of threshold voltage is proposed as follows:

The Tunnel FET threshold voltage is the voltage marking the transition between an exponential
dependence, and a linear dependence, of drain current on applied bias.  This also marks the
transition between the strong control and weak control of the tunneling energy barrier width at the
tunnel junction by that voltage.

As will be shown in the next section, this will not only apply to VTG, in relation to the bias applied to
the gate, but also to VTD, in relation to the bias applied to the drain.  For this reason, the definition
has been written in general terms and not tied specifically to gate voltage.

This new VTG can be extracted using the transconductance change (TC) method (already validated
for the MOS transistor [8]), which universally defines the threshold voltage of any non-linear device
as the gate voltage corresponding to the maximum of the transconductance derivative, dgm/dVGS.
As an example, starting with the curve corresponding to εdielectric = 25 in Fig. 4.3, the drain current’s
1st (gm), 2nd (dgm/dVGS), and 3rd order derivatives (d2gm/dVGS

2) are plotted in Fig. 4.4. An
inflection point in the transconductance plot and a maximum of the transconductance derivative
appear, which enables the extraction of VTG as the gate voltage corresponding to max(dgm/dVGS),
after curve de-noising.  This inflection point shows the transition point between a quasi-exponential
dependence and a linear dependence, of current on VGS.  It is worth noting that this voltage point
also corresponds to the zero of the 3rd order derivative; however, as shown in Fig. 4.4, this plot has
much numerical derivative noise, which makes its practical use impossible.  

The accuracy of the extraction by the derivative method will depend on the step size of the IDS-VGS
measurement, in contrast with linear extrapolation methods where the use of many points could have
a high overall accuracy.  Since the exponential and linear regions can be clearly seen on the I-V
curves graphed on a linear scale, as on the right axis of Fig. 4.3, it could be tempting to use an
extrapolation method to extract VT, since step size and noise would not be problematic.  The
disadvantage of such an extrapolation is that it wouldn’t actually give the exact voltage where the
current dependence changes from quasi-exponential to linear.  Looking again at Fig. 4.3, if we
extend the linear portion of one of the I-V curves back to the VGS axis, the VT extracted in that way
would actually be at a voltage where the dependence of the current is still exponential, not at the
transition point.  If we want a truly physical definition of threshold voltage, we must use the
maximum of the second derivative instead.  In order to use the second derivative of current,
measurements with small steps are needed.  In this thesis, simulation step size was 20 mV, but for
experimental data, smaller increments of about 5 mV would be beneficial, as would long integration
times.  Denoising methods are useful, and for this thesis, an extremely simple method was used,
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where dgi,smoothed = (dgi-1 + 2dgi + dgi+1)/4.  Experimental data, which is naturally more noisy,
would probably require more advanced smoothing techniques.

Returning to Fig. 4.4, the extracted VTG is 1.1 V, which is much larger than the threshold voltage
defined by the constant current method (VTG = 0.6 V at IDS = 10-7 A/μm from Fig. 4.3), but this new
threshold voltage has a physical significance since it marks the gate’s transition from a quasi-
exponential to a linear control of the drain current or from a strong to a weak control of the energy
barrier width at the tunnel junction.  As already mentioned, this definition of VTG is analogous to a
MOSFET threshold voltage for which a transition from weak to strong inversion is experienced at
threshold (at 2φF).  Since the energy barrier width depends not only on the gate voltage but also on
the drain voltage, this technique also has the advantage that it can be used to find the Tunnel FET’s
second threshold voltage, VTD.

Figure 4.4: VTG extraction: the three derivatives, gm, dgm/dVGS, d2gm/dVGS
2 for L = 100 nm and

εdielectric = 25.  VDS = 1 V.

4.3.2  Drain threshold voltage, VTD
A unique characteristic of the Tunnel FET is that tunneling requires a certain minimum amount of
drain voltage to turn the device on, whatever the applied VGS.  This is true because the energy barrier
narrowing for tunneling on-current is a complex function of both VGS and VDS, experiencing a
critical control by both of them. It follows that one can define a second threshold voltage, called here
VTD, in terms of the drain voltage. This feature is not shared by conventional MOS transistors. 

Moreover, the tunneling current dependence on VDS is physically similar to the one on VGS (control
of wb by VDS), and the same regions of dependence of current on voltage are seen -- first quasi-
exponential at low VDS, and then linear.  One can therefore define the drain threshold voltage, VTD,
in the same way that the gate threshold voltage was defined, as the transition point at which the drain
current dependence on the drain voltage changes from quasi-exponential to linear.  Figs. 4.5(a) and
(b) depict typical plots with the output current characteristics of a Tunnel FET and their 1st, 2nd and
3rd derivatives used for the extraction of the drain threshold voltage. Again, a maximum of dgds/
dVDS is observed, which enables the extraction of VTD = 0.5 V for the device shown here. This value
is roughly half of the VTG extracted with the same technique.
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(a)

(b)
Figure 4.5: (a) IDS-VDS in log (left axis) and linear (right axis) scales for L = 50 nm.  (b) VTD
extraction: gds, dgds/dVDS, d2gds/dVDS

2 for L = 50nm and εdielectric = 25.  VGS = 1.5 V.

4.4  Gate length scaling effects on Tunnel FET threshold voltages

In this section, length scaling is carried out independently from the scaling of other parameters, in
order to isolate the effects, as explained in much more detail in Chapter 5.  Here, the focus is on the
effects of gate length scaling on Tunnel FET threshold voltages and characteristics.

Scaling the gate length of the Tunnel FET is expected to have a limited effect on the physical
threshold gate voltage VTG, since there is little effect on the transfer characteristics as long as the
device is longer than some critical length at which too much p-i-n leakage current occurs in the off-
state.  Typical IDS-VGS and gm-VGS characteristics have been carefully simulated for Tunnel FETs
with a high-k gate dielectric and channel lengths from 2 μm down to 20 nm (see Fig. 4.6). In Fig. 4.7
the derivatives of Tunnel FET transconductance for VDS = 1 V are reported and the maxima of the
plots, all within 20 mV of each other, are used for VTG extraction. The extracted values are shown in
Fig. 4.8.
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Figure 4.6: IDS (left axis) and gm (right axis) for Tunnel FETs with a gate dielectric stack of 1 nm
silicon oxynitride interfacial layer (ε = 5.7) and 2 nm high-k (ε = 25). VDS = 1 V.

Figure 4.7: dgm/dVGS vs. VGS for Tunnel FETs with a gate dielectric stack of 1 nm silicon
oxynitride interfacial layer (ε = 5.7) and 2 nm high-k (ε = 25). VDS = 1 V.

Looking at the length dependence of the threshold voltage VTG in Fig. 4.8, reported for both the
derivative method and the constant current method (as reference), a small VTG roll-off is observed
only for the constant current method, for channel lengths smaller than 40 nm. This VT roll-off has a
completely different cause than in a conventional MOSFET, coming from increased diode leakage
(band-to-band tunneling that takes place at low VGS and cannot be controlled by the gate) at smaller
device lengths.  As expected, the more physical transconductance change method for extracting VTG
in Fig. 4.8 is independent of this diode leakage, so no roll-off is observed.  The physical gate
threshold voltage is systematically higher (roughly the double) of the value extracted at 10-7 A
constant current, for this particular case in which VTG was extracted with VDS = 1 V.  This will be
explained in more detail in the next section.
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Figure 4.8: VTG extracted by two methods:  constant current and the dgm/dVGS approach, for VDS =
1 V.

4.5  Discussion of VDS and VGS dependence of threshold voltages

The values of VTG extracted with the dgm/dVGS technique reflect the combined control of gate and
drain voltages on the tunneling barrier width, and depend on the applied drain-source voltage in an
interesting way.  With a higher drain voltage applied, the gate retains quasi-exponential control of the
current over a larger voltage range.  Fig. 4.9 shows that as a result, VTG is higher with higher VDS.
The constant current method, on the other hand, is not sensitive to the change from a quasi-
exponential to a linear dependence of current on VGS, so threshold voltage values obtained in this
way remain nearly constant for VDS > 1 V, as will be seen near the end of this section.

Figure 4.9: gm vs. VGS shows the dependence of the extracted VTG value on the applied drain-
source voltage.  Here, the points of steepest slope are marked, corresponding to the maxima of dgm/
dVGS, which are the extraction points for VTG.  L = 100 nm, gate dielectric permittivity = 25.

The same analysis can be carried out with the drain threshold voltage VTD.  Fig. 4.10(a) shows VTD
vs. gate length for the two extraction techniques discussed, at VGS = 1 V (left) and VGS = 1.5 V
(right).  We see that there is not always a straightforward relationship between the threshold voltages
extracted with the two techniques and that the dgds/dVDS technique can sometimes give lower
values, and sometimes give higher values, than those given by the constant current method.  Fig.
4.10(b) and (c) explain the different threshold voltage levels visually.  In Fig. 4.10(b) the constant
current method is used for Tunnel FETs with SiO2 and high-k dielectrics, at VGS = 1 V and 1.5 V.
Since the SiO2 Tunnel FET biased with VGS = 1 V is approaching IDS-VDS saturation at a current
only a bit higher than the constant current cutoff of 10-7 A/μm, its VTD value extracted with this
technique is much higher than for the other three curves shown here.  The drain threshold voltages
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extracted with the constant current technique decrease as higher gate voltages are applied, since less
drain voltage is needed in order to hit the threshold current level.  In contrast, the dgds/dVDS method
shows the opposite trend, analogous to that observed when extracting the gate threshold voltage with
the dgm/dVGS method as was shown in Fig. 4.9.  As seen in Fig. 4.10(c), with higher gate voltage
applied, VTD is higher because the drain retains its quasi-exponential control of the current over a
larger range before the dependence becomes linear.  One more remark is needed about the left figure
of Fig. 4.10(a), since the VTD values extracted with the TC method are almost the same, no matter
what the gate dielectric.  Keep in mind that the overall current values were always much higher for
the device with a high-k dielectric, but at this particular gate bias, the shape of the curves was similar,
and the transition from exponential to linear dependence happened around the same VDS. 

(a)

(b)

(c)
Figure 4.10: Illustration of the difference between the two methods of VTD extraction. (a)  VTD for
VGS = 1 V (left) and 1.5 V (right).  (b)  The constant current method of VTD extraction.  L = 40 nm.
(c)  gds-VDS for a Tunnel FET with L = 40 nm and dielectric permittivity = 25, showing the drain
threshold voltages obtained with the dgds/dVDS technique.
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This trend, in which one voltage terminal (drain or gate) has a larger voltage range of quasi-
exponential control over the drain current when higher voltage is applied on the other terminal (gate
or drain), is further illustrated in Fig. 4.11.  While the threshold voltages given by the constant
current method stay constant (VTG vs. VDS in Fig. 4.11(a)) or decrease (VTD vs. VGS in Fig. 4.11(b))
with increasing voltage applied to the other terminal, the dg/dV method shows an increasing range of
quasi-exponential control by one terminal as the voltage is increased on the other terminal.  

Fig. 4.11(a) shows that the gate threshold voltage increases approximately linearly with drain
voltage, but the data points suggest that it may saturate at high VDS (currently not completely proven
due to simulation convergence limitations).  From this, we can conclude that in order for the gate to
have the largest possible voltage range of quasi-exponential control over the drain current, and
therefore strong control of the tunneling energy barrier width, the applied drain voltage should be
high.  In Fig. 4.11(b), the drain threshold voltage increases linearly with gate voltage and then
saturates around VGS = 1.5 V.

(a)

(b)
Figure 4.11: Threshold voltages, acquired by both the dg/dV and the constant current methods, for a
Tunnel FET with gate dielectric permittivity = 25 and L = 100 nm.  (a)  VTG vs. VDS.  (b)  VTD vs.
VGS.

The dependence of the gate threshold voltage on drain voltage, and the dependence of the drain
threshold voltage on gate voltage bring up two questions.  First, why should the range of exponential
control of drain current depend on the bias applied to the other terminal?  And second, why does the
drain threshold voltage (and also possibly the gate threshold voltage at higher VDS than that shown
here) seem to saturate, as seen in Fig. 4.11?

Some understanding of the answers to these questions can be gained by remembering that the
exponential region of the I-V curves is tied to the band-to-band tunneling transmission, which has a
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quasi-exponential dependence on voltage.  When we see an exponential dependence of current on
voltage, this indicates that the voltage is directly affecting the energy barrier width at the tunnel
junction, and band-to-band tunneling is increasing accordingly.  When we see a linear dependence in
the I-V curve, this indicates that the voltage is no longer strongly controlling the energy barrier width
at the tunnel junction.  

So why does the range of exponential control of the drain current depend on the “other” bias?  One
way of thinking about it is that one voltage enables the other to have more (exponential) control.
One voltage alone, whether on the drain or the gate, does not create significant current flow through
the device.  And in the opposite situation, the higher the VDS and the VGS applied to the Tunnel FET,
the higher the on-current through the device (neglecting the saturation region for now).  The
exponential region of the I-V curve has the fastest rate of increase of the current, and the linear part
of the curve has a slower increase, and is actually the first step toward current saturation.  So if one
applied voltage is increased, then the other applied voltage is able to increase the current
exponentially to a higher level before the linear dependence begins.  In fact, the second applied
voltage is able to control the tunneling energy barrier width over a longer voltage range.  For IDS-
VGS, this longer range of exponential control is desireable, since it leads to better characteristics,
including a higher Ion.  For IDS-VDS, this region of exponential control is, unfortunately, not
desireable, since we want a MOSFET-like switch to have a linear dependence of current on drain
voltage before going into saturation.

As for the second question, why the threshold voltage for one terminal shows saturation with the bias
applied to the other terminal, the answer is tied to the saturation of control of the tunneling energy
barrier width.  Looking at Fig. 4.11(b) where the saturation is clear, we see that for high VGS, the
drain voltage has exponential control of the current up until VDS = 0.43 V, and not beyond.  The
drain current has only a linear dependence on drain voltage after this point.  The linear dependence
lasts for several hundred mV, and then the current saturates, as shown by the curve for a Tunnel FET
with a high-k dielectric and VGS = 1 V in Fig. 4.10(c), and experimentally by [5],[7],[9].  With this
particular Tunnel FET design, the on-current has at that point hit its maximum, since the tunneling
energy barrier width does not decrease further. 

The interdependence of gate and drain control of the tunneling energy barrier width, and therefore
drain current, have one further important consequence for digital devices.  The existence of a drain
threshold voltage means that the IDS-VGS characteristics are not independent of VDS, and this
appears as something resembling the DIBL (drain-induced barrier lowering) effect in conventional
MOSFETs, as can clearly be seen in the simulated curves in Fig. 4.12, as well as the experimental
results presented in [9]-[12].  This effect could be renamed DIBN (drain-induced barrier narrowing)
since the origin of the curve shift with increasing VDS is the drain voltage’s ability to decrease the
tunneling energy barrier width.  Fig. 4.12(a), showing the shortest Tunnel FET, with L = 20 nm,
shows more DIBN than the longer devices with L = 100 and 1000 nm.  This is due to the increased p-
i-n leakage of the short device at the highest value of VDS.

                            (a)                                                  (b)                                                  (c)
Figure 4.12: IDS vs. VGS for varying values of VDS, showing a curve shift which resembles the
DIBL effect in conventional MOSFETs.  Three different device lengths shown are (a) 20 nm, (b) 100
nm, and (c) 1000 nm.  p-i-n leakage on shortest device length increases the DIBN effect.
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4.6  The negative impact of VTD on logic circuit design

The existence of a second threshold voltage in Tunnel FETs can be problematic for circuit designers
who are accustomed to designing with conventional MOSFETs, since it leads to several
disadvantages, both in static and dynamic operation.

4.6.1  VTD in static operation
The presence of a drain threshold voltage means that rather than the drain current starting to increase
linearly as soon as a drain voltage is applied, the current remains extremely low for some mV, and
then finally starts to increase linearly.  This means that the device current is lower than it would be
without VTD.  As a consequence, the main effect of the drain threshold voltage under static
conditions is to increase the value of Rchannel, defined as VDS/IDS.  Figs. 4.13  and 4.14 show IDS vs.
VDS and Rchannel vs. VDS, respectively, for a Tunnel FETs with a varying band gap at the tunnel
junction.  Looking first at an all-silicon (unstrained) Tunnel FET, it is clear in Fig. 4.13 that more
current must be applied to the drain before the current starts to rise linearly, when compared to the
other devices.  Then in Fig. 4.14, the all-silicon device has the highest Rchannel.  This channel
resistance is bad for circuit designers because when it is high, losses are high, and VDD is degraded
with each successive transistor stage in a circuit, which puts limits on the fanout.  One possible
solution for decreasing VTD, and thus lowering Rchannel, is to decrease the band gap of the Tunnel
FET at the tunnel junction, as discussed in detail in section 3.3.  Figs. 4.13 and 4.14 show the
effectiveness of this strategy.

Figure 4.13: IDS-VDS for a double-gate Tunnel FET, for VGS = 1 V, with changing band gap at the
source-intrinsic region junction.

Figure 4.14: Rchannel vs. VDS for a double-gate Tunnel FET with L = 50 nm, tox = 1.2 nm of SiO2,
and tSi = 10 nm.  VGS = 1 V.
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Ron, defined as VDS/IDS when the Tunnel FET is in the on-state with VDS = VGS = VDD, is especially
a concern for low-power circuits where VDD must not go above several hundred mV.  Fig. 4.15
shows the extreme increase of the on-resistance when VDD is reduced to 200 mV, for both
conventional CMOS operated in subthreshold (from [13]), and for Tunnel FETs.  Both types of
devices experience drastically increasing values of Ron at low VDD.  An all-silicon Tunnel FET has
an Ron value that is approximately 100x higher than that of the conventional CMOS at VDD = 1 V,
and about 105x higher at VDD = 0.4 V.

                                  (a)                                                                               (b)
Figure 4.15: Ron, for VGS = VDS = VDD (a) for subthreshold conventional CMOS from [13], and (b)
for Tunnel FETs with varying band gaps at the tunnel junction.  In part (a), resistances of several
types of metal lines, 100 μm long and with the given widths, are marked on the graph for reference.

Although changing the band gap at the tunnel junction will not lower Ron for Tunnel FETs to the
(still high) levels shown for conventional CMOS in Fig. 4.15(a), it can help the situation somewhat.
If the band gap is reduced, either by the choice of source material or with strain engineering, to 0.8
eV at the source-intrinsic region junction, Ron is reduced by about two orders of magnitude.

4.6.2  VTD in dynamic operation
The main disadvantage of VTD in dynamic operation is once again related to the high values of
Rchannel.  Any higher resistance of a transistor leads to a higher RC product, meaning higher delay
during switching.  Fig. 4.15(a) shows resistances of 100-μm-long, minimum-width wires of different
interconnect materials as a reference, which demonstrates how the device resistance can surpass the
resistance of the interconnects, thus becoming the limiting factor in terms of delay in dynamic
operation.  For the conventional subthreshold CMOS logic in that figure, at a VDD of 400 mV, the
device resistance is more than 1000 times that of a metal wire.  The optimized Tunnel FET with a
reduced band gap of 0.8 eV at the tunnel junction has a resistance 106 times that of the metal wire at
VDD = 400 mV.  Although quantum tunneling is a fast process, which should work as an advantage
for Tunnel FET dynamic behavior, the high channel resistance caused by the drain threshold voltage
will serve as an obstacle to high speed.  Further analysis of the dynamic behavior of Tunnel FETs is
beyond the scope of this thesis. 

4.7  VTD extraction from experimental data

The experimental results shown in [5] show clear exponential, linear, and saturation regions in the
IDS-VDS curves of the investigated Tunnel FETs on SOI.  Fortunately for this work, the author of that
article was kind enough to provide experimental data, so that some VTD extraction could be carried
out on real measured curves.

The p-type Tunnel FETs whose schematic is shown in Fig. 4.16(a) were fabricated by C. Sandow, et
al.[5], in Prof. Siegfried Mantl’s group at Forschungszentrum Jülich.  The IDS-VDS measurements in
Fig. 4.16(b), carried out by C. Sandow, are for a device with source and drain doping levels of 4 x
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1020 atoms/cm3 and a gate length of 6 μm..  The transitions between exponential and linear
dependence can be clearly seen, as can the saturation at high VDS.  

The output characteristics for a 2 μm long Tunnel FET, shown in Fig. 4.17(a) have been used to
calculate first, second, and third derivatives, presented in Fig. 4.17(b).  Since experimental data are
inherently noisier than simulated results, it was necessary to apply a simple smoothing algorithm,
mentioned in section 4.3.1, to the gds curve.  The algorithm involved averaging, so with each
iteration, points were lost at the low-VDS end of the curve, which explains why the curves are not
shown down to VDS = 0 V.  Also note that the curve has been flipped to resemble an n-type device
curve, for ease of analysis and data extraction.  A maximum on the dgds/dVDS curve allowed a
threshold voltage extraction, giving VTD = 0.65 V (which would actually be VTD = -0.65 V for the p-
type device).  We can visually confirm this, since it corresponds with the transition we can see on the
curve in Fig. 4.17(a).

                                  (a)                                                                                 (b)
Figure 4.16: (a)  Device schematic for p-type Tunnel FET on SOI, and (b) its IDS-VDS
characteristics, for S/D doping levels of 4 x 1020 atoms/cm3, Lg = 6 μm, and tox = 4.5 nm, from [5].

(a)

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0

1x10-9

2x10-9

3x10-9

4x10-9

5x10-9

6x10-9

7x10-9

8x10-9

 

 

D
ra

in
 c

ur
re

nt
 (A

/μ
m

)

Drain voltage (V)



VTD extraction from experimental data 75

(b)
Figure 4.17: (a) Experimental IDS-VDS curve for a Tunnel FET with Lg = 2 μm, tox = 4.5 nm, and S/
D doping of 1.94 x 1020 atoms/cm3.  VGS = -3 V.  P-type device curve has been flipped to look like
an n-type device curve, for ease of parameter extraction.  (b) First, second, and third derivatives
calculated for the  IDS-VDS curve in part (a). 

Fig. 4.18 shows the dependence of VTD on VGS, confirming the trend shown in Fig. 4.11(b) by
numerical simulation.  The provided data did not go to gate voltage levels where the saturation of
VTD could be seen.  The data for VGS values less than 2 V (actually -2 V for the p-type devices) were
far too noisy for threshold voltage extraction, even after several smoothing iterations.  Likewise, the
IDS-VGS data was extremely noisy, and made VTG extraction impossible.  This is a drawback of this
technique on experimental data.  It is also possible, however, to extract the exponential-to-linear
transition with a more visual technique directly on I-V curves.

Figure 4.18: VTD vs. VGS, for the same device whose derivatives are shown in Fig. 4.17.
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4.8  Conclusion

In this chapter, we have addressed the issue of threshold voltages in Tunnel FETs by proposing a
new physical definition, related to the control of energy barrrier narrowing, that can describe and
quantify the two threshold voltages in band-to-band tunneling devices, VTG and VTD. We support
our VT-definition proposal by a careful analysis using numerical simulations and, finally,
experimental data on fabricated SOI Tunnel FETs. Our definition proves to be of practical interest
and less arbitrary than the constant current method.

The following technical topics and contributions were presented in this chapter:

• Why a new definition for Tunnel FET threshold voltage? (Section 4.1)
This section discussed the need for a new, physically-based definition of threshold voltage.  
Since a conventional MOSFET’s threshold voltage marks the transition between weak and 
strong inversion, the Tunnel FET’s threshold voltage should reflect an analogous change inside 
the device, rather than being extracted at an arbitrary constant current.  The transconductance 
change method of VT extraction locates the transition between the gate’s strong (quansi-expo-
nential) and weak (linear) control of the drain current, and therefore of the tunneling energy bar-
rier width.

• Threshold voltages of Tunnel FETs (Section 4.3)
The insufficiency of the constant current method was explained in detail, and the transconduc-
tance change method was described and shown for both VTG, the gate threshold voltage, and 
VTD, the drain threshold voltage.  This “second” threshold voltage, a unique property of Tunnel 
FETs, was introduced.  Both quantities are important for benchmarking device performance.

• Gate length scaling effects on Tunnel FET threshold voltages (Section 4.4)
The results of gate threshold voltage extraction were presented for Tunnel FETs with lengths 
from 20 nm to 2 μm, showing an insensitivity of VTG to gate length for both extraction tech-
niques in the length range studied.  The only exception to this insensitivity was the constant-cur-
rent-derived VTG for the shortest length, 20 nm, where p-i-n leakage caused a slight decrease of 
threshold voltage.

• Discussion of VDS and VGS dependence of threshold voltages (Section 4.5)
This section highlighted the interdependence of the drain and gate voltages’ control of the tun-
neling energy barrier width.  One result of this interdependence is that the value of each thresh-
old voltage depends on the bias applied to the opposite terminal:  VTG depends on VDS, and VTD 
depends on VGS.  Another result is that IDS-VGS depends on the bias applied to VDS, which cre-
ates drain-induced barrier narrowing (DIBN), a shift of the curve analogous to DIBL in conven-
tional MOSFETs.

• The negative impact of VTD on logic circuit design (Section 4.6)
This section presented the disadvantages of the drain threshold voltage for Tunnel FETs used in 
logic circuits.  In static operation, the drain threshold voltage leads to increased channel resis-
tance Rch, which means more losses and less potential fanout.  In dynamic operation, the high 
Rch results in a higher RC product, and thus more delay during switching.  One way to reduce 
VTD and Rch is by reducing Tunnel FET band gap at the tunnel junction.  

• VTD extraction from experimental data (Section 4.7)
Thanks to the measured Tunnel FET characteristics provided by a collaborator, the transconduc-
tance change technique could be carried out on actual data, confirming the validity of this 
method.

All results presented in this chapter, with the exception of the fabricated structure and the data used
for threshold voltage extraction in section 4.7, represent original contributions.
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Chapter 5

Tunnel FET Length Scaling

In this chapter, the length scaling of the silicon double-gate Tunnel FET is studied.  It is
demonstrated that the scaling of the Tunnel FET is completely different than that of conventional
MOS transistors, in terms of the modifications that must be made in order to keep a constant electric
field, and in terms of performance gain.  The effects of length scaling on device parameters are
shown for devices with SiO2 and high-k gate dielectrics, both with and without an interfacial layer.
The simulations show that length scaling does not dramatically affect switch characteristics such as
subthreshold swing, Ion, and Ioff down to gate lengths of about 20 to 40 nm --  scaling limits are
reached sooner by Tunnel FETs with an SiO2 gate dielectric, while those with a high-k dielectric can
be scaled further before characteristics are affected.  A discussion of the length dependence of the
transconductance, gm, and output conductance, gds, of the Tunnel FET is also presented.   Then  the
electron and hole concentations and the band diagrams inside the silicon layer of the Tunnel FET in
the off-state at different gate lengths are examined.  Next, some experimental results published by
another group are cited to support the simulated predictions.  Finally, supply voltage scaling is
briefly investigated, and some design suggestions given to boost the on-current degraded by VDD
reduction.
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5.1  Scaling:  conventional MOSFETs vs. Tunnel FETs

For any future logic device, be it the conventional MOSFET or a device that could replace or
complement it such as the Tunnel FET, we would like to be able to scale the device down, for
reasons of lower cost and faster speed.  It is important when scaling Tunnel FETs, however, to not
blindly follow the same scaling conventions that we have used for conventional MOSFETs.
Bhuwalka, et al. have discussed scaling rules for silicon Tunnel FETs, and have pointed out that
constant field scaling does not apply [1].  Nevertheless, much of their investigation into scaling
decreases gate length and oxide thickness at the same time [1],[2], according to Dennard’s scaling
rules [3].  When studying Tunnel FET behavior, it is more useful to scale one parameter at a time, in
order to understand the effects of each change and not confound them.

In this chapter, we look at length scaling independent from the scaling of other parameters in order to
isolate the effects.  This approach is motivated by the fact that the conduction mechanism in the
Tunnel FET is completely different from that in the MOSFET; Ion is not dictated by the gate-
controlled intrinsic MOS part (i-region) of the Tunnel FET, but rather by the tunnel junction between
the source and the intrinsic region.  

Dennard’s scaling rules are based on constant-field scaling, meaning that the electric fields inside the
device have the same magnitude, even when all the device dimensions change.  This is accomplished
by scaling down all device dimensions in x, y, and z, including gate length, device width, gate
dielectric thickness, and device thickness, by a factor of 1/κ.  At the same time, the supply voltage
VDD is scaled by the same factor, 1/κ.  The doping must increase by a factor of κ in order to scale
down the depletion widths by 1/κ.  When scaling is carried out in this way, the internal electric fields
of the conventional MOSFET stay constant, as do the carrier velocity, the inversion-layer charge
density, the channel resistance, and the power density.  The drift current, which is dominant in the
on-state, scales down by 1/κ, while the diffusion current, dominant in sub-threshold, increases by a
factor of κ [4].  

                                        (a)                                                                             (b)
Figure 5.1: (a) Energy band diagram taken horizontally across the body of the Tunnel FET in the on-
state, 2.5 nm from the dielectric interface.  εdielectric = 25, L = 50 nm, VDS = 1 V, VGS = 1.5 V.  The
electric field is high at the source junction and close to zero elsewhere.  (b)  Maximum electric field
for Tunnel FETs in the on-state, with lengths from 10 nm to 2 μm.  The maximum is always at the
tunnel junction, and is independent of device length.

We can draw several conclusions pertaining to Dennard scaling of MOSFETs, and then make a
comparison with Tunnel FETs.  First, while scaling all dimensions simultaneously is the correct way
in which to maintain a constant electric field in conventional MOSFETs, such is not the case in
Tunnel FETs.  The energy bands shown in Fig. 5.1(a) show that a high electric field (where the bands
have a steep slope) is present only at the source junction in the on-state.  Elsewhere, where the bands
are flat or nearly flat, the electric field is close to zero.  This is the case for any device length, and Fig.
5.1(b) shows that the maximum electric field vs. gate length is nearly constant.  The maximum
electric field is always at the tunnel junction, and the variations seen  in Fig. 5.1(b) come from
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unavoidable differences in the meshes for different device lengths.  This means that device length
can be scaled independently of other dimensions, doping levels, and supply voltage.  The second big
difference between MOSFET and Tunnel FET scaling is that off-current does not increase by the
scaling factor κ for Tunnel FETs.  On the other hand, p-i-n diode leakage becomes very important for
device lengths below some critical length Lcrit, as will be discussed in detail later in the chapter.

One more important point about device scaling must be made here.  One crucial part of conventional
MOSFET scaling has been to decrease VDD.  As discussed in Chapter 2, dynamic power
consumption depends on VDD

2, so when constant field scaling is carried out properly, the dynamic
power consumption of each device decreases, and the dynamic power density of a circuit or chip
remains constant.  In addition, MOSFET drift current per unit width stays constant.  (Chapter 2
showed that the scaling rules are no longer being followed, and VDD is no longer decreasing with
device dimensions, but for the purposes of this paragraph, that is irrelevant.)  

The situation for Tunnel FETs is not at all the same.  Since device characteristics remain nearly
identical for a large range of device lengths, the drop in current level cannot be compensated by
scaling down length.  If we want to scale down VDD in order to decrease dynamic power
consumption per device, and if we want to simultaneously keep on-current constant, then it is
necessary to also scale other important device dimensions, such as tox and tunnel junction
abruptness.  This will be investigated in more detail in section 5.7.  

5.2  Simulation parameters

The Tunnel FETs presented here were simulated using Silvaco Atlas, version 5.11.24.C.  A non-local
band-to-band tunneling model was used, band-gap narrowing was applied, and gate leakage was
ignored.  In all simulations, the source, intrinsic region, and drain were doped at 1x1020, 1x1017, and
5x1018 atoms/cm3 respectively.  Junctions were quasi-perfectly abrupt (junction width 0.5 nm) in
sections 5.3, 5.4, and 5.5.  Three different gate stacks will be shown in this chapter.  The first uses a
3 nm thick SiO2 gate dielectric, with dielectric constant ε = 3.9.  The second employs 3 nm of a high-
k dielectric with ε = 25, corresponding to HfO2.  The third incorporates a gate dielectric with two
components:  1 nm of an interfacial layer of oxynitride (ε = 5.7) and 2 nm of a high-k dielectric (ε =
25), which corresponds to a more realistic fabrication process.  All Tunnel FETs simulated here use a
metal gate with a work function of 4.5 eV.  Simulations were carried out for Tunnel FETs with gate
lengths ranging from 10 nm to 2 µm.

5.3  Length scaling and basic device characteristics

In this section, transfer and output characteristics will be presented for Tunnel FETs with two
different types of gate dielectrics:  SiO2, and a high-k dielectric with a permittivity of 25.  From these
characteristics, the transconductance, gm, and the output conductance, gds, will be derived and
discussed. 

The IDS-VGS characteristics for n-type devices with a high-k gate dielectric are shown in Fig. 5.2(a),
with those for Tunnel FETs with an SiO2 gate dielectric shown in Fig. 5.2(b) for comparison.  The
high-k dielectric provides the gate with better capacitive control of the tunnel junction, and as has
already been shown  in [5] and [6] and Chapter 3, this leads to better characteristics as the device
turns on – both a lower subthreshold swing and a higher on-current.  We see from Fig. 5.2 that the
high-k dielectric also gives the gate more control to turn the device off, especially at shorter gate
lengths.  This advantage will be discussed more in section 5.5.



82 CHAPTER 5: Tunnel FET Length Scaling

(a)

(b)
Figure 5.2: IDS-VGS characteristics with VDS = 1 V for Tunnel FETs of varying lengths for (a)
εdielectric = 3.9 and (b) εdielectric = 25.  Tunnel FETs with a high-k dielectric can be scaled to shorter
gate lengths before the gate loses control of the tunnel junction in the off-state.

The same IDS-VGS characteristics are shown in Fig. 5.3(a) and (b) on a linear scale (left y-axis),
along with the transconductance (right y-axis).  While it was almost not visible on a log scale in the
previous figures, here we can see that for gate lengths greater than about 50 nm, the on-current starts
to drop slightly.  This will be shown in more detail in the following section.  This reduction in Ion is
related to the higher resistance of the longer intrinsic region, in series with the tunnel junction.  When
the source-to-drain current is high enough, which only happens in a well-optimized Tunnel FET, it
implies that the resistance of the tunnel junction has become so low that it is comparable to the
resistance of the intrinsic region.  Only in this situation will the length of the intrinsic region play a
role in the value of Ion, and cause a current decrease for long devices. 

The transconductance shown on the right y-axes of Fig. 5.3(a) and (b) shows that, as expected, the
transconductance of high-k devices is about an order of magnitude higher than that of SiO2 devices.
In contrast with the conventional MOSFET, the Tunnel FET transconductance does not significantly
decrease after hitting a maximum value as seen in Fig. 5.3(b), which suggests that it is not dictated by
the value of the carrier mobility in the intrinsic MOSFET-like intrinsic region degrading at higher
transverse electric fields. Moreover, the effect of length scaling is both qualitatively and
quantitatively different than that of the conventional MOSFET; a much higher dependence of gm on
the device length is observed in the subthreshold region compared to the above-threshold region,
where the influence of length scaling is quite limited.  This shows that even for a well-optimized
Tunnel FET, the resistance of the intrinsic region (which only plays a role in the above-threshold
region when L is long) is less important than the leakage which degrades the off-state when L is
short.
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(a)

(b)
Figure 5.3: Linear IDS-VGS characteristics (left y-axis) and transconductance (right y-axis) with VDS
= 1 V for Tunnel FETs of varying lengths for (a) εdielectric = 3.9 and (b) εdielectric = 25.  

Fig. 5.3 showed the transconductance, gm, for the entire range of gate voltages.  Now looking at gm at
specific values of VGS on the IDS-VGS curves, the improved scalability of high-k devices is once
again apparent.  Fig. 5.4 shows the transconductance in the subthreshold region (Fig. 5.4(a)), at
threshold (Fig. 5.4(b)), and at its maximum (Fig. 5.4(c)).  In subthreshold, and even more markedly
right at VT, we see that gm remains nearly constant for longer devices, but then drops for shorter
devices due to diode leakage current at low VGS.  gm scales better for high-k devices than for SiO2
Tunnel FETs, since there is less diode leakage for the devices with a high-k gate dielectric at any
given length.  Though Figs. 5.4(a) and (b) show the same general trend, the percentage by which gm
drops for short lengths is much greater in the subthreshold region, shown in (a).  This is once again
due to diode leakage current.  The benefits given by a high-k dielectric are best seen in Fig. 5.4(b),
where devices with an SiO2 dielectric have a reduced transconductance for gate lengths less than 100
nm, while high-k devices can be scaled to 20 nm.  

For a transconductance value taken at VGmax = 1.5 V, as seen in Fig. 5.4(c), on the other hand, the
degradation of gm,max is related to an effect of series resistance in the intrinsic region, which is more
pronounced for longer gate lengths.  While the maximum transconductance of a conventional
MOSFET is proportional to 1/L, we see clearly that this is not the case for the Tunnel FET.  As
mentioned earlier, the resistance in the intrinsic region plays a role in Ion degradation only when the
device is optimized enough to have a high on-current, showing that the resistance of the tunnel
junction is low, and becomes comparable with the resistance of the intrinsic region.  This is
demonstrated by Fig. 5.4(c), in which the device with 3 nm of a high-k dielectric shows a
degradation of 34% in its gm when the device length is increased from 50 nm to 2 μm.   The device
with 3 nm of SiO2, on the other hand, is less well-optimized, and has a lower on-current.  The
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intrinsic region’s resistance is therefore less important for long devices, and there is only 22%
degradation of gm when the intrinsic region length is increased from 50 nm to 2 μm.

The noise in the curves in Fig. 5.4(c) is an artifact of simulation, from necessary meshing differences
in devices of different intrinsic region lengths.

(a)

(b)

(c)
Figure 5.4: Tunnel FET transconductance vs. L (a) in the sub-threshold region (at IDS = 10-11 A), (b)
at the threshold voltage (determined by IDS = 10-7 A), and (c) at the maximum voltage VGmax = 1.5
V.  VDS = 1 V.  Tunnel FETs with high-k dielectrics can be scaled to shorter lengths before the
transconductance in sub-threshold and at threshold drops.
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In Fig. 5.5(a) and (b), the output characteristics (IDS vs. VDS) are shown for Tunnel FETs with SiO2
and high-k gate dielectrics.  The saturation mechanism of IDS-VDS characteristics is completely
different from that of the conventional MOSFET; it is essentially related to the saturation (or lack
thereof) of the tunneling barrier width with the applied VDS voltage at a given VGS voltage; this
explains why in Figs. 5.5(a) and (b), we still see a slight continuous increase of IDS at high VDS.  Fig.
5.5(c) depicts the output conductance, gds versus VDS.  The high-k Tunnel FETs have a drain-source
conductance about an order of magnitude higher than those with SiO2.  Both types of devices show a
gds that increases with VDS and then reaches a maximum before degrading due to series resistance at
high VDS.  This gds is higher at shorter gate lengths, as was gm, because there is less series resistance
of the intrinsic region.

(a)

(b)

(c)
Figure 5.5: (a) ID vs. VD on a log scale, (b) ID vs. VD on a linear scale, and (c) gds = dID/dVD vs.
VD, all for L = 20, 100, and 1000 nm, εdielectric = 3.9 and 25.  VG = 1.5 V.
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5.4  Scaling study in Tunnel FETs with high-k gate stack

For conventional MOSFET fabrication, the incorporation of an interfacial dielectric layer is crucial
when using a high-k gate dielectric, due to the deleterious effects of high-k materials on the Coulomb
scattering component of the mobility in the MOSFET channel [7].  Because the simulated Tunnel
FETs studied here should be compatible with standard CMOS fabrication techniques, it is important
to look at the effects of length scaling on devices incorporating an interfacial layer under the high-k
dielectric.  In this section, we investigate the length dependence of the following device
characteristics:  (i) IDmax, (ii) Ion/Ioff, (iii) VT, and (iv) subthreshold swing, for Tunnel FETs with
three different configurations of gate dielectric.  Two are the same as in the preceding section:  3 nm
of SiO2, and 3 nm of a high-k dielectric with a permittivity of 25.  The third has a 1 nm interfacial
oxynitride layer with εdielectric = 5.7, topped by 2 nm of the high-k dielectric with εdielectric = 25.

The values of %IDmax, the maximum drain current of each device extracted at VDS = 1 V and VGS =
1.5 V, normalized by IDmax for the shortest length studied here (L = 20 nm) are shown in Fig. 5.6 for
Tunnel FETs with the three different types of dielectric stacks.  Starting with the longest devices on
Fig. 5.6 (L = 2 µm) and then scaling down, the on-current increases considerably until about L = 50
nm, and then remains nearly constant when scaling from 50 nm down to 20 nm.  We conclude that
the dependence of IDmax in the Tunnel FET is completely different than that of a simplified
conventional MOSFET, shown for reference (and calculated very simply as IDmax α 1/L) in Fig. 5.6.
The maximum drain current of a Tunnel FET does not scale inversely proportionally to the gate
length as it does for a MOSFET; its improvement is rather a consequence of the reduction of the in-
series resistance of the intrinsic region.  At lengths less than about 100 nm, when this resistance
becomes quasi-negligible in comparison with the resistance of the tunnel junction, the current gain
versus L saturates.

Figure 5.6: % IDmax (taken at VDS = 1 V, VGS = 1.5 V) vs. L.  Here, % IDmax = 100*(IDmax / IDmax
for L=20 nm).  On-current remains nearly constant for devices 50 nm long and less, IDmax for a 2 um
device is about 70% that of the 20 nm device (rather than 1%, as it would be for a conventional
MOSFET).  The trend for the conventional MOSFET assumes IDmax α 1/L and ignores any other
scaling effects in the deep submicron range.

In Fig. 5.7, we see the Ion/Ioff ratio for Tunnel FETs with the three dielectric stacks studied.
Individual data points should not be over-interpreted, since meshing differences between devices of
different gate lengths play a role (and might explain the abrupt change between L = 50 nm and L =
100 nm).  The general trends are clear, however.  Since the off-current for devices 100 nm long and
longer is lower than for shorter devices (see Fig. 5.2), the Ion/Ioff ratio is higher for those long
devices.  When scaling, however, the real region of interest is 50 nm and less.  Here we see that for
the devices with SiO2, the ratio is constant from 50 nm down to 30 nm, and then starts to fall off.  For
high-k devices, however, the ratio remains constant down to 20 nm before falling off at around a 15
nm gate length.  So for this important parameter, scaling can be pushed further for high-k dielectric
devices than for those with SiO2.  
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Figure 5.7: Ion/Ioff vs. L.  The higher ratio for gate lengths greater than 50 nm are due to the lower
off-current in those devices.   When scaling down from 50 nm, the high-k devices retain their good
ratios down to shorter lengths.  For Ioff, VD = 1 V and VG = 0 V.  For Ion, VD = 1 V and VG = 1.5 V.

Looking at the dependence of threshold voltage on length as shown in Fig. 5.8, and taking Tunnel
FETs with a gate length of 50 nm as the reference, VT rolloff is observed.  No matter what the gate
dielectric, from 50 nm to 30 nm, the threshold voltage falls by about 3% from its original value, and
from 50 nm to 20 nm, by about 7%.  This VT rolloff has a completely different cause than in a
conventional MOSFET, coming from diode leakage (band-to-band tunneling that takes place at low
VG and cannot be controlled by the gate).  The only way to control the rolloff is to have better
electrostatic control of the tunnel junction, which will keep VT constant down to shorter gate lengths.
This can be carried out by any standard technique to improve electrostatic control, several of which
were already investigated or mentioned during the discussion of optimization in Chapter 3, for
example, reducing the gate dielectric thickness or the body thickness, or by moving to a gate-all-
around nanowire platform.  The magnitude of the threshold voltage can, of course, be adjusted by the
choice of gate material, and is defined here using the constant current method, with threshold set at
IDS = 10-7 A/µm, when VDS = 1 V.

Figure 5.8: Threshold voltage vs. L.  VT changes at approximately the same rate for all dielectric
values when scaling down.  VDS = 1 V.

Continuing to look at the effects of length on important device parameters, Fig. 5.9 shows the
changes in both point and average subthreshold swing.  Average swing is calculated between the
point where the Tunnel FET starts to turn on, and threshold, while point swing is taken at the point on
the IDS-VGS curve where slope is steepest (refer to Chapter 1).  As with Ion/Ioff and gm at VT, the
high-k dielectrics show a clear advantage for subthreshold swing when scaling.  Point swing
deteriorates less with high-k than with SiO2 down to a gate length of 30 nm.  Even more important,
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however, is average swing (defined in Fig. 2.20), since it is more relevant for the use of Tunnel FETs
in circuit applications.  The average swing of high-k Tunnel FETs is nearly constant down to a gate
length of 20 nm.  The scaling trends for swing, gm at VT, Ion/Ioff, and VT show that below a certain
gate length, the Tunnel FET is no longer a functioning device, and is well on its way to becoming a
simple diode (two-terminal device) rather than a gated diode (three-terminal device).

Figure 5.9: Point and average subthreshold swing vs. L.  For both types of swing, Tunnel FETs with
a high-k dielectric scale better before the swing deteriorates:  to 30 nm for the point swing, and to 20
nm for the average swing.  VDS = 1 V.

5.5  Depletion, energy bands, and the off-state

The degradation of most of the device parameters presented here – Ion/Ioff, VT, gm at VT, and
subthreshold swing – can be explained by the decreased ability of the gate to turn the device off at
VGS = 0.  Bhuwalka, et al. have already explained this [1],[2],[8] as the effect of Zener breakdown,
meaning that electron tunneling still takes place when it shouldn’t, in the off-state.  There are several
ways of thinking about and looking at Tunnel FET behavior in the off-state, and we will examine two
of those here.

In 1992, Toshio Baba predicted that it would be possible to scale Tunnel FETs (or Surface Tunnel
Transistors, as he called them) to a gate length equal to the “depletion layer width where electron
tunneling is suppressed” [9], on the order of 10 nm.  In a p-i-n diode, the depletion region includes
the entire intrinsic region in addition to the depleted areas of the p- and n-regions.  Examining the
electron and hole concentrations in a horizontal cross-section of the Tunnel FET body reveals the
differences in abruptness at the edges of the intrinsic region for devices with SiO2 and a high-k
dielectric.  Fig. 5.10 shows the electron and hole concentrations for Tunnel FETs with SiO2 (left),
and a high-k dielectric (right), for the gate lengths (a) L = 40 nm, (b) L = 20 nm, and (c) L = 10 nm.
The electron concentration profiles are similar for the different dielectrics, but the hole concentration
profiles at the source-intrinsic region junction are better-defined for the high-k devices, thanks to the
better capacitive control by the gate.  This is especially noticeable for the Tunnel FETs with gate
lengths of 40 and 20 nm.  In the devices with SiO2 the gate is already losing control of the off-state at
these gate lengths, and the depleted regions are narrower and less defined.  At 10 nm, both types of
devices are experiencing Zener breakdown (electron tunneling) in the off-state, though the high-k
device shows the small advantage of still having a lower carrier concentration in the intrinsic region
under the gate.
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(a)

(b)

(c)
Figure 5.10: Electron and hole concentrations in a horizontal cross section of the Tunnel FET body,
2.5 nm from the dielectric surface, for two different gate dielectrics:  εdielectric = 3.9 (left), and
εdielectric = 25 (right), in the off-state (VDS = 1 V and VGS = 0 V).  (a)  L = 40 nm, (b) L = 20 nm, (c)
L = 10 nm.  The high-k Tunnel FETs show a wider depletion region for the same applied voltages.

The second way of looking at Tunnel FET behavior in the off-state is to look at the extent of the
depletion region with energy band diagrams across the Tunnel FET body.  The depletion region
corresponds to the region between the flat bands in the n-region at the left and the flat bands in the p-
region at the right.  It is, however, easier to understand at what point tunneling will begin to take
place in the OFF-state by examining the width of the band-to-band energy barrier at the i-p junction;
a rule of thumb is that “significant” tunneling begins at barrier widths of less than about 10 nm.  Fig.
5.11 shows cross-sections of Tunnel FETs with SiO2 (left) and a high-k dielectric (right), having gate
lengths of 40, 20, and 10 nm.   The gates of the 40 nm devices still manage to turn the devices off,
and we see that the intrinsic region bands are well-defined (especially for the high-k device) and
create wide energy barriers between the source and intrinsic, and intrinsic and drain regions.  At 20
nm, the SiO2 Tunnel FET is experiencing Zener breakdown in the off-state.  The 10 nm devices are
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both experiencing band-to-band electron tunneling at VGS = 0 V, and we see that the intrinsic regions
are no longer wide enough to be seen as distinct regions in the band diagrams, nor to block tunneling
current from flowing.  These short devices can no longer turn off, as already seen in the IDS-VGS
curves in Fig. 5.2.

(a)

(b)

(c)
Figure 5.11: Energy band diagrams in a horizontal cross section of the Tunnel FET body, 2.5 nm
from the dielectric surface, for three different gate lengths:  (a) 40 nm, (b) 20 nm, and (c) 10 nm, in
the off-state (VDS = 1 V and VGS = 0 V).  εdielectric = 3.9 (left) and εdielectric = 25 (right).  At shorter
gate lengths, the energy barrier between the intrinsic and p-regions is not sufficiently wide to block
band-to-band tunneling.
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5.6  Length scaling trend confirmation from experimental data

Before making the transition from simulated n-type Tunnel FETs to experimental p-type Tunnel
FETs that will confirm our predictions from simulation, it is important to present some simulated p-
type device characteristics.  In general, experimentalists prefer to fabricate p-type Tunnel FETs due
to the importance of the extremely abrupt doping profile at the tunnel junction, and the fact that it’s
easier to attain on the n+ side (with arsenic, for example) than on the p+ side (with boron, which
diffuses easily).  Fig. 5.12 shows simulated transfer characteristics for both n- and p-type double-gate
Tunnel FETs, both with SiO2 and with a high-k dielectric.  The absolute value of the current is
shown, for easy comparison of the two types of curves.  VBTBT, the voltage at which band-to-band
tunneling begins, is 0.3 V and 0.2 V for the n-type devices and -0.82 V and -0.72 V for the p-type
devices, for SiO2 and high-k dielectrics, respectively.  The curves are clearly symmetric, and p-type
Tunnel FETs are expected to show all the same trends with length scaling as the n-type devices
discussed up until this point in the chapter.

Figure 5.12: Simulated n- and p-type DG Tunnel FETs, showing their symmetric characteristics.  tox
= nm, tSi = 10 nm, L = 50 nm.  VDS = 1 V for n-type and VDS = -1 V for p-type devices.

In 2009, C. Sandow et al. published some experimental results for p-type Tunnel FETs, which
confirm the lack of dependence of on-current on Tunnel FET device length [10].  Fig. 5.13(a) shows
a schematic for their single-gate devices fabricated on SOI, and Fig. 5.13(b) presents the saturation
current measured at VDS = -3.5 V for devices ranging in length from 2 to 12 μm.  On a log scale,
there is no visible current degradation for long devices, showing that the resistance of the tunnel
junction dominates over the comparatively negligible resistance of the intrinsic region in this length
range.

                                          (a)                                                                                   (b)
Figure 5.13: (a) Schematic of fabricated p-type Tunnel FET on SOI and (b) its reported
characteristics showing the insensitivity of Idsat to intrinsic region length, from [10].
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5.7  Scaling supply voltage

Up until now, this scaling study has focused purely on length scaling, in order to isolate and
understand its effects and limits.  When scaling down conventional MOSFETs, however, VDD
scaling is essential, in order to keep dynamic power density constant.  Operation at low VDD is also
desireable for Tunnel FETs, since one of their most likely applications is in low-power circuits.
Since scaling down Tunnel FET length does not make up for the current level lost when the supply
voltage is reduced, other techniques for boosting Ion must be explored.  

Fig. 5.14 shows the effect on the transfer characteristics when VDD is reduced from 1 V to 0.4 V.
The simulated Tunnel FET had a relaxed junction abruptness of 20 nm for 4 decades of doping, and
its gate dielectric is 3 nm of SiO2.  In the discussion that follows, VDD is reduced to 0.6 V.  In terms
of ITRS 2009 [3], this is an extreme reduction, since VDD is only scaled down to 0.75 V in 2021 for
low standby power devices, and to 0.6 V in 2021 for low operating power devices.

Figure 5.14: IDS-VGS when scaling VDD.  Here, VDS is reduced from 1 V to 0.4 V by 0.2 V
increments.  The resulting loss in Ion, subthreshold swing, and VTG needs to be compensated by other
parameter adjustments.

There are several possibilities for improving the characteristics that have been degraded by VDD
reduction.  Two are investigated in Fig. 5.15.  One possibility is to improve the doping profile
abruptness at the tunnel junction, as in Fig. 5.15(a).  With a steeper doping profile, the Tunnel FET
turns on at a lower value of VGS, and on-current is increased, but not to the needed level (shown by
the solid curve).  In addition, the achievable junction abruptness has a physical limit, and so this
parameter cannot be exploited past a certain point.  A better possibility for recovering the current lost
during VDD reduction is to reduce the EOT (effective oxide thickness) of the gate dielectric.  This is
shown in Fig. 5.15(b).  This technique is well-known, since it is already part of conventional
MOSFET constant field scaling.  With high-k dielectric innovation, the limits of this scaling
possibility should not be an immediate obstacle.  Fig. 5.15(b) shows that EOT reduction should be
able to make up the current lost when reducing VDD, and should give the additional advantages of
improving the subthreshold swing and lowering the threshold voltage.  Other scaling possibilities,
not shown here, could be to reduce the silicon body thickness of a double-gate device, to scale down
the diameter of a device built on a nanowire, or to reduce the band gap at the tunnel junction by using
another material for the source or by adding tensile strain.  All of those ideas were explored during
optimization, in Chapter 3.
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(a)

(b)
Figure 5.15: Two possibilities for recuperating some of the on-current lost when scaling VDD to 0.6
V.  (a)  The width of the doping profile at the tunnel junction, expressed in nanometers for four
decades of doping change (from 1020 to 1016 atoms/cm3).  (b)  The EOT (effective oxide thickness)
of the gate dielectric.

5.8  Conclusion

For any new device that could replace or complement existing CMOS technology, a clear
understanding of how it scales down is essential.  Because the characteristics of a Tunnel FET do not
change in the same way as those of a conventional MOSFET when its length is decreased, we
changed this parameter alone in order to fully understand the effects.  Double-gate Tunnel FETs with
a thin silicon body (10 nm) and a high-k dielectric (3 nm, ε = 25) should be able to be scaled down to
about 20 nm without deleterious effects on their characteristics.  A less optimized device, with a
thicker body, a larger EOT, or only one gate, will not be able to scale as far before experiencing
unacceptably high levels of leakage in subthreshold, and better-optimized devices, with better
electrostatic control by the gate of the junction, should be able to scale even closer to Baba’s 10-nm
predicted limit [9].

The following technical topics and contributions were presented in this chapter:

• Scaling of Tunnel FETs vs. conventional MOSFETS (Section 5.1)
This section discussed the way in which conventional MOSFETs are usually scaled in order to 
keep electric field constant, and why that does not work for Tunnel FETs.  It was suggested that 
changing each parameter separately is better for Tunnel FET studies, in order to understand and 
quantize the effects.
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• Length scaling and basic device characteristics (Section 5.3)
The transfer and output characteristics of the simulated Tunnel FETs, ranging in length from 10 
nm to 2 μm, were shown, along with their derivatives, gm and gds.  It was demonstrated that 
characteristics are insensitive to length variation, with two exceptions:
- At short gate/intrinsic region lengths less than some critical length Lcrit, p-i-n leakage starts to 
dominate the off-state and subthreshold region of the IDS-VGS curves.  This happens “sooner” 
(at longer lengths) for Tunnel FETs with lower gate dielectric permittivity.
- At long gate/intrinsic region lengths, series resistance from the intrinsic region starts to be of 
the same magnitude as the resistance of the tunnel junction, and to slightly decrease Tunnel FET 
current at high VGS.

• Scaling study in Tunnel FETs with high-k gate stack (Section 5.4)
Several derived device characteristics were presented in this section:  IDmax, Ion/Ioff, threshold 
voltage, and subthreshold swing, all shown as a function of gate/intrinsic region length.  Along 
with the two gate dielectrics shown in the previous section:  3 nm of SiO2 and 3 nm of a high-k 
dielectric with εdielectric = 25, a third dielectric stack was investigated, with a 1 nm layer of 
oxynitride (ε = 5.7), followed by 2 nm of the high-k dielectric with ε = 25.  The device character-
istics reflected the impact of the two sources of degradation mentioned above, p-i-n leakage in 
the off-state for short devices, and some small series resistance effect for long devices.  

• Depletion, energy bands, and the off-state (Section 5.5)
P-i-n leakage in the off-state can be understood in several different ways, two of which have 
been shown in this section:  depletion region width, and energy barrier width/definition.  From 
both these metrics, it is clear that the devices simulated here experience high leakage with L = 10 
nm, no matter what the gate dielectric, and are not experiencing leakage in the off-state with L = 
40 nm.  The difference between Tunnel FETs with a SiO2 gate dielectric and a high-k gate 
dielectric are seen clearly when L = 20 nm.  In this case, the high-k Tunnel FET still has a wider 
depletion region, and better-defined energy bands in which the energy barrier is wide enough to 
prevent unwanted band-to-band tunneling in the off-state.  Such is not the case with the SiO2 
Tunnel FET.

• Length scaling trend confirmation from experimental data (Section 5.6)
This section presented the only information from another source.  Experimental data from San-
dow, et al. confirms the length-insensitivity of the on-current for p-type Tunnel FETs on SOI in 
the length range from 2 μm to 12 μm.

• Scaling supply voltage (Section 5.7)
An alternative view of scaling, the reduction of VDD, was explored, showing the drop in Tunnel 
FET on-current due to the decrease of VDS and VGSmax.  Junction abruptness and effective oxide 
thickness (EOT) were suggested as parameters to scale in order to recuperate the current level 
needed in the on-state.  Junction abruptness does not succeed when VDD is reduced from 1 V to 
0.4 V, but EOT does, and is more scalable in the long term.

All results presented in this chapter, with the exception of Section 5.6, represent novel contributions.
To the best of my knowledge, no one else has carried out (and published) an in-depth study on length
scaling as presented in this chapter.  T. Baba [9] made an educated estimation that Tunnel FETs
should be able to be scaled down to 10 nm.  K. Bhuwalka studied some scaling trends by simulation,
always scaling L and tox together [1],[2] and published experimental transfer characteristics for two
device lengths:  25 and 70 nm [8].  C. Sandow [10] and F. Mayer [11] published length scaling data
based on experimental results, more than a year after our scaling study [12] was released.
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Chapter 6

Tunnel FET Parameter Variation

This chapter has three main parts:  the simulated optimization of a silicon Tunnel FET by an additive
booster technique, a study of parameter fluctuations on the optimized static characteristics, and
finally, a comparison with the sensitivity of conventional MOSFETs.  First, Ion, subthreshold swing,
and gate threshold voltage are optimized by the addition of these technology boosters:  high-k gate
dielectric, more abrupt doping profile at the tunnel junction, thinner silicon body, higher source
doping, double gate, gate dielectric aligned to the intrinsic region, and a shorter device length.  Then
beginning from an optimized device, a parameter variation study is carried out, in which one
parameter is varied at a time,  and the resulting fluctuations of the device characteristics are
analyzed quantitatively and qualitatively.  Gate dielectric permittivity and thickness, and doping
junction width are pinpointed as the parameters requiring the tightest control during Tunnel FET
fabrication in order to limit characteristic fluctuations.  Body thickness, gate dielectric alignment
with the tunnel junction, and intrinsic region length may also need tight control depending on their
target values.  When compared with conventional MOSFETs, Tunnel FET characteristics are found
to be much more sensitive to variations in body thickness (especially on-current), and in effective
oxide thickness (threshold voltage, subthreshold swing, and on-current).
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6.1  The importance of a parameter variation study

While the basic parameters to optimize in order to have good Tunnel FET characteristics are known
– an abrupt doping profile at the tunnel junction, high capacitive coupling from the gate to the tunnel
junction, etc. – it is crucial to also understand the sensitivity of device characteristics to parameter
fluctuations.  This is well-understood for conventional MOSFETs, and the principal sources of
fluctuation, including random discrete dopants, line edge roughness, polysilicon granularity, and
oxide thickness fluctuations, have been thoroughly studied [1],[2].  The same needs to be
accomplished with Tunnel FETs, so that the main sources of characteristic fluctuation can be
pinpointed, and then controlled.

The goals of this chapter are twofold:  to optimize the device characteristics of a Tunnel FET using
the additive booster technique, and then to investigate the influence of the parameter fluctuations
which are unavoidable in device fabrication and their impact on device characteristics. The critical
parameters that will need to be the most tightly controlled when fabricating these devices are
identified, and the parameter variation is quantified.

All simulations were carried out in Silvaco Atlas version 5.13.16.C with a non-local band-to-band
tunneling model.

6.2  Performance boosters for silicon Tunnel FETs

While Tunnel FETs have a low off-current and the potential for a small subthreshold swing, they
generally have a lower on-current than conventional MOSFETs.  Many solutions have been
proposed [3]-[14], but performance boosters are often suggested independently – just adding a high-
k dielectric, or just using a thin body (or nanowires), or just decreasing the band gap at the tunnel
junction, and only a few are typically applied at one time.  These techniques, though they increase
on-current and reduce subthreshold swing, only have limited power to improve device
characteristics.  In order to achieve superior characteristics for Tunnel FETs, it is essential to apply as
many boosters as possible to the same device, so that the improvements in device performance are
cumulative.  Then with the fully optimized device, parameter fluctuations can be investigated in
great detail.

Before looking at the simulated results of additive booster technology illustrated in Fig. 6.2 and
quantified in Table 1, it is important to go back to a fundamental analytical expression for band-to-
band tunneling transmission, to see what can be changed and how.  With the WKB approximation
and taking the tunnel barrier as a triangularly shaped potential barrier [15], as demonstrated in
Chapter 2, the band-to-band tunneling transmission is given by

where ΔΦ is the energy range over which tunneling can take place, Eg is the band gap at the tunnel
junction, λ is a screening length, and m* is the tunneling mass.  m* and Eg can be reduced by
changing the materials used or by introducing strain at the tunnel junction, thereby increasing
tunneling current.  The parameter λ, which is a measure of the spatial extent of the electric field, was
given for a double-gate device in Eq. 2.13.  The general dependencies in this equation (on the
thickness and the dielectric constant of both the gate dielectric and the semiconductor material) are
correct, as verified by simulation in Figs. 3.9 and 3.15, but a more complete expression for λ could
also include its dependence on other fabrication choices such as tunnel junction doping abruptness,
source doping (included in an equation for λ in [7]), and gate dielectric alignment.  By manipulating
device design in order to minimize λ, band-to-band tunneling is significantly improved in the on-
state, and good device characteristics are the result. 
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Figure 6.1: Silicon Tunnel FET device structure after the optimizations of Table 1.  Current
flowlines for VDS = VGS = 1 V.

The starting point of our additive booster investigation is a silicon Tunnel FET with an
asymmetrically-doped n-i-p structure. The gate dielectric thickness is 3 nm, and the drain and
intrinsic region dopings are 5x1018 and 1015 atoms/cm3, respectively.  The other parameters for the
base device are shown in Table 1, column 2.  

The initial optimization was carried out in the following way.  Starting with the base device in the
“Before” column of Table 1, each parameter was changed, one at a time, to a level compatible with
state-of-the-art CMOS fabrication.  The goal was to optimize the parameters in such a way that they
would be greatly improved over the base device levels, realistically attainable with modern
fabrication processes, and would still have a bit of room for improvement so that the parameter could
be varied both up and down during the parameter variation study.  For example, the gate dielectric
was SiO2 in the base device, and was improved to the widely-used high-k dielectric HfO2, which can
have a dielectric constant of about 25.  HfO2 is a state-of-the-art material for CMOS fabrication
today, but there are high-k dielectrics with even larger permittivities, so it is not the ultimate limit,
and leaves some room for variation.
 

Table 1: Tunnel FET parameters before and after optimization.

After each parameter had been improved individually, the simulation results were analyzed and the
parameters were ranked, from those that gave the most to the least improvement in Tunnel FET on-
current.  Then, beginning with the base device once again, the parameter optimizations were carried
out one at a time in the same order.  The first seven boosters of Fig. 6.2 applied to the base device
were as follows:  high-k gate dielectric, more abrupt doping profile at the tunnel junction, thinner
device body, higher source doping, double gate, gate oxide aligned to the intrinsic region, and
finally, shorter intrinsic region (and gate) length.  Curve H in Fig. 6.2 shows the optimized
characteristics for an all-silicon Tunnel FET.  

When the boosters were applied in this order, the resulting improvements are roughly the same as
those that they gave when applied one at a time to the base device, with one exception that stands out
from Fig. 6.2.  Looking only at curves A through H, there is generally a decreasing amount of
improvement given by each consecutive booster, except for curve D, where the silicon body has been
thinned from 50 nm to 10 nm.  Here, the improvement was less drastic than when applied alone to the

Parameter Before After optimization

Gate dielectric ε 3.9 25

Junction width 47 nm / 5 decades 12 nm / 5 decades

Body thickness 50 nm 10 nm

Source doping 8x1019 atoms/cm3 1.5x1020 atoms/cm3

Gates Single Double

Oxide alignment Over all Over intrinsic

Device/gate length 90 nm 30 nm
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base device, since some optimizations had already been carried out, and they changed the value of λ
before the body thinning was applied.  This implies that λ may not have a straightforward analytical
expression that incorporates all of the parameters added in curves B through H of Fig. 6.2, but that
instead, the parameters might have complicated inter-dependencies.

Figure 6.2: Additive boosters.  A:  base device (“Before” column of Table 1).  B:  Like A with high-
k dielectric.  C:  Like B with narrower junction.  D:  Like C with thinner body.  E:  Like D with
higher source doping.  F:  Like E with double gate.  G:  Like F with oxide only over intrinsic region.
H:  Like G with shorter length.  J:  Like H with band gap = 0.8 eV at the tunnel junction (which could
correspond to strained Si [14], or a SiGe source [3],[6],[13]).  VDS = 1 V.

The last booster, curve J in Fig. 6.2, consists of a smaller band gap applied at the tunnel junction,
which can represent an improvement resulting from a lateral strain profile within the device [14] or a
heterostructure in which a lower band gap material is used for the Tunnel FET source [3],[6],[13].

The unoptimized device (curve A in Fig. 6.2) shows poor performance, having a low on-current even
at VGS = 2 V, but Tunnel FETs have a huge potential when designed well.  It is clear from Fig. 6.2
that several device parameters have a very strong influence on Tunnel FET on-current, threshold
voltage, and subthreshold swing.  As boosters are applied, VTG is clearly shifted to lower gate
voltages, and accompanying this is a significant increase in on-current and a decrease in swing.
While the unoptimized Tunnel FET in curve A has a point swing of 69.5 mV/dec (and the average
swing from turn-on to threshold can’t be calculated because it never reaches the threshold current of
10-7 A/μm), the optimized device in curve H has a point swing of 22.9 mV/dec and an average swing
of 59.7 mV/dec.  The device with a reduced band gap of 0.8 eV at the tunnel junction in curve J has
further improved swings of 18.1 mV/dec (point) and 40.7 mV/dec (average).  Off-state leakage is
higher for the devices of curves H and J due to the shorter intrinsic region and gate length, discussed
more later in section 6.3.5, but is still in the fA/μm range.  This gives a static power reduction on the
order of 104 times compared with today’s advanced CMOS nodes. 

From the viewpoint of device optimization, it is beneficial that these devices are very responsive to
changes in certain parameters.  But seen from the viewpoint of manufacturability, it can be extremely
disadvantageous, or at least challenging, to work with a device that is so sensitive to parameter
fluctuations.

6.3  Parameter fluctuation study

Since the physics of Tunnel FETs, governed by the band-to-band tunneling rate, is different from that
of conventional MOSFETs, the sensitivity of device characteristics to parameter fluctuations is
expected to be different as well, and to potentially raise new technology challenges.  In the following
sections, the optimized all-silicon Tunnel FET (right column of Table 1, curve H of Fig. 6.2) is the
starting point, and we investigate its characteristics’ sensitivity to the variation of the following
parameters: dielectric permittivity and thickness, doping profile width at the tunnel junction, body
thickness, gate contact and dielectric alignment, gate / intrinsic region length, band gap at the tunnel
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junction, and intrinsic region doping.  As already mentioned in section 6.2 in relation to curve D in
Fig. 6.2, the fluctuation of Tunnel FET characteristics will depend somewhat on how optimized the
device is.  For this reason, a fully optimized Tunnel FET is used for this parameter variation study,
since only such a device would be incorporated into a large-scale production effort in which
characteristic fluctuations become important, and their control necessary.

6.3.1  Dielectric permittivity and thickness
Capacitive coupling between the gate and channel is a critical parameter for highly-scaled
conventional MOSFETs, so oxide thickness variations have been a major focus of studies on
parameter fluctuations for this type of device [1].  Tunnel FETs are even more sensitive to changes in
gate capacitance than conventional MOSFETs (see Fig. 3.8), thus it is no surprise that changes in
dielectric permittivity and thickness can cause major fluctuations in Tunnel FET characteristics.

The IDS-VGS of an optimized Tunnel FET with varying gate dielectric permittivity is shown in Fig.
6.3.  The physical gate dielectric thickness is always 3 nm unless specified otherwise.  On-current
and subthreshold swing are clearly both very sensitive to changes in the gate dielectric constant.  In
Fig. 6.4, ε = 25 is taken as the target, and the percent change in VTG (gate threshold voltage), Spoint
(the lowest subthreshold swing value on the IDS-VGS curve), and Savg (the average swing from turn-
on to threshold at 10-7 A/μm) are shown on the left axis.  The change in Ion (at VDS = VGS = 1 V) is
easier to see on an exponential scale, so it is plotted as log (Ion/Ion,ε=25) on the right axis of Fig. 6.4.
The variation of the permittivity has a drastic influence on all characteristics, especially when
changing from a relatively low permittivity such as that of SiO2, to high-k.  For example, when
changing from SiO2 to HfO2 (ε ~ 25), threshold voltage and subthreshold swing approximately cut in
half, and the on-current goes up by three orders of magnitude.  

Figure 6.3: IDS-VGS for different gate dielectric permittivities.  VDS = 1 V.

Figure 6.4: (Left) % change in Spoint, Savg, and VTG and (right) orders of magnitude by which Ion
changes when gate dielectric permittivity changes. Ion is the most sensitive characteristic. VDS = 1 V.
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The variations presented in Fig. 6.4 can be applied to complicated gate stacks with more than one
gate dielectric material, by calculating an effective permittivity for the stack.  Since it is sometimes
more useful to look at fluctuations of the gate stack expressed as variations of an effective thickness,
the sensitivity of Ion and VTG to tox variations is shown in Fig. 6.5.  The gate dielectric constant is 25.
Although it may look as if the fluctuations become less extreme with increasing tox, this is because
we are looking at units that have not been normalized to the Ion or the VTG.  If we look at fluctuations
as percentages, they are significant everywhere in the studied range of dielectric thickness.

Figure 6.5: Ion and VTG sensitivity as a function of tox. Gate dielectric permittivity = 25. VDS = 1 V.

6.3.2  Junction width
Junction width (wj), or the distance across which the doping falls from its high level in the source to
its low level in the intrinsic region, is an important factor that determines the steepness of the energy
bands at the tunnel junction, and therefore the minimum possible tunnel barrier width in a Tunnel
FET in the on-state.

Studied parameter range:  The range of junction widths investigated here was from nearly
perfectly abrupt, 0.5 nm for 5 decades of doping, which is 0.1 nm/decade, to 30 nm for 5 decades of
doping, which is 6 nm/decade.  The state-of-the-art for junction abruptness falls within this range.
Surdeanu et al. [16] used implantation and laser annealing to create junctions with an abruptness of
1.8 nm/decade for Sb and 4.5 nm/decade for B (see Fig. 6.6(a)).  Nguyen et al. [17] employed vapor
phase doping with laser annealing, and attained a junction abruptness of 3 nm/decade for As, and
about 4 nm/decade for B.  The ITRS requirements for high-performance logic will require a junction
depth of 7.3 nm in 2015, and if we assume that junction to be over approximately two decades of
doping, that gives a required abruptness of about 3.6 nm/decade.  As a comparison, our simulated 21-
nm junction, used as the target  wj below, has an abruptness of 4.2 nm/decade, shown in Fig. 6.6(b).

                                         (a)                                                                             (b)
Figure 6.6: (a)  Fabricated junctions created by the implantation and laser annealing of boron, from
[16].  (b)  Our p-type source-intrinsic region junction, wj = 21 nm, gate alignment shown.
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Figure 6.7: IDS-VGS for varying junction widths, over 5 decades of doping from the source at 1.5 x
1020 atoms/cm3 to the intrinsic region at 1015 atoms/cm3.  0.5 nm is the mesh spacing, and thus
corresponds to the most abrupt junction that can be simulated.  VDS = 1 V.

The dependence of IDS-VGS on junction abruptness is seen in Fig. 6.7.  In Fig. 6.8(a), wj = 21 nm is
the reference point, and all four characteristics show sensitivity to fluctuations, with no flat areas on
the curves to suggest a better target.  Fig. 6.8(b) shows the sensitivity of VTG and Ion to junction
width.  Note that the values here are not normalized, so what seems to be a smaller Ion sensitivity is
related to the fact that Ion is much lower with an increasing junction width.  Fig. 6.9 allows us to
extract the standard deviation (σ) of VTG and Savg when the σ of wj is known for a particular
fabrication process.

(a)

(b)
Figure 6.8: (a) (Left) % change in Spoint, Savg, and VTG and (right) orders of magnitude by which Ion
changes when wj changes.  Again Ion, is more sensitive than the other characteristics.  (b) Ion and
VTG sensitivity as a function of junction width wj.  VDS = 1 V.
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Figure 6.9: Standard deviation of threshold voltage (σVTG on left axis) and average subthreshold
swing (σSavg on right axis) vs. standard deviation of junction width for a Tunnel FET whose target
junction width is 21 nm for 5 decades of doping difference.  VDS = 1 V.

6.3.3  Silicon body thickness
Device thickness is a parameter that is becoming more important as more devices are built on thin
films and incorporate double or multi gates.  For achieving ultimate performance, the device
thickness is a crucial parameter because it leads to better gate control and the reduction of bulk
capacitive effects.  

Studied parameter range:  The range of silicon body thickness studied here is from 5 to 50 nm.
Comparing with the state-of-the-art that has been published for ultra-thin body (UTB) MOSFETs,
this is a reasonable thickness bracket.  In 2002, Uchida et al. investigated devices that were from 2.3
to 8 nm thick, and estimated that the thickness fluctuation was around four atomic layers [19].  In
2007, Shimizu et al. looked at the mobility enhancement in UTB single-gate and double-gate
MOSFETs with an SOI thickness as low as 1.8 nm [20], and Gomez et al. studied the electron
transport in MOSFETs made with strained Si directly on insulator where the thinnest device had a
silicon thickness of 2 nm with a standard deviation of 0.5 nm [21].  In 2009, Schmidt et al. fabricated
UTB MOSFETs ranging from 0.9 nm to 25 nm thick [22].  The thinnest device was fully functional,
and only four atomic layers thick.  In terms of ITRS requirements, the UTB silicon layer thickness in
2013 should be 7 nm for high-performance logic [18].

In Chapter 3 during optimization, it was shown that for a Tunnel FET whose gate dielectric covers
the source and drain regions as well as the intrinsic region, there is an optimal body thickness for a
double-gate device.  As body thickness becomes thinner, first characteristics improve and on-current
increases, and then a peak is reached, after which on-current decreases for thinner silicon body
layers.  The same effect is not seen when the gate dielectric is aligned to the intrinsic region, as
shown by the IDS-VGS curves in Fig. 6.10, at least not within the range of gate voltages and body
thicknesses studied here.  With an aligned gate dielectric, the improved electrostatics lead to an
increase of on-current, and lower subthreshold swing and threshold voltage, when the silicon body is
made thinner.  It is possible that for the curve in Fig. 6.10 for the device with tSi = 5 nm, that at
higher VGS around 1.25 V, the I-V curve might flatten out enough that it would cross the curves for
thicker devices, similar to what was seen in Chapter 3 for Tunnel FETs with a gate dielectric
everywhere.  Unfortunately, due to Silvaco Atlas convergence limitations, no quantitative statement
can be made.

One very important trend shown in Fig. 6.10 is that for a body thickness less than 20 nm, the
characteristics improve with decreasing tSi, while for a body thickness of 20 nm or more,
characteristics are all nearly the same, with the exception of some small differences in the off-region.
This means that the choice of an optimal Tunnel FET body thickness necessitates a trade-off, as
shown in Fig. 6.11.  Here, 10 nm is chosen as the target thickness, but the characteristics are very
sensitive around this target point, especially toward thinner layers.  Although swing, VTG, and Ion
can be greatly improved by decreasing body thickness (or nanowire diameter), there is the drawback
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of an increase in the fluctuation of characteristics smaller than some critical body thickness, here 20
nm.  In order to fully take advantage of double-gate control of the device, the body thickness should
be under this limit, so tight control of this parameter will be necessary in order to minimize the
fluctuations in device behavior.

Figure 6.10: IDS-VGS showing that for a double-gate Tunnel FET with the gate dielectric aligned to
the intrinsic region, on-current, gate threshold voltage, and subthreshold swing all improve with
decreasing body thickness tSi.  VDS = 1 V.

Figure 6.11: (Left) % change in Spoint, Savg, and VTG and (right) orders of magnitude by which Ion
changes when body thickness changes.  The flat regions suggest a design space with minimized
fluctuation, but all characteristics improve at smaller tSi where fluctuation is higher.  VDS = 1 V.

6.3.4  Gate oxide and gate contact alignment
Gate alignment is another important booster, and there have been recommendations to align the gate
dielectric with the tunnel junction in order to take advantage of fringing [12], and to shorten the gate
on the drain end in order to increase device speed [22].  It is important to understand how such design
choices would influence the magnitude of characteristic fluctuations.  Here, we present a detailed
investigation of gate alignment, including underlap and overlap.

Fig. 6.12(a) shows a device schematic to clarify how gate alignment is being changed in this section
– the gate contact and the oxide alignment change together, with negative alignment values
indicating underlap, and positive alignment values indicating overlap.  It is important to understand
our definition of alignment for the source-intrinsic region junction.  Similar to what other groups
have shown [7],[12], alignment = 0 is defined as that which results from a self-aligned process, in
which there is dopant diffusion under the gate.  The actual electrical junction (where the n-doping
curve and the p-doping curve cross) is 12 nm into the intrinsic region.
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                          (a)                                                                               (b)
Figure 6.12: (a)  Device schematic showing the oxide and gate contact alignment, x, with the tunnel
junction.  (b)  (Left) % change in Spoint, Savg, and VTG and (right) orders of magnitude by which Ion
changes when gate alignment changes.  The vertical dashed line at x = -12 nm shows the location of
the n/p electrical junction.  An improvement in device characteristics is seen for a slight gate
underlap (around 5 nm), and then the characteristics worsen quickly for increased underlap.  A
region of stable characteristics is seen for an overlap of about 2.5 nm or more.  VDS = 1 V.

Fig. 6.12(b) shows that the alignment of the gate oxide has a large influence on characteristics, and
one that is not necessarily intuitive at first glance.  For a gate that is overlapped by several
nanometers or more, characteristics are stable.  This is the case even beyond what is shown in Fig.
6.12, with only a slight performance degradation for a gate that covers the source region entirely (100
nm for the device shown here).  As the gate alignment moves in the underlapped direction, toward
the electrical junction marked by the dashed line, the characteristics hit a peak in which the on-
current at VDS = VGS = 1V goes up by a factor of 4.5, and the threshold voltage and subthreshold
swing hit a low point.  This surprising improvement is illustrated by the IDS-VGS curves in Fig. 6.13.
While the curve for a gate underlap of 10 nm has the characteristics that could be expected for a gate
that no longer has good control of the tunnel junction, the curve for a gate underlap of 5 nm shows
improvements in on-current, threshold voltage, and swing.  The aligned gate (alignment = 0) has the
highest current at gate voltages higher than those shown in Fig. 6.13, but the 5-nm-underlapped gate
has better characteristics in the important low-voltage region, critical for low-power devices. 

Figure 6.13: IDS-VGS for changing gate dielectric and contact alignment as illustrated in Fig.
6.12(a).  When the gate edge is underlapped by 5 nm from the standard self-aligned location, an
improvement in swing and on-current are seen.  At higher gate voltages, the aligned gate has a higher
current.  VDS = 1 V.

The 2D cross-sections in Fig. 6.14 show the potential distributions in the on-state at VDS = VGS = 1V,
for the region under the gate edge at the tunnel junction, for devices with gate alignments of (b) -15

-15 -10 -5 0 5 10
-160

-120

-80

-40

0

40

80

120

160

-3

-2

-1

0

1

2

3

%
 c

ha
ng

e
Oxide alignment (nm)

 VTG       Savg

 Spoint

lo
g(

I o
n/

I o
n,

ox
 a

lig
ne

d)

underlap

 Ion

 

overlap

0.00 0.25 0.50 0.75 1.00
10-16

10-14

10-12

10-10

10-8

10-6

10-4

 

D
ra

in
 c

ur
re

nt
 (A

/μ
m

)

Gate voltage (V)

       0 nm
     - 5 nm
    - 10 nm

alignment =



Parameter fluctuation study 107

nm, (c) -10 nm, (d) -5 nm, (e) 0, and (f) 5 nm.  Cross-sections only show half of the 10 nm body
thickness, since the distributions are identical (mirrored) from the center of the body down to the
bottom gate.  The important thing to see in these figures is the width of the potential gradient.  It is
clear that with an alignment of -5 nm (Fig. 6.14(d)), the potential gradient is compressed near the
dielectric/silicon surface, which reflects the steeper energy bands in this case, leading to a reduced
tunnel barrier width and therefore higher Ion, smaller subthreshold swing, and reduced gate threshold
voltage.  In Fig. 6.14(b), on the other hand, the potential gradient is spread out, indicating that the
energy bands are not as steep and the tunnel barrier is not as narrow as in (d).  At the other extreme,
Fig. 6.14(f) shows that the potential gradient is spread out and even crosses into the p+ region due to
gate overlap.  Again for this case, the energy bands are less steep than for (d), and the energy barrier
is wider, leading to lower current.  

Figure 6.14: Potential distribution cross sections of Tunnel FETs in the on-state (VDS = VGS = 1 V)
when the gate contact and oxide alignment are changed together.  (a)  Device schematic with studied
cross-section indicated.  Only half of the silicon body thickness is shown because the distributions
are always perfectly symmetric down to the bottom gate.  In order, the cross-sections show a (b) 15
nm gate underlap, (c) 10 nm gate underlap, (d) 5 nm gate underlap, (e) aligned gate, and (f) 5 nm gate
overlap.  The potential change is the most “squeezed” in the third cross-section (5 nm gate underlap),
which means that the electric field is the highest, the energy bands are the steepest, and the tunneling
energy barrier width is the narrowest in this case.

Fig. 6.15 shows the total current density qualitatively, in the same area marked in Fig. 6.14(a), again
in the on-state.  Fig. 6.15 (a) to (c) corresponds to Fig. 6.14 (c) to (e).  Several interesting features are
visible in these diagrams.  First, we see the energy barrier where carriers are forbidden as a dark zone
with no current.  Next, the energy barrier width is clearly narrower in Fig. 6.15(b), where the gate
underlap is 5 nm.  This is consistent with the potential cross-sections, and with the higher current
level.  Finally, the energy barrier has a minimum width a bit less than 1 nm from the dielectric
surface in all three devices shown, and then extends straight down to the center of the device when
the gate is underlapped by 10 or 5 nm, but not for the aligned case where the dark zone shifts to the
left under the gate toward the center of the body (y = 0 here).  The potential gradient also shifted to
the left under the gate for the aligned case, seen in Fig. 6.14(e), whereas the potential gradients for
underlapped gates in Figs. 6.14(b), (c) and (d) extended more vertically to the center of the device
body.  Keep in mind that the actual electrical junction is located 12 nm into the intrinsic region,
which would be at location x = 8 nm in these cross-sections. 
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                          (a)                                                 (b)                                                 (c)
Figure 6.15: Total current density cross-sections for Tunnel FETs in the on-state (VDS = VGS = 1 V)
for gate alignments (oxide and contact) of (a) -10 nm, (b) -5 nm, and (c) 0 nm.  The device shown in
(b) has the highest on-current, and the lowest VTG and S values.  Dark regions have no current flow.
The lightest region corresponds to a current of (a) 8 x 104 A/cm2, (b) 3.5 x 106 A/cm2, and (c) 7 x 105

A/cm2.  Light regions indicating current flow inside the dielectric or air are visual artefacts resulting
from interpolation between mesh points.

A second case of gate misalignment was studied, in which the gate contact remained aligned with the
intrinsic region, and the gate dielectric was underlapped and overlapped.  The results were extremely
similar to those shown in Figs. 6.12 through 6.15, indicating that the placement of the gate contact is
not critical, but the placement of the gate dielectric is.

Now looking at the other end of the gate, it is crucial to understand the importance of the alignment
of the gate contact and dielectric to the drain junction, while leaving the gate aligned to the tunnel
junction on the source side, as illustrated in Fig. 6.16(a).  Verhulst et al. looked at devices with an
intrinsic region length of 100 nm and showed characteristics that were nearly unchanged for currents
< 105 A/μm when the gate was made smaller on the drain side, apart from a beneficial reduction in
Ioff [22].  Similar simulation results are shown in Fig. 6.16(b) for Lintrinsic = 100 nm, both with and
without a shortened gate (10 nm underlap).  For devices near the leakage limit, however, the effect of
gate-shortening is different. Fig. 6.16(c) shows IDS-VDS for optimized Tunnel FETs with Lintrinsic =
30 nm, and leakage has increased for the shortened gate.  

The bands in Fig. 6.16(d) and (e) explain the leakage in a short device with a gate that is underlapped
by 10 nm.  For longer devices (Lintrinsic = 100 nm), the intrinsic region bands are well-defined and
the energy barrier is too wide everywhere for significant tunneling to take place.  For shorter devices
(Lintrinsic = 30 nm), the intrinsic region bands are no longer well defined.  The reduced gate length
shortens the effective length of the intrinsic region, and leads to more p-i-n diode leakage in the off-
state.  It is worth mentioning, however, that the effective intrinsic region length is not equal to the
new shortened gate length, as can be shown by a quantitative example.  When Lintrinsic = Lgate = 30
nm, Ioff is around 10-15 A/μm.  For Lintrinsic = Lgate = 10 nm, Ioff is about 10-8 A/μm.  In the case of a
shortened gate, when Lintrinsic = 30 nm and Lgate = 10 nm, Ioff is approximately 10-13 A/μm.

(a)
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                                     (b)                                                                              (c)

                                       (d)                                                                             (e)
Figure 6.16: (a)  Device schematic showing the drain-side gate alignment, marked x in the figure.
(b), (c) IDS-VGS and (d), (e) energy bands for an underlap of 10 nm, and a perfect alignment of the
gate at the drain side.  Leakage results when gate is shortened by 10 nm on the drain side for devices
with L = 30 nm.  For the band diagrams, VDS = 1 V, VGS = 0.2 V.

6.3.5  Device length
Device length scaling is a key factor driving conventional MOSFET progress, and is carried out
following a set of predictable guidelines.  For Tunnel FETs, due to the different underlying physics,
intrinsic region and gate scaling can be carried out without accompanying changes in other
dimensions (as discussed in detail in Chapter 5, and in [23]).  In terms of characteristic fluctuations,
the choice of Tunnel FET i-region / gate length requires another trade-off decision.  As Fig. 6.17
shows, Tunnel FET scaling is limited by p-i-n leakage to a critical length (Lcrit) of about 25 nm for
our optimized devices.  

Figure 6.17: IDS-VGS for changing intrinsic region (gate) lengths.  Off-current is minimal down to L
= 30 nm and then increases due to p-i-n leakage.  VDS = 1 V.
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Although shorter devices are attractive for reasons of cost and speed, Fig. 6.18 reveals the downside
of designing Tunnel FETs too close to the leakage limit: unacceptably high fluctuation of VTG,
Spoint, and Savg.  The standard deviation of the line width, line edge roughness, and other fabrication
process-specific sources of variation need to be kept in mind when choosing how close to place the
target Tunnel FET length to Lcrit.  Better gate control (decreasing λ in Eq. 1) could decrease Lcrit
slightly, for example by increasing gate capacitance, decreasing body thickness, or using nanowires.

Figure 6.18: % change in Spoint, Savg, and VTG when gate length changes.  The characteristics show
low sensitivity to length fluctuations for L > 25 nm.  VDS = 1 V.

6.3.6  Band gap reduction at the tunnel junction
Band gap reduction at the tunnel junction has been proposed to improve on-currents in Tunnel FETs.
In principle, there are two primary possibilities:  a heterojunction at the source side of the device
[3],[6],[13], or a lateral strain profile with a strain maximum at the tunnel junction [14].  This last
performance booster (curve J in Fig. 6.2) can be added to the optimized Tunnel FET described in the
right column of Table 1:  a smaller band gap of 0.8 eV at the tunnel junction, while keeping the
relatively large silicon band gap at the drain-side junction to suppress leakage and maintain low off-
current.  Fig. 6.19 shows the impact of the variation of this parameter.  

Figure 6.19: (Left) % change in Spoint, Savg, and VTG and (right) orders of magnitude by which Ion
changes when band gap at the intrinsic / source junction changes.  VDS = 1 V.

It is also important to understand the effect of changes in band gap on Tunnel FET characteristics for
devices built on extremely scaled nanowires, since the band gap of silicon will start to increase when
nanowires are scaled to diameters less than about 5 nm [24].  The increased band gap will cause a
reduction in on-current which could potentially cancel out the beneficial effects of further diameter
decrease.  This point needs more investigation.
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6.3.7  Intrinsic region doping
In contrast to silicon CMOS where intrinsic region doping is a critical parameter, the fluctuation of
this quantity does not influence Tunnel FET characteristics. This is reported in Table 2, where a
variation of ± one decade of body doping has no impact on the electrically relevant parameters.  This
is an advantage of Tunnel FETs with a low-doped or intrinsic region under the gate over
conventional CMOS, since random discrete dopants in the channel are not a concern in terms of
fluctuations in characteristics.

6.4  Discussion of parameter fluctuation results

Tunnel FETs experience fluctuations in their characteristics that depend on the parameter target
values chosen, and which are often not symmetric when decreasing or increasing the parameter
value.  Table 2 summarizes the results of our simulations by reporting the quantitative parameter
variation of VTG, Ion, Spoint, and Savg as percentages, for the Tunnel FET with the target values listed
in the first column. Parameters were varied in both the negative and positive directions.  After
looking at their effects on characteristics, parameters can be separated into three categories:  (i) those
with a large influence on Tunnel FET characteristics everywhere in the studied parameter range, (ii)
those with a large influence on characteristics in some part of the studied range, and a small influence
elsewhere, and (iii) those with little influence on Tunnel FET characteristics.

Table 2: Summary of the results of parameter fluctuations on key characteristics.

In order to minimize the fluctuations of device characteristics, it is the most critical to tightly control
the parameters in the first category:  the dielectric permittivity and thickness (gate capacitance), and
the junction width (doping diffusion) at the tunnel junction.  Since there is no range of parameter
values that leads to low characteristic sensitivity, the only option is good control during fabrication.
For all these parameters, the on-current is the most sensitive parameter, and it changes by a factor of
2 or 3 for the target and variation values shown in Table 2.  

Band gap at the tunnel junction also fits into this category, though its effect is slightly less extreme.
When the band gap at the source junction changes from 0.9 to 0.85 or 0.95 eV, the on-current varies
by about 20 to 30%.

The second category is comprised of the parameters whose variation causes a large fluctuation in
characteristics in some range, and little to no change in another range.  In these cases, a trade-off
must be made.  The parameters of this type are body thickness, gate alignment with the tunnel
junction, and intrinsic region length.

If a double-gate or multi-gate structure is used, a thin device is desirable in order to maximize the
electrostatic control of the gate on the tunnel junction.  When this design choice is made, the
characteristics will be sensitive to body thickness variations, and once again, tight control of this
parameter will be crucial.  When 10 nm is the target silicon thickness for the optimized devices

Parameter and target value Parameter variation
VTG % 

variation
Ion % 

variation
Spoint % 
variation

Savg % 
variation

Gate dielectric permittivity = 25 -10 +10 20 -16 -86 309 27 -27 21 -23

Gate dielectric thickness = 3 nm -0.75 nm +0.75 nm -15 12 220 -66 -29 17 -16 12

Junction width = 21 nm / 5 decades doping -5.5 nm/dec +5.5 nm/dec -13 13 275 -72 -19 19 -18 15

Silicon body thickness = 10 nm -5 nm +5 nm -28 13 266 -57 -58 16 -27 8

Gate alignment at src. junction = 0 nm -2.5 nm +2.5 nm -27 12 371 -75 -33 13 -34 16

Intrinsic region/gate length = 30 nm -5 nm +5 nm -0.8 1.1 1.7 -2.2 45 -17 0.7 0

Band gap at tunnel junction = 0.9 eV -0.05 eV +0.05 eV -6 7 30 -24 -4 2 -5 6

Intrinsic region doping = 1016 atoms/cm3 -one dec +one dec >.1 >.1 >.1 >.1 >.1 >.1 >.1 >.1
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studied here, a variation of body thickness by 5 nm causes a change of more than a factor of 2 for on-
current.  If a thin Tunnel FET body is not necessary to a certain design, the devices can be made in
the non-sensitive part of the body thickness range (in the case shown here, for tSi > 20 nm), and
control can be relaxed. 

The next parameter in the second category is gate alignment with the tunnel junction.  Once again,
there is a choice to be made between attaining the best characteristics possible by finding the precise
alignment of the gate that produces the narrowest tunnel barrier in the on-state, and stabilizing
characteristics by overlapping the gate to the source region.  If maximum optimization is chosen,
there are two parameters to control precisely – dopant diffusion (to control the placement of the
electrical junction), and the location of the gate edge.  Even without maximum optimization, if the
gate is used for a self-aligned process in which dopants are implanted and then diffuse under the gate
in an annealing step, the gate edge is automatically located in a region of high sensitivity.  For the
devices shown here, a 2.5 nm variation in the self-aligned gate edge placement causes the on-current
to vary by a factor of 3 or 4.  To reduce, and even practically eliminate this fluctuation, the gate
dielectric (with or without the gate contact) should overlap the source region.   

The third parameter requiring a trade-off is device length.  The design choice here is a bit more
straightforward because avoiding the region of characteristic fluctuations doesn’t require giving up
higher Ion and lower swing.  In order to keep Ioff low, however, aggressive scaling must be avoided.
If very small Tunnel FETs are to have a very high Ion/Ioff ratio, it will be necessary to maximize
electrostatic control, by building gate-all-around devices on nanowires, for example.  Even so, there
will be some critical device length Lcrit below which Ioff and swing will be too high due to diode
leakage, and Tunnel FETs must not be designed too close to this critical length in order to avoid
characteristic fluctuations.  As shown in Table 2, fluctuations are small for variations of ± 5 nm
around a device length of 30 nm.  If Lintrinsic were 25 nm, however, and varied by 5 nm to give a
minimum length of 20 nm, the minimum current would vary by a factor of 50, Savg by 28%, and
Spoint by 76%.

The alignment of the gate to the drain junction is a design choice linked to the minimum device
length.  Shortening the gate effectively shortens the intrinsic region, as discussed in section 6.3.4.

The parameters in the third category lead to little or no variation in characteristics.  Tunnel FETs
show insensitivity to intrinsic region doping concentration, even when it varies by an order of
magnitude.  Random discrete dopants in the channel are not a concern, which is an advantage over
conventional MOSFETs on bulk, and a similarity with ultra-thin body (UTB) MOSFETs.

6.5  Comparison with conventional silicon MOSFETs

The magnitudes of the characteristic variations for Tunnel FETs can be compared to those for
conventional silicon MOSFETs, as presented in a process variation sensitivity study by Xiong and
Bokor [25] for 20-nm long, 5-nm thick FinFETs simulated in ISE.  Their channel region was
intrinsic, tox was 1 nm, and Vdd was 0.8 V.  The Tunnel FETs with which we will compare their
results in this section had L = 30 nm, tSi = 10 nm, effective oxide thickness (EOT) = 0.47 nm, and
Vdd = 1 V.  Xiong and Bokor looked at the variation of three key parameters:  gate length, oxide
thickness, and silicon body thickness (in their case, fin width).  

Their calculated 3σ value for EOT was 1 Å, while our Tunnel FET EOT variation was 1.2 Å, as
shown in Table 2.  For their n-type FinFETs, the changes in characteristics for this change in oxide
thickness were ΔVT = 5.7 mV, ΔS = 1.4 mV/dec, and ΔIon = 4.0 %.  For our Tunnel FETs, reporting
the changes for -1.2 Å and +1.2 Å separately since they were not symmetric, the corresponding
changes were ΔVT = -81 and 62 mV, ΔSavg = -8.9 and 6.8 mV/dec, and ΔIon = 220 and -66 %.  For
each characteristic, the variations for Tunnel FETs were 1 to 2 orders of magnitude higher than that
of conventional MOSFETs.

The next parameter varied by Xiong and Bokor was gate length, whose variation has a much stronger
effect on conventional MOSFETs than on Tunnel FETs.  For gate lengths of 20 nm +/- 2 nm, they
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saw changes of ΔVT = 18 mV, ΔS = 3.6 mV/dec, and ΔIon = 3.6 %.  As long as a Tunnel FET is
designed far enough above Lcrit, a 2 nm length variation will have a negligible effect on
characteristics.

Finally, Xiong and Bokor looked at the variation of characteristics due to changes in fin width,
corresponding to our Tunnel FET silicon thickness tSi.  For 5 nm +/- 1 nm, they saw changes of  ΔVT
= 33 mV, ΔS = 4.0 mV/dec, and ΔIon = 5.4 %.  For Tunnel FETs, we looked at the very sensitive
range of 10 nm +/- 2 nm, and again reporting the characteristic changes for +/- separately since they
were not symmetric, the variations were ΔVT = -83 and 39 mV, ΔSavg = -8.9 and 4.0 mV/dec, and
ΔIon = 192 and -47 %.  For very thin silicon layers, the changes in threshold voltage and subthreshold
swing are comparable for conventional MOSFETs and Tunnel FETs, while the fluctuation of on-
current for Tunnel FETs is 1 to 2 orders of magnitude higher for Tunnel FETs.

6.6  Conclusion

We have reported the first systematic simulation-based study of the sensitivity of the static
characteristics of optimized silicon Tunnel FETs to parameter fluctuations.  We predict a much
reduced sensitivity to doping fluctuations and gate length scaling (when devices are designed with L
> Lcrit) compared to conventional CMOS.  A trade-off will need to be made when choosing the
desired alignment of the gate dielectric at the source end, between improved characteristics with a
design requiring tight control of the gate edge, and non-optimal characteristics with an overlapped
gate whose edge variations would not lead to fluctuations in characteristics.  Finally, this study
suggests that the control of the high-k gate process, junction doping width at the tunnel junction, and
film thickness in UTB SOI, with less parameter fluctuation than that required by CMOS, is crucial
for future high-performance Tunnel FETs with reproducible characteristics.

The following technical topics and contributions were presented in this chapter:

• The importance of a parameter variation study (Section 6.1)
This section introduced the topic and explained that in order to know what parameters need to be the
most tightly controlled during Tunnel FET fabrication, a detailed study of parameter variation is
essential.

• Performance boosters for silicon Tunnel FETs (Section 6.2)
One parameter at a time was improved, in a step-by-step technique of Tunnel FET optimization.  It
was shown that superior characteristics can be obtained when all parameters are optimized in the
same device design.  The resulting device was used for the parameter fluctuation study.

• Parameter fluctuation study (Section 6.3)
The characteristic fluctuations were investigated for variation of the following Tunnel FET
parameters:  gate dielectric permittivity and thickness, tunnel junction doping profile abruptness,
silicon body thickness, gate oxide and contact alignment, device length, band gap at the tunnel
junction, and intrinsic region doping.  For all but the last parameter, the changes in on-current,
subthreshold swing, and gate threshold voltage were reported for variations around a target value.
The on-current values changed more drastically than swing and VT. 

• Discussion of parameter fluctuation results (Section 6.4)
This section analyzed the magnitude of characteristic fluctuations due to parameter variations, and
put the parameters into categories depending on the size and nature of the sensitivity of the
characteristics.  In the first category, the parameters that always had a large influence on
characteristics were the dielectric permittivity and thickness, the junction width at the tunnel
junction, and band gap at the tunnel junction.  In the second category, the parameters that had a large
influence on characteristics in some range of values, and little influence in another range of values,
were oxide alignment at the tunnel junction, silicon body thickness, and gate length.  In the third
category, the parameter that had little effect on characteristics was intrinsic region doping level.
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The demonstration of additive boosters, and the parameter variation study and its analysis represent
original contributions.

• Comparison with conventional silicon MOSFETs (Section 6.5)
Comparing the sensitivity of Tunnel FETs to parameter variation with that of conventional
MOSFETs, it was found that Tunnel FETs show higher sensitivity to changes in gate oxide thickness
and body thickness.  For comparable variations in body thickness, Tunnel FET on-current varied 1 to
2 orders of magnitude more than MOSFET on-current.  For comparable variations in effective oxide
thickness, Tunnel FET threshold voltage, subthreshold swing, and on-current all showed 1 to 2
orders of magnitude more sensitivity than those same parameters for conventional MOSFETs.  These
two parameters will thus require much tighter control during Tunnel FET fabrication than for
conventional CMOS fabrication. 
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7.1  Conclusion

Numerical simulations have proven to be an effective means to investigate Tunnel FET behavior and
the dependence of its static characteristics on changes in dimensions, doping, and other parameters.
The work presented here can be useful to other researchers who will be designing and fabricating
Tunnel FETs, and developing analytical and compact models for these devices.

The main accomplishments of this work can be summarized as follows:

• The optimization of the static characteristics of Tunnel FETs  by the variation of gate structure 
(single or double), source, drain, and intrinsic region doping levels, gate dielectric material, and 
silicon body thickness was carried out.  The resulting optimized device had a double gate, a high 
source doping and lower drain doping to suppress ambipolar behavior, a high-k dielectric, and a 
silicon body thickness of 10 nm.  

• An investigation of band gap reduction at the tunnel junction was performed.  The best character-
istics were attained when band gap was small at the junction where tunneling takes place so that 
on-current was improved, and large at the other (drain-side) junction so that off-current stayed 
low.

• A new threshold voltage extraction technique for Tunnel FETs was proposed, in which the 
transconductance method pinpoints the voltage at which a transition takes place between strong 
and weak control of the tunneling energy barrier width, and therefore the on-current, by the 
applied bias.  Using this technique, the threshold voltage has a physical meaning, and it marks the 
transition between a quasi-exponential and a linear dependence of drain current on applied volt-
age.

• Two threshold voltages were identified in Tunnel FETs, one in relation to the gate voltage, and 
the second in relation to the drain voltage.  It was found that each of these threshold voltages 
depends upon the bias applied to the opposite terminal; drain threshold voltage depends upon the 
applied gate-source voltage, and gate threshold voltage depends upon the applied drain-source 
voltage.

• A detailed study of the length scaling of Tunnel FETs was conducted, in which all other parame-
ters stayed constant.  It was shown that Tunnel FETs are immune to the effects of length scaling, 
with two exceptions.  The first is not of large concern for advanced device designers; with long 
devices (around 1 μm or more) on-current is degraded by a few percent by the resistance of the 
intrinsic region.  The second is very important for devices that need to be compatible with highly-
scaled CMOS.  The leakage current in highly-scaled Tunnel FETs is a serious issue, and it seems 
that a critical gate length on the order of 10 to 20 nm exists, below which p-i-n leakage degrades 
the off-current significantly.  

• Supply voltage scaling was investigated.  One important finding was that the scaling of the effec-
tive oxide thickness was a possibility for keeping on-current constant when reducing VDD.

• Finally, a parameter variation study was carried out, looking at the effects on important static 
characteristics:  on-current, threshold voltage, and subthreshold swing.  The most important find-
ing was that gate dielectric thickness and dielectric constant, silicon body thickness, and tunnel 
junction doping profile abruptness are the parameters whose tight control is the most critical dur-
ing Tunnel FET fabrication.  In addition, above the critical gate length at which p-i-n leakage 
becomes a concern, gate length variations cause almost no fluctuation in characteristics, unlike 
the case for conventional MOSFETs.
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7.2  Perspectives

Since the beginning of this thesis work in early 2005, the progress made with Tunnel FETs has come
a long way.  Referring back to the state-of-the-art in Chapter 2, it can be seen that the majority of
Tunnel FET work has been done in the past few years.  I spent the first few years of my thesis work
waiting for fabricated devices and experimental results.  Now many have started to appear in the
literature, but there is still much progress to be made in terms of optimization to achieve superior
device characteristics.

This perspectives section is broken down into two parts:  first more generally, the progress still to be
made on the subject of Tunnel FETs, and then more specifically, further work that could be carried
out as a continuation of what I have begun here.

General Tunnel FET future work:  As already mentioned, the biggest future challenge is to
successfully design and fabricate fully-optimized Tunnel FETs of both n-type and p-type, that show
low off-currents beyond what is possible for conventional MOSFETs, high on-currents, and average
subthreshold swings of less than 60 mV/decade at room temperature.  I believe that all-silicon
Tunnel FETs will only be appropriate for specialized applications in which on-current can be low,
due to the band-to-band tunneling barrier which, in series with a MOSFET-like channel, will always
limit the on-current.  If Tunnel FETs are to be used as a conventional MOSFET replacement, the on-
current must be boosted to ITRS roadmap levels by some technique that reduces the band gap at the
tunnel junction.  A lateral strain profile, as presented in Chapter 3, is one possibility, but the
maximum reported stress levels (see Chapter 3 bibliography) only correspond to a band gap
reduction to about 0.9 eV, whereas germanium has a band gap of around 0.67 eV.  Although the
fabrication of low-defect heterojunctions will offer a new set of challenges to device engineers, I
believe that their development is essential to the future of high-performance Tunnel FETs.

Further work will also be necessary in order to develop accurate analytical and compact models for
Tunnel FETs.  Although some work has been done in these areas, the theoretical framework which
will allow experimental data to be fitted has not yet been developed.  As will be shown in the
appendix, even the non-local models of well-known device simulation tools such as Silvaco Atlas
need to be improved if they are to be used to accurately fit experimental Tunnel FET data.  More
calibration and tuning of the models is required, and will become possible once more experimental
data is available.

As a next step, a better understanding of the dynamic characteristics of Tunnel FETs are also
necessary.  AC simulations were originally intended to be part of this thesis work, but unfortunately,
this was not possible due to software limitations.

Continuation of this work:  There are several topics presented in this thesis which still have some
open points, or certain aspects that are not fully understood.  These points need further study.

One of these topics is the dependence of static characteristics on very small silicon film thickness, as
in ultra-thin body (UTB) devices.  In Chapter 3, the on-current was seen to have a maximum at some
small body thickness on the order of 7 nm.  The reason for the decrease in on-current with smaller tSi
was hypothesized to be the limited volume available for current flow, but this should be studied
further to be fully understood.  Once again, more experimental data is necessary in order to allow the
calibration of the device simulation tools.  Then it will be possible to discover whether the optimum
silicon film thickness is an artifact coming from the limitations of the simulator, or a real physical
phenomenon in ultra-thin structures.

In Chapter 6, it was mentioned that in very small nanowires, the electrostatic gate control is
increased, which should improve device characteristics, but that the small dimensions lead to a larger
band gap which would have a negative effect on Tunnel FET on-current.  The interaction of these
advantageous and disadvantageous effects in small nanowires deserves more investigation,
especially if the goal is to build 1D Tunnel FETs that operate at the quantum capacitance limit, as
described in [1] and recommended in [2].
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Finally, one last important point is the current state of device simulators.  When I began this thesis,
there was no non-local band-to-band tunneling model in Silvaco Atlas.  It was added in 2006, and
continues to be improved.  For novel devices such as Tunnel FETs, it would be extremely
advantageous to have a close interaction between the developers of the simulation tools, and the
researchers producing the experimental data.  Then it will become possible for the simulators to go
beyond predicting trends, and give accurate estimations of on-current and other important device
characteristics.  

I am convinced that once Tunnel FETs have been investigated and developed more fully, and once p-
and n-type Tunnel FETs with highly optimized characteristics have been fabricated, that these
promising devices will live up to their potential.  I am optimistic that these devices, or some variation
upon them, will bring lower power consumption and better energy-efficiency to computers,
appliances, and devices everywhere.
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APPENDIX: MODELS, MESHING, AND 
CALIBRATION

This appendix describes the models and meshing used in the simulations presented in this thesis, and
the efforts made to fit experimental data using the non-local band-to-band tunneling (BTBT) model
in Silvaco Atlas.  

A.1  Silvaco Atlas models

All equations cited in this section come directly from [1].

A.1.1  Non-local band-to-band tunneling model
All band-to-band tunneling was simulated using the non-local BTB tunneling model in Silvaco
Atlas.  This model requires a special mesh to be applied around the area where the tunneling can take
place.  The energy bands are calculated as shown in Fig. A.1, and each energy in the allowed range
shown in the figure is considered, and start- and end-positions for tunneling are determined for each
energy.  For an electron that has an energy between E – ΔE/2 and E + ΔE/2 (where ΔΕ is a small
energy increment), the contribution to the BTBT current is

                

Here, T(E) is the tunneling probability, EFl and EFr are the Fermi levels shown in Fig. A.1, and
                

Figure A.1: Band diagram for calculating band-to-band tunneling current, from [1].

The tunneling probability T(E) is calculated with a two-band approximation for the evanescent
wavevector, given by
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with                

and                

A carefully-applied WKB method is used to calculate the tunneling probability.  The density of states
effective masses are used for the conduction and valence bands.  The electron and hole masses used
everywhere in this thesis were the values given by Silvaco in example band-to-band tunneling files:
me = 0.20 and mh = 0.34.  These masses were changed (made slightly heavier) only here in this
appendix when attempting to fit experimental data.

Section A.4 of this appendix will show that the magnitude of the band-to-band tunneling current for
this non-local model is not well-calibrated to experimental data and is probably too high.  The
general IDS-VGS and IDS-VDS curve shapes are correct, however, as seen by comparisons with
experimental data.  The relative trends and dependencies on variations in device dimensions and
parameters also appear to be dependable, as confirmed in part by agreement with general band-to-
band tunneling equations, as was shown in Figs. 3.9 and 3.15.  

A.1.2  Bandgap narrowing
Silvaco Atlas uses a bandgap narrowing model from Slotboom and de Graaf [2] when doping
concentrations are high, which reduces the band gap by lowering the conduction band and raising the
valence band by the same amount.

The equation used is
                

for which all simulations presented here used the default values for the variables:  
BGN.E = 9.0 x 10-3, BGN.N = 1.0 x 1017, and BGN.C = 0.9.

A.1.3  Quantum model
This model uses a density gradient to simulate the effects of quantum confinement in thin material
layers.  When this model is used, the standard equation for electron current,                 

(2.3)

(2.4)

. (2.5)

(2.1)

(2.1)

22
he

he

kk
kkk
+

=

)(21
0 cee EEmm

i
k −=

h

)(21
0 EEmm

i
k vhh −=

h

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥⎦
⎤

⎢⎣
⎡ ++=Δ

5.0
2 .)

.
(ln

.
ln. CBGN

NBGN
N

NBGN
NEBGNEg

))(ln( ieLnnnn nkTnqnnqDJ ∇−∇−∇= μψμ



Device structure and meshing 123

is slightly modified to become                

where Λ is a quantum correction potential.  The same modification is made to the hole current
equation.

Quantum confinement should also increase the band gap of the material, but this effect is not
included in Silvaco Atlas’ Quantum model.

A.2  Device structure and meshing

Fig. A.2 shows an annotated version of a typical device structure simulated in Silvaco Atlas, along
with its mesh lines.  The device shown here has an intrinsic region length of 50 nm.  The gate
dielectric covers the drain, i-region, and source in the example shown here, and the gate contact is
aligned to the intrinsic region.  Although only one gate dielectric and one gate contact are shown
here, this simulation is for a double-gate device, since the bottom boundary of the device is treated as
reflective, as it would be in a perfectly symmetric structure where the bottom boundary of Fig. A.2 is
actually the horizontal center line in a double-gate Tunnel FET.  (Multiple simulations confirmed
that the results are the same for this device, mirrored and with current multiplied by two, as for a
fully-simulated double-gate device.)

Figure A.2: One example of the Tunnel FET device structure simulated in Silvaco Atlas for this
thesis, with its mesh lines.  Half of a double-gate device was simulated to save on simulation time.
For this device, L = 50 nm, tSi = 10 nm (the upper 5 nm of which are shown here), and tox = 3 nm.

Fig. A.2 shows that the meshing was fine at the tunnel junction (0.5 nm, vertically) and in the gate
dielectric (0.25, horizontally).  If the mesh were changed to be less fine in those two critical areas, the
resulting characteristics would be affected, as shown in Fig. A.3, where the dashed curves only have
a meshing spacing of 1 nm at the tunnel junction and within the gate dielectric.  The logarithmic
scale (left axis) shows that some of the resolution in the off-region is lost with a less fine mesh, and
the linear scale (right axis) shows that on-current is underestimated with a less fine mesh.

(2.2)))(ln()( ieLnnnn nkTnqnnqDJ ∇−Λ−∇−∇= μψμ
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Figure A.3: Transfer characteristics of the Tunnel FET shown in Fig. 2, with the standard mesh
(solid lines) and a less fine mesh where the minimum mesh spacing is 1 nm (dashed lines), showing
the effects of meshing on off-current and on-current.  VDS = 1 V.

A.3  IBM diodes for calibration

The first attempt made to check the accuracy of Silvaco Atlas’ non-local band-to-band tunneling
model was with p-n diodes fabricated by IBM in New York [3].  They had published a graph with
current vs. barrier width, which should in theory make calibration easy, since it is possible to
measure the barrier width in simulated Tunnel FETs using device cross sections at particular applied
voltages, and to know what drain current flows at those voltages.  Fig. A.4 shows the result, where
the symbols near the top right are the Silvaco Atlas simulation results using the non-local BTBT
model, and the bold black symbols and lines are from the article.

Figure A.4: Current vs. tunneling energy barrier width for IBM diodes from [3], and from Silvaco
Atlas simulations.  The simulations show the results for Tunnel FETs with four different gate
dielectric constants.

From Fig. A.4, Silvaco Atlas seems to overestimate the band-to-band tunneling current by two to
four orders of magnitude.  There were, however, several problems with this comparison, making it
hard to know by exactly how much the current is overestimated.  First, the article reports the current
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as a current density in A/cm2, and in their devices, tunneling took place perpendicularly to the silicon
wafer surface.  Their device schematic is shown in Fig. A.5.  In the simulations, the current is in A/
μm, and tunneling takes place in a small area under the gate dielectric in a direction parallel to the
wafer surface.  Some of the problems were summarized in an email from Stephen Wilson, an
engineer at Silvaco:

“It seems that you have used tSi = 10 nm for converting your data.  But a look at the actual injected
tunnel current densities shows it to be localised near to the oxide.  Because the process is highly non-
linear, expecting averages to agree is not a realistic assumption. In addition, although Solomon
claims that the current density for large currents is not dependent on the details of the doping process,
a p-i-n doping profile like yours may give a different result to the p-n profiles in the reference. This is
because the tunnelling current is calculated from the product of statistical factor and transmission
probability over the range of energies.  The different profile may mean that the shortest tunnelling
distance may have a different statistical factor, and so a comparison is not really possible.”

Since a direct comparison is not easy to make, it is not possible to know by how much the non-local
BTBT model over-estimates Tunnel FET on-current.  As mentioned in Chapter 7, this points again to
the fact that it is necessary for simulator developers and experimentalists to work together closely in
order to create calibrated simulation models.

Figure A.5: Device schematic for diodes measured in [3].

A.4  Fitting Tunnel FET data

Knowing that the current tended to be overestimated, the electron and hole masses were changed for
the simulations reported in this section.  Instead of using the masses given in section A.1.1, the
values me = 0.265 and mh = 0.563 were used, which are the default electron and hole masses in the
Sentaurus device simulator, and are slightly larger than those used elsewhere in this thesis.

The first attempt to fit Tunnel FET data used the results from Sandow et al. [4].  The results of this
attempt, using the non-local BTBT model as described in section A.1.1, were not better than those
for the diode fitting.  The all-silicon p-type Tunnel FETs were in a 20-nm thick SOI layer, with a
source and drain doped at 1.94 x 1020 atoms/cm3, and a doping abruptness of 3 nm/decade at the
tunnel junction.  One simplification was made in order to facilitate simulation convergence:  a device
length of 200 nm rather than 2 μm was simulated, which is expected to lower on-current at VGmax,
but should otherwise not change device characteristics, as shown in Chapter 5.  
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Figure A.6: Absolute value of drain (and gate) current, vs. gate voltage, from experimental devices
in [4], and using five different band-to-band tunneling models in Silvaco Atlas.

The experimental (dots) and simulated (lines) IDS-VGS curves are shown in Fig. A.6, using not only
the non-local model used in the rest of this thesis, but also four other local models provided in
Silvaco Atlas, described in section A.5.  Since tunneling is inherently a non-local process which
depends upon the energy barrier width and the available energy states on either side of that barrier,
the local models which depend instead upon the magnitude of the electric field at each mesh point
should not give physically realistic results.  Probably by chance then, the Klaassen local model gave
the closest fit to the experimental results, while the non-local model had a turn-on which happened at
a much more negative gate voltage, and showed a subthreshold swing which was much better than
the experimental one.  Coincidentally, the maximum on-current value shown in Fig. A.6 was similar
to that of the experimental data, but only because of the voltage range presented here.  A second
attempt to fit experimental data was made for the all-silicon p-type Tunnel FETs from LETI,
presented in [5].  The results are shown in Fig. A.7.  Once again, the non-local model had a turn-on
point at a much more negative gate voltage, and the subthreshold swing was again too small, which
resulted in an on-current (at VGS = -2.5 V) that was more than three orders of magnitude too high.

Figure A.7: Absolute value of drain current, vs. gate voltage, for experimental p-type Tunnel FETs
from [5], and from five different BTBT models in Silvaco Atlas.

These failed attempts to fit experimental data show the shortcomings of the non-local band-to-band
tunneling model in Silvaco Atlas.  The only parameters which can be adjusted in the model are the
electron and hole masses, and when they are kept within a realistic range, the simulation results do
not fit the experimental data any better than what has been presented in this appendix.  It would be
advantageous to have good all-silicon n-type Tunnel FET experimental data to fit, but such is not the
case at  the present time.  P-type Tunnel FETs are easier to fabricate because it is easier to make a
very abrupt junction with arsenic than with boron, due to the high diffusion rates of boron, and as a
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consequence, good all-silicon n-type Tunnel FET data has not been found.  The late turn-on is seen
only for p-type devices with Silvaco Atlas’ non-local model.  As can be seen elsewhere in this thesis,
n-type Tunnel FETs turn on between about 0 and 0.5 V, in general, depending on the device design.

After the experience of using Silvaco Atlas for five years, I believe that the non-local BTBT model
gives good relative results when parameters are varied.  For example, when the gate dielectric
constant is changed, we can get an idea of how much the on-current will change relative to some
reference device.  On the other hand, the absolute values of on-current, subthreshold swing, and
threshold voltage, are not calibrated.  The on-current could be mis-estimated by two or more orders
of magnitude.  This is an understandable situation when simulating emerging devices, that for the
moment still lack the adequate experimental data necessary to calibrate these tools.

A.5  Local band-to-band tunneling models

These local models were used only in this appendix, and nowhere else in the thesis.  They were used
during attempts to fit experimental data with the band-to-band tunneling models provided in Silvaco
Atlas. In general, local BTBT models are not the best choice for simulations, since band-to-band
tunneling is inherently a non-local process which depends upon the tunneling barrier width and the
availability of states on either side of the barrier.  Local models do not take barrier width and
available states into consideration, but instead depend upon an approximation of tunneling current
based on the electric field at each mesh point.

There are four local band-to-band tunneling models in Silvaco Atlas.  The general equation, used by
all four of these local models, is 

where E is the electric field.  The other variables are defined depending upon which model is chosen.

For the standard model, BBT.STD, the variables are BB.A = 9.6615 x 1018, BB.B = 3.0 x 107 V/cm,
and BB.GAMMA = 2.0.  This model should be used for materials with a direct band gap.

For the Klaassen model, BBT.KL, the variables are BB.A = 4.00 x 1014, BB.B = 1.9 x 107 V/cm, and
BB.GAMMA = 2.5.  This model should be used for materials with an indirect band gap.

For the AUTOBBT model, the variables are calculated as

and

and then BB.GAMMA = 2.  Here, q is the charge of an electron, h is Planck’s constant, EG300 is the
band gap at room temperature, m0 is the rest mass of the electron, and MASS.TUNNEL is the
effective mass of the electron.

Another variation of the basic equation is possible using the Hurkx model, BBT.HURKX.  Then the
general model has one additional factor called D [6], expressed as
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where φn and φp are the quasi-Fermi levels for the electrons and the holes, respectively, and ψ is the
electrostatic potential.
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