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ABSTRACT

CMOS device scaling faced several fundamental limits as transistor gate length is
reduced towards sub-10 nm regime. The conventional Metal-Oxide-Semiconductor
Field Effect Transistor (MOSFET)’s subthreshold swing has a limit of 60 mV/decade.
This thermal limit has slowed down supply voltage scaling. As a result, power
density in modern integrated circuits (ICs) has been increased a lot. New device
concepts which can overcome the thermal limit on subthreshold swing have attracted
a lot of research interest. Tunneling field effect transistor (TFET or Tunneling FET)
is one of the device concepts which can potentially break the 60 mV/decade thermal

limit, achieving very abrupt subthreshold swing.

In this study, both experimental and simulation studies of the tunneling FET were

carried out.

Important process parameters for fabrication were studied. In order to improve
tunneling FET device performance, thin Equivalent Oxide thickness (EOT) with low
gate leakage current and abrupt doping profile with degenerated doping concentration
should be achieved. High-k metal gate SiGe tunneling FET were fabricated and
measured. The potential application of dopant segregation technique in fabrication of
tunneling FET was also discussed. Tunneling FET device with dopant segregated

source was fabricated and characterized.

A non-local band to band tunneling algorithm was developed. This algorithm was
shown to be useful in tunneling FET simulation. Tunneling FET variability study was
carried out based on this algorithm. Tunneling FET performance was found to have
little dependence on doping concentration variation. However, it was found to be

iv



very sensitive to EOT variation and tunneling junction position variation. In order to
achieve consistent TFET device performance, very stringent process control is

required.

In summary, the TFET device is an attractive device candidate to succeed CMOS
technology. However, experimental realization of tunneling FET is very challenging,
and is due to the requirement of tight fabrication requirement and stringent process

control.
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Chapter 1

Introduction

1.1 MOSFET scaling in the semiconductor industry

The semiconductor industry developed rapidly over the past half a century,
since the invention of integrated circuits (ICs) in the 1950s. The Metal-Oxide-
Semiconductor Field Effect Transistor (MOSFET) is the most important building
block of modern high-density IC. MOSFET or device scaling plays an important
role in the rapid development of the semiconductor industry. Some early small-
scale integrated circuits consist of as few as two transistors each, forming a simple
logic gate. Today, an advanced Ultra-Large-Scale-1C (ULSI) such as a Central
Processing Unit or a Graphics Processor Unit consists of billions of transistors.
Device scaling allows for more devices and/or functions to be integrated into a
single chip with a given silicon area, or allows the same number of devices or a
given function to be realized on a chip with a smaller silicon area. Cost per
device and/or per function has been greatly reduced, which is one of the root

reasons for the widespread adoption of electronic devices.

Gordon Moore, co-founder of Intel cooperation, made an observation in
1965 which is now known as the “Moore’s Law” [1.1]. It states that the number
of transistors being integrated into 1Cs will increase exponentially, doubling every

2 years.



The numbers of MOSFETSs integrated into various Central Processing
Units (CPUs) followed Moore’s Law for the past few decades. The number of
transistors in a single IC has increased by more than 6 orders of magnitude over
the last 40 years. These numbers are plotted in Figure 1.1(a). The dashed line
here shows the prediction by Moore’s Law, based on data from the 1970’s. Figure
1.1(b) shows the reduction in cost of semiconductor transistors. More than 100
times reduction in the cost per transistor was achieved in the past 20 years.
MOSFETSs have also been greatly miniaturized. In year 2009, the most advanced
technology generation in mass production in the semiconductor has reached the 32

nm technology node, where the gate length is about 25 nm.

Device scaling also leads to shorter gate delay due to an increase in
MOSFET drive current with gate length reduction. A shorter gate delay enables a
high switching frequency in logic operations. However, as the number of
transistors and the operation frequency are increased, the operation power was
also greatly increased. The dynamic power Pgy, and standby power Psiandny Per

device can be described by the following equations:

Payn = f X C x Ve, Equation 1.1

Pstandoy = W X loft X Vaq, Equation 1.2

where f is the device operation frequency, C is the device load capacitance, W is

the device width, lo is the off-state leakage current, and Vyq is the supply voltage.
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Figure 1.1 (a) Transistor count in CPUs and prediction by Moore’s law. (b) The reduction of cost
per transistor in IC manufacturing [1.2].

It is noted that the power consumption for modern ICs needs to be
maintained at an acceptable or a sufficiently low level. This is especially
important for mobile electronic devices, such as laptop computers, mobile phones

and other handheld devices, from both energy consumption and device thermal



management considerations. With the number of transistors integrated on a single
IC increasing, Equation 1.1 and Equation 1.2 indicate that the supply voltage Vqq
has to be scaled down accordingly to achieve this target. Table 1.1 shows the
supply voltage in the recent technology nodes (up to 32-nm node) as well as the
prediction beyond the 32 nm node from International Technology Roadmap for
Semiconductors (ITRS). It can be seen that the voltage scaling rule has not been

followed since the 90 nm node.

This recent slowdown in voltage scaling is attributed to one fundamental
limit of conventional MOSFETS, i.e. the 60 mV/decade subthreshold swing at
room temperature. This limit originates from the fundamental physics of
operation of a MOSFET, which will be described in detail in Section 1.2. As a
result of this fundamental limit, the power density in modern micro-processor
chips has been increasing rapidly with increase in operation frequency. The
standby power which is proportional to the off-state leakage current is taking up a

larger portion of the total power consumption in modern ICs.

Table 1.1. History of Vg4 scaling and ITRS Projection for High Performance (HP) MOSFETS [1.3].

Node | 250 180 130 90 65 45 32 22 14
(nm)

Vg |25 18 13 12 11 1.0 0.9 0.8 0.65
V)




1.2 Conventional MOSFETSs and Their Limits

Figure 1.2 shows a typical n-channel MOSFET (NMOSFET) having
heavily doped n-type source and drain regions separated by a p-type channel. In
the NMOSFET, the on-state source-to-drain current Ipg is carried by electrons
injected from the source to the inversion layer, which flows to the drain (Fig. 1.2,
bottom). It should be noted that the energy distribution of electrons in the

conduction band in the source follows the Fermi-Dirac distribution.

As the NMOSFET is turned off with a reduction in Vgs, the total number
of electrons which can be injected from the source to the channel is reduced
exponentially. This leads to an exponential decrease in Ips with a linear reduction
in Vgs. This region of the Ips-Vgs curve is known as the subthreshold region. A
parameter called the subthreshold swing S (in units of mV/decade) is defined as

the change in Vgs needed to change Ips by an order of magnitude.

Of the many transistor performance parameters, the subthreshold swing is
an important factor that affects Vqq scaling, given the required on-state current Iq,
and off-state current l. A device with a smaller or steeper S would have its Ips
modulated over orders of magnitude with a smaller change in Vgs. In a device
with a smaller S, a lower Vy4q would be sufficient for device operation for a given
lon and los requirement. This leads to a smaller power consumption when operated
in the same operation frequency. Alternatively, for the same Vyq, a device with a
smaller S would achieve a lower I for a given lo,. Both dynamic power and

standby power consumption can thus be reduced.
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Figure 1.2. A typical n-MOSFET structure is shown at the top. Its energy band diagram along a
horizontal line from the source to the drain is illustrated for a device in the off-state (i.e. Vgs < Vin,
middle) and in the on-state (i.e. Vgs > Vi, bottom), for a given Vps.

The subthreshold swing of a conventional MOSFET can be derived as [1.4]

S = Inle(k—zj(WJ , Equation 1.3
q

ox
where k is Boltzmann constant, T is the temperature, q is the unit charge, Co is the
gate oxide capacitance, Cq is the depletion capacitance, and C;; is the capacitance
associated with interface-trap density. In the ideal condition where Cox dominates
over all other capacitances, the S of a conventional MOSFET would be as small as

about 60 mV/decade (In10xkT/q) at room temperature (300 K). This value marks
6



the smallest S achievable for a conventional MOSFET. Thus, S of conventional

MOSFETs is confined by the thermal limit ofkT /q. For a given an on-state

leakage current requirement, voltage scaling of 0.2 VV would increase the off-state
current by more than 3 orders of magnitude. In order to support the voltage
scaling requirement and to reduce the power consumption, new device concepts

that can overcome the thermal limit of 60 mV/decade are required.

Such a concept is illustrated in Figure 1.3. A transistor with a steeper S
allows for transition from the on to the off states over a smaller Vgs change,
keeping the same l,n/lof current ratio. Such devices are potentially useful in both

Low Power (LP) and High Performance (HP) applications.

I (a.u.)‘

Steeper SS

”

Voltage (V)

Figure 1.3. Transistor with steeper S allows for a sharper transition between the on- and off- states,
i.e. over a smaller Vgs change. The lo/log current ratio is kept the same.

ViV,




1.3 Device Concepts For Devices With Steep Subthreshold Swing

Conventional MOSFETS cannot overcome the kT/q thermal limit. Several
new device concepts which would allow steep subthreshold swings to be realized
have been proposed. The most promising device concepts which has attracted
much research attention in recent years are the impact-ionization MOS transistor

(I-MOS) and the Tunneling Field Effect Transistor (TFET or tunneling FET).

The 1-MOS transistor utilizes the phenomenon of impact ionization to
achieve a very steep subthreshold swing. This concept was initially proposed in
year 2002 [1.5]. A very abrupt turn-on had been observed through experimental
demonstrations, and confirmed or explained with simulations. However, the
supply voltage required for operation of such a device remains very high, due to
the high electric field required for impact ionization to occur [1.5], [1.6]. Such a
requirement restricts its application in modern ICs. Besides the high supply
voltage required, there is another major drawback of the I-MQOS transistor. As it
makes use of the impact-ionization phenomenon, a large number of hot carriers
are produced during the device turn-on, and this leads to poor reliability [1.5].
Generally, the poor device reliability hinders the application of the I-MOS

transistor.

The Tunneling field effect transistor (TFET) is another device concept that
can realize sub-60 mV/decade subthreshold swing. Such a device concept has
been proposed as early as the 1990s [1.7]-[1.9]. The basic structure of such a
device is a gated p-i-n diode, where the p-i-n region can be oriented either

vertically or laterally. A typical lateral structure is as shown in Figure 1.4. In an-



channel tunneling FET (N-TFET), the p* source is grounded and the n* drain is
positively biased. In the off-state where Vgs = 0 or Vgs < Vy, the tunneling FET
resembles a reverse-biased p-i-n diode, and an extremely low off-state current
flows. Such a low off-state current has been verified both through simulations

[1.10]-[1.13] and experiments [1.9], [1.14].

A positive gate voltage is applied to the gate to turn the N-TFET on.
Under this bias condition, a high electric field would be induced near the source to
channel junction. The tunneling barrier width Wy,n.e between conduction band of
the channel side and valence band of the source side would be narrowed down as
shown in Figure 1.4. According to quantum mechanics, significant band-to-band
tunneling across this barrier could occur when the barrier becomes sufficiently
thin, e.g. several nanometers. The valence band electrons from the p* doped
source could tunnel through the barrier into the conduction band in the channel.
This leads to an on-state current flowing between the source and the drain. A
schematic showing the N-TFET structure and operation mechanism is depicted in
Figure 1.4. In the off-state, the tunneling barrier width Winner is large (typically
larger than 5 nm), and negligible band-to-band tunneling is expected; only
thermally generated leakage current in the reverse-biased p-i-n diode makes up the

off-state current. This leakage current is extremely small.

Due to the band-to-band tunneling nature of the current conduction, the S
value of a tunneling FET is not subjected to the 60 mV/decade thermal limit like

the conventional complementary MOSFETs (CMOSFETs or CMOS).



Source

Substrate Intrinsic

Wil

Figure 1.4. Device structure for a typical N-TFET (top) and the band diagram for such a device in
Off (middle) and On (bottom) state. The tunneling barrier width Wy can be modulated by the
gate voltage, and turn on or off the device.

Two different device structures or configurations for TFET had been

proposed and investigated, each of which has their own advantages and limitations.

The p-i-n structure can be arranged vertically on the substrate [1.15]-[1.18].
Such a structure allows for easier source/channel material engineering using
advanced epitaxial growth techniques that are currently available. Hetero-junction

TFET had been proposed for device performance enhancement [1.19]-[1.20] by

10



optimal choice of source and channel materials with favorable band alignment for
band-to-band tunneling to occur. However, the process flow is not very
compatible with conventional CMOS technology, and a new process flow needs to

be developed and optimized.

The lateral p-i-n TFET is the other structure which has attracted a lot of
research interest. Such a structure can be formed using a layout that is compatible
with conventional CMOSFET technology. The additional masking steps for the
formation of source/drain with opposite doping types mark the difference between
the TFET and the conventional MOSFET. The lateral TFET structure is not self-

aligned, and this might affect the ease of integrating nanoscale lateral TFETS .
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1.4 Objective of research and outline of the thesis

This thesis is aimed at the study of TFET characteristics through both
experiments and simulation. In this study, fabrication of lateral TFETs was
carried out. Fabricated devices were physically and electrically characterized and
analyzed. Besides an experimental study of TFET, a more physical and accurate
band-to-band tunneling simulator was also developed. Using this simulator,
TFET characteristics were simulated and analyzed, focusing on the impact of
process-related variations on device performance. Based on this study, a
summary will be given, discussing the future of the lateral TFET and its prospect

for application in the semiconductor industry.

The thesis is organized as follows:

In Chapter 1, an introduction on the background of tunneling FET research
is given. MOSFET scaling and fundamental limits of conventional CMOSFET
are briefly discussed. Novel device concepts that enable the achievement of sub-

60 mV/decade subthreshold swing are reviewed.

Chapter 2 documents the experimental findings of this research. Key
challenges in the fabrication of tunneling FET with good device performance will
be reviewed through a simulation study. A few experimental attempts were made
to realize a TFETs. Experimental results will be presented, followed by a

discussion.

12



Chapter 3 focuses on a simulation study of the TFET. A new physical and
robust non-local band to band tunneling simulation algorithm was developed and
tested on TFET structures. Using this algorithm, TFET performance variation due
to process variations was studied. The results will be presented and discussed in

this chapter.

Based on the experiment and simulation study of the tunneling FET device

presented, a summary will be given in Chapter 4. Recommendations on future

study of TFET will be provided.
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Chapter 2
Experimental Study of Tunneling Field Effect

Transistors

This chapter documents the experimental study on the fabrication of
tunneling field effect transistors (TFETs or tunneling FETs), performed in the
Silicon Nano Device Lab (SNDL) and the Institute of Microelectronics (IME).
The fabrication of TFETSs involves integration of advanced process modules such
as metal-gate, high-k dielectric formation. Key process requirements for
successful fabrication of tunneling FETs will be highlighted, supported with

simulation results. The integration process will also be presented and discussed.

The TFET possesses good performance characteristics in terms of low off-
state leakage current and steep subthreshold swing (S), as discussed in Chapter 1.
Although simulation shows that sub-60 mV/decade swing can be easily achieved
with a well-designed device structure, experimental realization is very challenging.
Subthreshold swing values of up to a few hundred mV per decade have been

reported in several experimental studies [2.1], [2.2].

Two different TFET structures have attracted much research interest in
experimental studies in the past few years. The two structures differ from each

other in the orientation of how the gated p-i-n diode is being laid on the substrate.
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P+ Source

N+ Drain

P+ Source N+ Drain

Substrate Substrate

Figure 2.1. Schematic of a typical vertical tunneling FET (left) and a lateral tunneling FET (right).

The p-i-n diode can either be laid vertically or laterally, as shown in Figure 2.1.

Each of the two structures has its own advantages and intrinsic drawbacks.

The vertical structure allows easy integration of semiconductor hetero-
structures designed for optimal band-to-band tunneling. Studies were carried out
to investigate the potential of using Ge/Si or InGaAs/Si [2.3], [2.4] hetero-
tunneling junction in TFETs to boost the drive current and to reduce the
subthreshold swing. Advanced material growth techniques would greatly help in
realizing such hetero-structures in a vertically stacked p-i-n structure. However,
the process for making a vertical tunneling FET is not easily integrated with a
conventional CMOS process. A new process flow for forming a vertical tunneling
FET structure together with CMOS needs to be developed and optimized. It is
anticipated that TFET may replace the CMOS core logic devices, while the
input/output (I/O) devices in an integrated circuit may still comprise CMOS

devices.

The lateral tunneling FET structure is more process-compatible with the

conventional CMOS process flow. In fact, the tunneling FET process flow can be

17



modified from the standard MOSFET process flow by addition of two more mask
layers. Each of the two mask layers either masks the source or the drain region,
such that different doping types can be introduced into the source and drain

regions.

In view of the process-compatibility with conventional CMOS, the lateral

tunneling FET structure was chosen for device fabrication in this work.
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Active area definition
Gate stack formation

Source LDD implantation

Drain LDD implantation

Spacer formation

Source implantation

Drain implantation

Implantation activation

Contact formation

«—8—o0—6o0—6—60—o—6—0—

Figure 2.3. A simple process flow of a typical lateral TFET device process.

Gate stack (gate electrode on gate dielectric) would be formed. A layer of
hard mask (SiO;) would also be formed on the gate stack. Optical lithography and
dry etching would be performed to define the gate pattern. Implantation of the
source/drain region is not intrinsically self-aligned to the gate, and additional
masking steps for separate source/drain implantations are needed (Figure 2.2).
After gate pattern definition, source extension doping would be carried out with
drain side masked. Similarly, drain extension implantation would be carried out
with source side masked. Silicon nitride would be deposited using chemical vapor
deposition and dry-etched to form spacers. Two more masking and implantation
steps would be carried out on the source and drain separately, to form the heavily

doped source/drain.
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Activation would be carried out after the gate hard mask was removed.

Silicidation could be carried out for direct probing on the fabricated devices.

Alternatively, passivation layer and metal-1 layer could be deposited and

patterned for device protection and electrical measurement.

A more complete process flow is schematically depicted in Figure 2.4,

showing the key steps and the device cross-section in each step, corresponding to

the steps described above.

®  active Area Definition
Substrate
Substrate Substrate
® Source HDDimplantation @ Spacer formation @ Drain LDD implantation
Photo Resist (PR)
Phete Resist (PR) Cate
n-unl-m
Impiant

Source

&

- 1l

Substrate:

Substrate

Source

® DrainHDD implantation ~ @  Activation and HM

remaoval
Photo Resist (PR)

Contact formation
= and
= Characterization

Substrate

Substrate

Figure 2.4. Key process steps and the corresponding device cross-sections in a typical lateral
tunneling FET process flow.
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2.2 Key Process Challenges for Tunneling FET Fabrication

In order to achieve sub-60 mV/decade S in tunneling FETs, certain process
requirements need to be considered. These process requirements include
formation of abrupt doping profile for the source-to-channel junction and
achievement of thin Equivalent Oxide Thickness (EOT) for the gate dielectric.
Integration of tunneling-favorable junction is another important requirement. In a
tunneling-favorable junction, the material band gap alignment should enhance
band-to-band tunneling when a tunneling FET is turned on. By fulfilling the
abovementioned requirements, the band-to-band tunneling rate could be enhanced,

and the drive current could be increased.

The requirements will be discussed in the following sub-sections, mostly
through MEDICI simulations. MEDICI has its own limitations, as will be
discussed in Chapter 3. However, it is a readily available tool, and its results are
capable of providing useful design guidance. It was used in the preliminary study
of tunneling FETs. Base structure simulated is a SOI/SGOI TFET with a body

thickness of 40 nm and a gate length of 50 nm.

2.2.1 Doping Profile Requirement

Doping profile in the source side affects the electrical characteristics of
tunneling FETs. A higher source doping concentration is needed to achieve a
higher lateral electric field near the source side of the TFET and to give a lower
threshold voltage. The doping junction profile is also an important parameter.

Generally speaking, the more abrupt the source-to-channel doping profile, the
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better the performance of a TFET, in terms of both S and on-state current (lo,), as

will be shown in the next page.
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Figure 2.5. MEDICI simulation results of a typical TFET device, showing that the source-to-
channel junction abruptness affects the device performance in terms of S as well as l,,. Junction
abruptness of 1, 2, and 5 nm/decade gives S of ~28 mV/decade, ~27 mV/decade, and ~45
mV/decade, respectively.

MEDICI simulation was used to investigate the effect of junction
abruptness on TFET device performance. The Ip-Vg characteristics of TFET
devices with different source doping abruptness is shown in Figure 2.5. The
lateral doping abruptness is defined in terms of the change in the horizontal
distance needed for the doping concentration to change by ten times. With all
other device parameters set to the same values, the source doping abruptness was
varied from 5 nm/decade to 2 nm/decade and to 1 nm/decade. We can see that for
the device with a more abrupt source-to-channel junction, the threshold voltage is
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smaller. The threshold voltage was extracted by constant current method, with the
constant current set at 1 x 10* mA/um. The subthreshold slope is also steeper for
a device with more abrupt source doping. The steeper subthreshold slope gives a

smaller S value.

The simulation suggests that in order to realize TFET with smaller
subthreshold swing, the source-to-channel junction has to be kept as abrupt as
possible, preferably below 2 nm/decade. Advanced doping techniques, such as
ultra-low energy implantation or cluster ion implantation might need to be utilized
in order to form a shallow and abrupt junction. Advanced implantation with
dopant diffusion inhibitor might help in reducing dopant diffusion. For example,
carbon could inhibit boron diffusion in Si substrate and is a dopant diffusion

inhibitor [2.5].

The total thermal budget incurred in all process steps after source
implantation needs to be kept low and well controlled, such that dopant diffusion
can be minimized. Dopant activation in this work is typically carried out using
conventional rapid thermal processing (RTP) which tends to incur a high thermal
budget. Such an activation scheme would face the challenges in realizing an
abrupt junction. Advanced activation technology such as laser annealing and/or
flash anneal would help in realizing a box-like dopant profile [2.6], [2.7].
Epitaxial techniques with in situ doping capability would also reduce the thermal

budget required, and help achieve a box-like abrupt junction profile.
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2.2.2 EOT Requirement

The conventional MOSFET relies on the application of a gate voltage to
modulate the barrier height seen by carriers in the source, and to control the
carrier flow between source and drain. Similarly, in a TFET, the applied gate
voltage controls the tunneling barrier width through modulation of the channel
potential, and therefore controls the tunneling current from the source. In order
for steep subthreshold swing to be achieved in TFETs, effective gate-to-channel
coupling is crucial. The conduction band in the channel is to be pulled down
below the valence band in the source in order for band-to-band tunneling to occur.
The effectiveness of gate control of the channel potential determines the gate

control of the band-to-band tunneling rate.

The gate capacitance plays an important role in the operation of the
tunneling FET. A smaller gate dielectric thickness or EOT leads to a higher gate
capacitance, and therefore a stronger gate-to-channel potential coupling. However,
it has to be noted that gate leakage due to direct tunneling current through the gate
dielectric is higher for a thinner gate dielectric. A low off-state leakage current is
needed for tunneling FETs for low power consumption, and conventional silicon
oxynitride (SiON) gate dielectric with small physical thickness might not be
suitable as the gate leakage current may be excessive. The gate leakage current
can mask out the low source-to-drain leakage current of the reverse-biased p-i-n
diode in a TFET. In order to achieve a thin EOT while keeping the gate leakage
current low, a high-k material would be needed. For a given EOT, the physical

thickness of a gate dielectric layer will be thicker for a higher k value, as seen
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Figure 2.6. Effect of EOT on tunneling FET performance. It is observed that tunneling FETs with
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nm, 2 nm , 3 nm is 35mV/decade, 52 mV/decade and 73 mV/decade respectively, estimated over
the lowest 6 orders of current change.

from

K.
tHigh—;c = o XtSioz, Equation 2.1

Si0,
where « is the dielectric constant and t is the physical thickness of a dielectric
layer. A larger physical thickness would significantly reduce the gate tunneling

leakage current. A high « dielectric will be used in this work.

Figure 2.6 shows the effect of varying the EOT on the 1p-Vg characteristics
of a tunneling FET. This study was done using MEDICI simulation. It can be
observed that a smaller EOT will help in reducing the S and increasing the on-
state current. EOT below 2 nm would be required in realizing TFET device with

reasonable device performance.
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2.2.3 Material System Requirement
2.2.3.1 Small band gap material

For simplicity, Hurkx’s model [2.8] can be used for a qualitative analysis
of band-to-band tunneling. Hurkx’s model is a modified version of Kane’s model
[2.9]. In Hurkx’s model, the band-to-band generation rate can be expressed by

CBTBT

E3/2

g .

GBTBT = DtunneI.ABTBT' E]/z ‘eXp(—BBTBT E s Equatlon 2.2
g

where Ggrgr i1s the band-to-band generation rate, Dynnel 1S the tunneling factor that

takes into account the probability of having a filled state to tunnel from and an

empty state to tunnel to. Agrsr, Berer and Cgrer are material related parameters.

Eg 1s the material band gap. Diwnnel 1s typically expressed as follows:

! - ! Equation 2.3

unnel = s
E/ i —Er Eco—Eeo
1+ L L l+e 2.
exp { KT U kT

where Ey 1 and Erp1 are the valence band energy and hole Fermi energy on one

Dt

side of the tunnel barrier, and Ec» and Eg,; are the conduction band energy and

electron Fermi energy on the other side of the tunneling barrier.

It can be seen that the material band gap plays an important role in
determining the band-to-band generation rate. Utilizing a material with a smaller
band gap could greatly increase the band-to-band generation rate and thus increase
the on-state current for tunneling FETs. Ge is one of the promising candidates in
realizing tunneling FET with a drive current that is high enough to be competitive

with conventional CMOS logic devices. According to device simulation, after
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optimizing the doping profiles, Ge tunneling FETs with 1.2 mA/um of on-state

current at a supply voltage of 1.2 V could be achieved [2.10].

Other materials like III-V compounds with smaller band gaps would also
be advantageous in realizing high performance tunneling FETs at low supply
voltage. Such materials include InSb and InN. However, it has to be noted that
III-V materials processing is not generally compatible with conventional Si based
technology, and there are quite a few process challenges to be surmounted for I11-
V device fabrication. So far, SiGe and/or Ge based TFET is more promising and
more realistic for co-integration with existing CMOS technology. SiGe is selected

for device realization in this work.

2.2.3.2 Hetero-junction structures

By utilizing materials with smaller band gaps, the on-state current of a
tunneling FET could be greatly improved. However, tunneling FET is an
ambipolar device, off-state leakage current would also be increased, as band-to-
band tunneling could also occur at the drain-to-channel junction at negative gate
bias. This ambipolar behavior needs to be suppressed. Besides utilizing materials
with smaller band gaps, hetero-junction devices could also be adopted. In the on-
state, band-to-band tunneling only occurs at the source-to-channel junction. By
adopting a small band gap material as the source material, the device on-state
current could be improved. The channel and drain regions are made with
materials with larger band gap, so that drain side tunneling leakage could be
suppressed. Such concepts have been proposed and analyzed using TCAD tools

by Patel et al. [2.11] and Toh et al. [2.12].
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Figure 2.7. Plot of simulated Ip-Vg characteristics for a single-gate tunneling FET with SiGe
source. Increasing the Ge content enhances on-state current and subthreshold swing, while off-
state leakage is limited by the drain side, the S values for the devices with 40% Ge, 20% Ge, pure
Si at source is ~28 mV/decade, ~32 mV/decade and ~38 mV/decade respectively, estimated over
the lowest 6 orders of current change.

Figure 2.7 shows the Ip-Vg characteristics of a simulated SiGe source
tunneling FET. It can be seen that increasing the Ge content in the source would
improve the on-state current as well as the subthreshold swing. The off-state
current is limited by the channel and drain junction. It is kept low and relatively
invariant with respect to a change in Ge content in the source. Similar results

were reported by Patel et al. [2.11] and Toh et al. [2.13].

Experimental realization of such a concept was recently reported by S. H.
Kim et al. [2.14]. By recess etching of the source region followed by a selective
growth of polycrystalline Ge in the recess-etched source, hetero-junction TFET
was realized, and a record high loy/los ratio of up to 10° for ultra low voltage (0.5

V) operation was demonstrated. However, the on-state current (reported as a few
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pA/um) is still significantly lower than that of CMOSFETs, whose on-state

current is at the level of 1 mA/um.

2.2.4 Device Body Dimension

The body thickness of a TFET affects the distribution of electric potential
in the channel region of the device. This in turn affects the band-to-band
tunneling rate at a given bias. If a thinner Silicon-on-Insulator (SOI) layer was
used for device fabrication, a stronger gate-to-channel coupling would be
achieved, leading to higher band-to-band tunneling rate. However, when the body
thickness is scaled too aggressively, the drive current may be reduced, as the
volume of the tunneling region would be effectively reduced. This was shown
through simulation for a double-gate TFET [2.15]. Thus, device optimization

should be considered carefully for ultra-thin SOI TFETs.

2.2.5 Alignment Issue

In order to fabricate the lateral p-i-n structure, the source and drain regions
of a tunneling FET are to be implanted by different dopant types. Individual
masking of drain and source side is required, so that the source and drain region
can be doped separately. This is typically done by photolithography, with a
patterned photoresist covering the source (or drain) region up to the middle of the
gate electrode. The drain (or source) region would be exposed separately for
implantation. Such a process step imposes stringent requirement for lithography
alignment accuracy when the gate length is short. The lithography misalignment
needs to be kept smaller than half of the smallest gate length. This requirement

can probably be achieved with the state-of-the-art lithography tool, but is very
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Source (Drain) Photo-
resist

Photo-resist

Figure 2.8. SEM images of devices with the drain side masked. A device with a large gate length
Lg, and properly masked is shown at the top. A device with small Lg is shown at the bottom.
These two devices were subjected to the same amount of lithography misalignment. The
misalignment of the drain side masking step leads to a part of the drain region being exposed in the
device with short Lg. This is expected to lead to implantation of source-type dopant into the drain.

challenging for a 248 nm lithography tool used in this work with aggressively

trimmed gate lengths.
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The best alignment accuracy achievable is around 50 nm. It makes the
fabrication of tunneling FET with sub-100 nm gate length very challenging. The
non-self-aligned implantation is a critical process for the integration of tunneling

FET in an IC with aggressively scaled pitch.

In order to illustrate the severity of lithography misalignment, SEM
pictures of two lateral TFET devices before source implantation are shown in
Figure 2.8. The device with a larger gate length has a larger tolerance for
misalignment. For the device with smaller gate length, the tolerance becomes
very tight. With the same amount of lithography misalignment, the p-i-n structure
in the device with a larger gate length (top) could be successfully formed, while
the p-i-n structure will not be formed in the device with a smaller gate length

(bottom) as the drain side is not properly masked for source implantation.
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2.3 High-k Metal Gate SiGe Tunneling FET

The key process requirements for successful fabrication of a tunneling FET
were discussed in the previous sections. A high-k material with a larger dielectric
constant would help in realizing tunneling FET devices with good performance.
A source/channel material with smaller band gap would help in enhancing band-
to-band tunneling rate. By integrating the abovementioned factors, high-k metal

gate SiGe tunneling FET devices were fabricated, as to be described next.

2.3.1 Experimental Realization of SiGe Tunneling FET

In this experiment, a fabrication process employing 8-inch bulk Si (001)
substrates was adopted. Local Oxidation of Silicon (LOCOS) process was used to
isolate the active regions. 250 nm of wet oxide was grown with the active regions
masked by a silicon nitride hard mask. The silicon nitride hard mask was then

removed by wet etch.

Standard pre-gate cleaning process was carried out, including an SPM
(H2SO4:H,0, mixture solution) cleaning, an SC-1 (solution of Ammonium
hydroxide and hydrogen peroxide) cleaning and a hydrofluoric acid (HF) dip. The
SPM cleaning removes the organic residues. The SC-1 cleaning removes metallic

contamination. The HF dip removes native oxide.

After the pre-gate cleaning process, about 20 nm of Sip75Gegrs was
selectively grown on the Si active area using an ultra-high vacuum chemical vapor
deposition system. Since band-to-band tunneling only occurs in the surface layer

near the gate, the SiGe layer would act as the active layer. Around 3 nm of Si cap
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was grown on top of the SiGe layer, in order to improve the channel to dielectric

interface quality.

Another HF dip was carried out before the gate dielectric was deposited. 5
nm of HfO, high-x dielectric was deposited by atomic layer deposition (ALD)

technique. 80 nm of TaN was deposited by sputtering to form the gate.

Gate stack was then patterned and etched, source/drain implantation and
activation was carried out as described in the previous sections. The fabricated
devices were subjected to direct probing for electrical characterization. The

device states in some of the critical steps are shown in Figure 2.9.

SiGe a

ctive

Photoresist

Figure 2.9. The SiGe tunneling FET active area (left) and a device with drain side masked for
source side implantation (right).
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2.3.2 Results and Discussion

TaN Gate

Figure 2.10. TEM image of a SiGe tunneling FET, featuring 5 nm of HfO, as the gate dielectric,
and Sij 75Gey s as the active layer.

Transmission Electron Microscopy (TEM) was used to study the fabricated
devices. TEM image of a device is as shown in Figure 2.10. Crystalline SiGe
was observed in the active region with a thickness of about 20 nm. Energy-
dispersive X-ray (EDX) spectroscopy was used to analyze the Ge concentration.
Around 25% to 30% of Ge concentration was found in the SiGe layer. The gate

dielectric thickness was measured to be around 5 nm.

By using Sip75Geg s as the active material instead of pure Si, the energy
band gap can be reduced from 1.14 eV down to around 0.95 eV, as seen from
Figure 2.11. Due to the fact that band-to-band tunneling is directly affected by the
band gap of the material system, using a material with a smaller band gap, e.g.
SiGe, is expected to enhance the tunneling rate and the drive current of the TFET

as compared with a Si TFET.
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Figure 2.11. Composition dependence of energy band gap in Ge-Si alloys at room temperature
[2.17].

Dielectric quality of the ALD deposited HfO, (done in SNDL) was
examined through a capacitor fabrication experiment. A two-mask capacitor run
was used. The active area pattern was defined by photolithography on test wafers
with 400 nm of field oxide. Buffered oxide etch (BOE) was used to open the
active area. After standard pre-gate cleaning, 5 nm of HfO, dielectric was grown
by ALD process. 100 nm of TaN metal gate was deposited on top of the dielectric
to form the metal gate. The metal gate layer was deposited by sputtering. Gate

lithography and dry etch were used to define the capacitor gate contact.

High frequency capacitance-voltage (C-V) measurement was carried out on
the fabricated capacitors. A C-V simulator [2.16] which accounts for quantum
mechanical effects was used to fit the measurement data. EOT and the flat-band
voltage were extracted through fitting the simulated curve with the experimental

curve. For capacitors annealed at different temperatures, 1.2 nm to 1.6 nm of
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Figure 2.12. Measured C-V characteristics of fabricated high-x metal gate capacitors. Fitting of a
simulated C-V curve which accounted for quantum mechanical effects to an experimental curve
was carried out to obtain the Equivalent Oxide thickness (EOT) and the flatband voltage. The plot
on the top is for a capacitor which underwent a 550 °C 30 s post-deposition anneal (PDA). It is
fitted with a flat-band voltage (Vy,) of -0.4 V and an EOT of 1.2 nm. The bottom plot is for a
capacitor which underwent a 600 °C 30 s PDA. 1t is fitted using Vy, of -0.4 V and an EOT of 1.4

nm.

EOT can be obtained. The flat-band voltage was fitted to be around 0.4 V. The

gate leakage current was found to be low too. A typical fitting result is shown in
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Figure 2.12. It is expected that the dielectric used in the SiGe tunneling FET

would have the same quality as that of the capacitors.

Tunneling FETs with sub-1.5 nm of EOT were fabricated. The fabricated
SiGe tunneling FETs with different gate lengths were electrically characterized
with the p-type region (drain) grounded and a positive bias applied to the n-type
region (source), i.e. p-type TFET operation. The Ip-Vg curves are plotted in

Figure 2.13.

However, the device performance is not as good as expected. The best S
values are found to be only around 300 mV/decade. The on-state current are
found to be worse than that shown in the simulated results. This might be

attributed to the poor source doping profile.
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Figure 2.13. 1p-Vg characteristics of the fabricated SiGe high-k metal gate tunneling FETs.
Devices with different gate length are shown. The tunneling current is not dependent on the gate
length, as expected.
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Figure 2.14 shows the simulated doping profile in the source along the
vertical direction. Implantation and dopant activations conditions are similar to
those used in the actual device fabrication. It can be seen that the doping
abruptness is very poor, with a value of up to around 20 nm/decade. The lateral
doping profile is expected to be about 20 nm/decade. This might be the reason
why the S value for the fabricated device is not good and the on-state current is
low. The gentle doping profile limits the lateral electric field built up across the
tunneling junction. The tunneling width would be increased as a result.
Simulation results presented in the previous section showed that a sub-2
nm/decade doping abruptness is required in order to realize tunneling FET with
good performance. Advanced techniques that can help in realization of more

abrupt junction might help in improving the device performance.

It is interesting to note that devices with different gate lengths have similar
Ib-Ve characteristics. The off-state leakage current and on-state drive current are
found to be nearly independent of the gate length. The off-state leakage current
lost was found to be low and no trend of significant increase in lo was observed
while the gate length was further reduced, as shown in Figure 2.15. This indicates
that the tunneling junction is the limiting factor for current conduction. Effect of
channel resistance caused by gate-length difference is not significant. No
significant device performance difference was found for devices with gate lengths
from 5 um down to 180 nm. Scaling of tunneling FET devices has little effect on
their off-state current. This is advantageous as compared to the conventional
MOSFET, whose off-state current increases with device scaling due to increased

short channel effects. Performance of the fabricated SiGe tunneling FET was
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limited by the source doping profile. The experimental efforts in forming an

abrupt doping profile in tunneling FETs will be discussed in the following section.
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Figure 2.14. Simulated source doping profile along the vertical direction.
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Figure 2.15. The off-state leakage of the fabricated SiGe tunneling FET is low and independent of
the gate length. No trend of significant off-state current increase was observed while the gate
length was reduced.
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2.4 Dopant Segregation (DS) Technique and Its Potential

Application in Tunneling FETs

After analyzing the key process challenges and the typical process flow in
the fabrication of tunneling FETs, we realize the limitations of existing process
capabilities and considered a new way to surmount the challenges. It is known
that the dopant segregation technique is useful for forming very abrupt doping
profile with high peak doping concentration. We therefore conceived that the
dopant segregation technique could be helpful for forming an abrupt source
dopant profile in the TFET, and would be useful for realizing TFETs with good

performance.

R. L. Thornton is one of the earliest researchers working on the Dopant
Segregation technique (DS) for contact formation [2.18]. The technique involves
silicidation of an implanted region. The silicide layer is chosen, such that it is
thick enough to fully consume the doped or implanted Si layer. Depending on the
material system, the dopant would either be redistributed in the silicide layer, or
be piled-up at the silicide-substrate interface. When there is dopant segregation,
the profile of the segregated dopants can be more tightly distributed than that of
the as-implanted dopant profile, and the peak concentration of the segregated
dopants can be higher than that of the as-implanted dopant profile. Dopant
segregation can therefore help to achieve higher doping concentration, as well as a
more abrupt dopant profile. This technique could be helpful in realizing tunneling

FETs with good performance. This new idea was explored as follows.
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By applying dopant segregation technique, a segregated and heavily doped
source region would be formed at the silicide-Si interface. A higher doping
concentration in the source is expected. A more abrupt junction between this
segregated source and channel region could help in enhancing band-to-band
tunneling rate, due to the higher built-in electric field. An ohmic contact
comprising a tunneling junction through a Schottky barrier in series with a band-
to-band tunneling junction is depicted. The dopant-segregated ohmic contact has
a low contact resistance and is not expected to be a significant limiting factor even
for high drive currents observed in high performance MOSFETs. Band-to-band

tunneling FET characteristics is expected. This idea is depicted in Figure 2.16.

Experimental investigation on dopant pile-up at the silicide-semiconductor
interface was reported in [2.19]. Figure 2.17 is taken from [2.19], where both
boron and arsenic were reported to pile up due to NiSi induced segregation. The
segregated dopant profile was found to be of non-negligible thickness, this could
form the heavily doped source region if DS is applied in fabrication of tunneling
FETs. Similar observation was made by Kinoshita et al. and Wong et al. [2.20]-

[2.21] where MOSFETs was fabricated using different material systems.
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Figure 2.16. Idea for application of dopant segregation in the fabrication of tunneling FETs.
Shown on the top is a schematic of a DSS tunneling FET. The tunneling junction is zoomed-in
and shown in the middle, with the corresponding band diagram along the dashed line shown at the
bottom. Current conduction is controlled by the Schottky tunneling junction in series with the
band-to-band tunneling junction. The metal-to-semiconductor contact would behave as an ohmic
contact attributed to the elevated doping concentration in the segregated layer. Due to the low
band-to-band tunneling rate, it is expected to be the current limiting factor. Tunneling FET
behavior is expected.
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Figure 2.17. Boron (B) profiles of DS junctions using CoSi, (left) and NiSi (right), taken by
backside SIMS [2.19].

2.4.1 Experimental Procedure
This work, done in year 2009, was among the first experimental efforts on

integrating the DS technique in tunneling FET fabrication. Ni silicidation on
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doped Si substrate was performed. 8-inch Silicon-on-Insulator (SOI) wafers were
used as the starting substrates. The initial SOI body thickness is 70 nm, on top of
145 nm of buried oxide layer. In order to make the tunneling junction near the
gate, effective silicidation encroachments towards under the gate is required. SOI
thinning steps were carried out to enable effective silicide encroachment. The
SOI thinning steps was done by thermal oxidation and oxide wet strip. SOI
thinning steps were repeated, and a final Si layer thickness of around 20 nm was

achieved.

Mesa was patterned and etched to form the active area of the devices.
After pre-gate cleaning, thermal oxidation at 850 °C was used to form 30 A of

gate dielectric. Dry oxidation was used to achieve good gate dielectric quality.

Photoresist

Figure 2.18. An SEM image of the ultra-thin body tunneling FET with drain side masked.
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Polycrystalline Si was deposited on the gate dielectric to form the gate
electrode. The standard tunneling FET process flow was followed. Since the Si
body is ultrathin, the deep source/drain implantation steps were skipped. P°
region was doped with BF," at a dose of 1x10" /cm™ and an implant energy of 7
keV. N region was doped with As™ at a dose of 5x10"* /em™ and an implant
energy of 6 keV. An SEM image of the device before source implantation is
shown in Figure 2.18. Dopant activation was carried out with a Jipelec Jetstar
Rapid Thermal Process (RTP) system, at 950 °C for 30 seconds. The silicon

nitride spacers were measured to be around 20 nm thick.

After dopant activation, Ni was deposited on the device, and silicidation
process was carried out with a RTP process at 450 °C for 30 seconds. SPM

cleaning was followed to remove any un-reacted Ni from the device.

2.4.2 Results and Discussion

Before the DS experiments were carried out, devices silicided with a thin
layer of Ni was fabricated and characterized. They were proven to work as
tunneling FETs. 5 nm of Ni was deposited on the devices using an electron beam
physical vapor deposition (E-beam evaporator). The SOI body thickness was
measured to be 20 nm, and the spacers were around 20 nm thick. It is believed
that the Si body is only partially consumed and no dopant segregation is expected
at the tunneling junction near the gate edge.

Figure 2.19 shows the typical 1-V characteristics of a fabricated tunneling
FET. The device drain side (n" region) is biased at 2.5 V, the source side (p"

region) is grounded. Gate voltage is swept from -4 V to 4 V in steps of 50 mV.
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Figure 2.19. A typical Ip-Vg characteristics of a fabricated device silicided with 5 nm of Ni. The
device gate length is around 1 pm, device width is around 0.8 pm, device drain side is biased at 2.5
V.

Ambipolar conduction behavior was observed. The gate leakage is
negligible as compared with the drain current. The fabrication process and the
measured |-V characteristics indicated that this is a working tunneling FET, and
the gate dielectric is of good quality. Note that the p-channel TFET operation
(where Vgs < 0) is better than that of n-channel TFET operation (where Vg > 0).
This can be attributed to the fact that As diffusion in Si is much lower than that of
B in Si, thus a more abrupt As profile was expected. The discussion will focus on

the p-channel TFET operation.

The device performance is not as good as theoretically predicted. The best

S value is found to be a few hundred mV/decade. The on-state current is much

lower compared with state-of-the-art CMOSFET results as well.
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As the control device fabricated is a TFET, dopant segregation was applied
to the source and drain regions to investigate its effect on the device performance.
15 nm of Ni was deposited on the device and silicidation was carried out by
annealing at 450 °C for 30 seconds. Standard SPM cleaning was used to remove
un-reacted Ni from the spacers. It is believed that the Si source and drain would
be fully consumed by the silicidation process. Significant amount of silicide

encroachment towards under the gate is expected.

The measured Ip-V¢ characteristics are as shown in Figure 2.20. The gate
leakage remained as low, as compared to the drain current. Two distinct
subthreshold slopes were observed for the p-channel TFET operation. An S value
of around 70 to 80 mV/decade was observed at low gate voltages. An S value of a

few hundreds of mV/decade was observed for negative gate bias.
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Figure 2.20. Ip-Vg characteristics of a TFET device silicided by 15 nm of Ni. The device gate
length is around 2 pm, device width is 0.8 pm, device drain side is biased at 2.5 V.
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This characteristic corresponds to a Schottky barrier (SB) FET as
discussed by J. Knoch et al. [2.22]. This could happen if the segregated dopant is
distributed within a very thin layer, and being fully depleted. In such a case, there
would not be a tunneling source available for band-to-band tunneling to occur.
Direct Schottky tunneling across the Schottky barrier would be the only current

conduction mechanism.

Figure 2.21 is taken from [2.23]. Energy Dispersive X-ray (EDX) analysis
was used to analyzed the Co-induced As segregation as the silicide interface. The
segregated dopant is as indicated by the bright band at the interface, indicating a

very small width of the segregated dopant profile.

Figure 2.21. Atomic resolution Z-contrast images in cross section of an As-doped device, silicided
using Cobalt [2.23].

49



Similar effect might have happened within the Ni silicided tunneling FET
device. The deposited Ni layer has consumed the entire doped Si layer. The
segregated dopant layer is too thin to form the tunneling source, resulting in a SB

FET instead of a tunneling FET.

In order to make the device perform as a tunneling FET, very stringent
silicide process control is required. The silicidation process should be controlled
such that not all the doped Si is consumed, yet a highly doped peak could be
formed during the dopant segregation. The boosted peak doping concentration
could also create steeper doping profile, thus help in enhancing band-to-band

tunneling.

However, such a process is very challenging as far as process control is
concerned, and large variability in device performance is expected if process
uniformity is not well-controlled. This process might still attract some research

interest due to its potential in boosting TFET device performance.
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2.5 Summary

In this chapter, challenges in the fabrication of tunneling FET devices were
discussed. In order to fabricate tunneling FET devices with small S value and
high on-state current, the process requirements are very stringent. Thin EOT with
low gate leakage current is required to increase gate-to-channel coupling. High-k
dielectric is useful for suppressing gate leakage current. Materials with smaller
band gap would enhance the band-to-band tunneling rate. This indicates that
Ge/SiGe material could be useful. Very abrupt tunneling junction doping profile

is required, which makes advanced doping technique a must.

Experimental efforts in fabrication of tunneling FET device were carried
out. SiGe tunneling FETs with metal gate and high-x gate dielectric were
fabricated. The fabricated devices were found to behave as tunneling FETs, while
the device performance is not as good as expected. This is attributed to specific
process limitations. High source doping concentration with abrupt doping profile
was not achieved. Dopant segregation technique was used in tunneling FET
fabrication. Advanced process development and tight process control are required

in order to improve the fabricated device performance.

In the next chapter, simulation study on tunneling FET device will be

discussed. A novel non-local band-to-band tunneling algorithm was developed

and applied in tunneling FET simulation study.
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Chapter 3

A Non-Local Band-to-Band Tunneling Algorithm and

its Application in Tunneling FET Variability Study

Device simulation is a fast and convenient way to study the physics of new
semiconductor devices. A well established simulation model can simulate a device
with reasonably good accuracy. By utilizing such device simulation models, device
characteristics can be studied without performing costly device fabrication, making it
very time efficient as well. Parameter isolation could be achieved, i.e. the effect of
varying each design or physical parameter on the device performance can be analyzed
separately, with the effect due to variation of all other parameters excluded. Such an
advantage could greatly help in device understanding and modeling. Tunneling Field
Effect Transistor (tunneling FET or TFET) was extensively studied by simulation, due
to the fact that numerical simulation provided a fast and effective way to study

tunneling FET performance characteristics.

3.1 Development of a New Non-local Algorithm for Band-to-Band
Tunneling

In order to study the tunneling FET device accurately, an accurate band-to-
band tunneling model is required, as it is the dominant and core physical mechanism

that captures the device physics of the tunneling FET. However, it has to be noted
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that the band-to-band tunneling in tunneling FETs is at least two-dimensional (2D).
One-dimensional (1D) tunneling is well-established and much easier to model [3.1],
[3.2]. However, 2D tunneling is not easy to model accurately. The implementation of
the existing models in a physical and accurate manner is not an easy task either.
There are commercially available simulation algorithms. However, when problems
are encountered in the use of commercial simulation tools, it is often not easy to
understand and debug because the algorithms and code used are not accessible. We
cannot evaluate and solve the issues faced in using commercial simulators to model
the tunneling FET. The fact that the actual algorithm and code used in commercial
simulators are not usually disclosed affects the usefulness of applying the simulators

to tunneling FET simulation.

Band-to-band tunneling results in the generation of electron hole pairs in
regions of high electric field when the band bending is large enough and significant
tunneling occurs. E. O. Kane derived a mathematical modeling for band-to-band
tunneling [3.1], [3.2]. This model was used in many device simulators. Kane did a
detailed calculation for Zener tunneling in a constant field, by adapting a simple two-
band model. An inter-band matrix element was calculated with the stationary-phase
method [3.1]. Based on his calculation, a famous Kane’s model for band-to-band
tunneling was developed and widely adopted in recent device simulators like MEDICI.
The Kane’s model is also used for tunneling FET device simulation by quite a number

of researchers [3.3] — [3.10].

Kane’s model is defined as follows [3.1], derived based on band-to-band

tunneling in InSb,
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where n stands for the generation of electrons in units of per second per cm’, E stands
for the electric field, m, is a reduced tunneling mass, Eg is the material band gap, and

/21s reduced Planck constant.

The model implemented in MEDICI [3.11] is as follows,

CBTBT

302
Ggrar = Agrar F'exp (_BBTBT %J ' Equation 3.2
g

where Ggrgr stands for the band-to-band generation rate, which directly affects the
band-to-band tunneling current for a given device structure and material system. Eg is
the energy bandgap of the semiconductor material. By comparing the two equations
above, it can be seen that Agrgr, Bgrer and Cgrgr are parameters related to the material
properties under investigation; these parameters are functions of the relative tunneling
mass (or reduced tunneling mass, as defined by Kane), as well as the bandgap of the
material under investigation. Kane’s model was derived based on the simple two-
band theory for direct band gap material like InSb. Constant field is assumed in the

tunneling region.

Band-to-band tunneling is a non-local phenomenon. The availability of
electrons in the valence band on the source side and empty states in the conduction
band on the destination side will affect the band-to-band tunneling rate. Based on

Kane’s model, Hurkx proposed a modified version of Kane’s model [3.12],
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where an additional Dynnel factor is considered in the equation. The factor is defined

as follows [3.11],

D 1 1

tunnel — Ev E — E E , Equation 34
1+exp[’1 Fp’lj 1+exp(c’2F”’2]

KT KT
where Ey1 and Epp are the valence band energy and the hole Fermi level on one side
of the tunnel barrier respectively, while Ec, and Egp 7 are the conduction band energy
and electron Fermi level on the other side of the tunnel barrier, respectively. By
including this parameter, evaluation of band energy levels on both sides of the tunnel
barrier was included in the band-to-band tunneling calculation. Hurkx’s model takes
into account the probability of having a filled state (electron) to tunnel from and an
empty state to tunnel to. This parameter allows for both Zener tunneling and Esaki
tunneling, and gives a more accurate evaluation of band-to-band tunneling as

compared to the original Kane’s model.

It has to be noted that the abovementioned formulation of band-to-band
tunneling is typically done on a 1D structure, and parameter fitting (mainly the
tunneling mass) is also carried out using a 1D structure only. A realistic tunneling
FET structure is three-dimensional (3D), but can be typically simplified to 2D in a
device simulation. The band-to-band tunneling direction is not fixed and varies with
terminal voltages. Changes in device terminal voltages would change the potential or
electric field distribution, leading to changes in the tunneling directions. The

abovementioned device physics imply that simulating tunneling FETs using 1D based
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tunneling models where the tunneling direction is fixed will have a limited accuracy.
To apply such models in a 2D device simulation, various algorithms are used, each of
which has its own advantages as well as intrinsic limitations. Simulation of tunneling
by adopting these models might not cause much problem in simulation of
conventional MOSFETs, as band-to-band tunneling only contributes to a part of the
leakage current. However, this issue could be significant in tunneling FETs, as band-
to-band tunneling is the main current conduction mechanism. A novel, robust, and
non-local algorithm for band-to-band tunneling simulation in multiple directions is

desired for reasonably accurate tunneling FET simulations.

Our team developed a novel algorithm for 2D simulation of band-to-band
tunneling, and demonstrated its applications in tunneling FET simulation [3.13]. This
algorithm is based on an open source device simulator named General-purpose
Semiconductor Simulator (GSS) [3.13]. There is a commercially supported version
by Congenda [3.15]. The implementation of this algorithm and its application in

tunneling FET simulation will be discussed in following sections.

As the band-to-band tunneling is a non-local process, it is important to note
that the calculation of band-to-band tunneling rate strongly depends on a tunneling
distance. This tunneling distance is defined by the starting and ending points of a
band-to-band tunneling path, connecting the valence band on one side of the barrier to
the conduction band on the other side of the barrier. Carrier concentration on both

sides of the barrier affects the tunneling current as well. Based on these
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considerations, our team developed a tunnel path based algorithm, using Wentzel-

Kramers-Brillouin (WKB) approximation [3.13].

By applying the derivation of Huang et al. [3.16] for a band-to-band tunneling
problem, the most probable tunnel path of an electron can be easily obtained by using
Newton mechanics in an inverted potential and energy domain, assuming that

electrons strike on the barrier in a normal direction.

The algorithm implementation is carried out in a 2D simulation domain. A
device structure is discretized in spatial domain through the construction of a 2D
mesh. Physical parameters for the simulation, including device dimensions, doping
levels, Equivalent Oxide Thickness (EOT), etc. are included in the input file. This is

similar to the approach taken by other TCAD device simulators.

Figure 3.1 shows a typical mesh structure for tunneling FET simulation.
Typically, very dense mesh is required in the region where tunneling occurs, in order
to simulate the quantum tunneling effects with reasonable accuracy. This is due to the
fact that band-to-band tunneling occurs across a very small physical distance. In the
simulation, electrical properties were calculated and stored in each of the nodes in the

spatial domain.

Besides the discretization in spatial scale as shown in Figure 3.1, energy scale

discretization is also carried out. At the tunneling junction, for a certain energy
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Figure 3.1. A typical mesh for a gated p-i-n structure for tunneling FET simulation.

level, conduction and valence band front (Ec front and Ey front) are searched and
constructed on the mesh. The conduction band front is discretized into segments or
strips. The algorithm takes the center of each segment as the starting point of a
tunneling path. Based on the formulation of Huang et al. [3.16], the tunneling path
was searched and stored. An imaginary particle is put at a point on the E¢ front. This
particle within the “inverted” tunnel barrier moves towards the valence band front at
the source region. The particle hits the valence band front and marks the starting
position of this tunneling path. Figure 3.2 illustrates the tunneling paths between the
Ev front and Ec front at a particular energy level, with the blue dashed line starting
from the valence band on the source side. Conduction band edge and valence band
edge at each different energy level are searched and paired up. Tunneling paths are
thus found between each pair of conduction and valence band edges, as shown in

Figure 3.3.
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Figure 3.2. At a particular energy level, tunneling paths between E¢ front and Ey front are found on the
mesh. Each tunneling path accounts for the tunneling current in a strip defined between E¢ front and
Ey front.

Energy Scale

Figure 3.3. Band Diagram of a tunneling junction visualized in 3D. Tunneling paths at a certain
energy level are indicated by black arrows.
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Band-to-band tunneling rate is calculated during the search of tunneling paths,
by assuming that the tunneling current within each strip is independent of each other.
The tunneling probability associated with each strip is evaluated numerically through

WKB approximation,

2m (V —-E
Tn = exp{—2j.;/ ™ > bar)dl’}, Equation 3.5

where Tyn stands for the tunneling probability, and the integration is taken along the
tunneling path from Ec front to Ey front. m, stands for the effective tunneling mass.

V and Eygr stand for the tunneling barrier energy and electron energy, respectively.

During the implementation of the integration, the tunneling path in each of the
mesh cell is assumed to be a straight line segment, since the direction of the tunneling

path does not change much in each mesh cell.

Based on the projection of the Voronoi cells at the starting and ending point of
a tunneling path, the tunneling current could be evaluated through the following

formula [3.17].

m_ . kT —n?
q r,dos nc pv n| W'T

dG, 5 =
BTBT 2h3 (nC N ni )( pv N pi ) tun

«dE , Equation 3.6

where N is the electron concentration at the node right behind Ec front, and py is the
hole concentration at the node behind the Ey front. Electrons/holes generated by
band-to-band tunneling are added to the electron/hole continuity equations at the two

nodes. The generation is calculated recursively, until convergence is achieved. Finite

62



volume discretization was applied; Newton’s method is adopted to solve the nonlinear

equations.

This band-to-band tunneling algorithm implemented with GSS is proven to be
useful and robust in solving 2D band-to-band tunneling problem [3.13]. Its
applications in simulation of a 2D tunneling diode as well as tunneling FETs will be

demonstrated next.

The algorithm was first tested on a 2D tunneling diode. Two different mesh
structures were constructed; one with intentionally densified mesh at the tunnel
junction in order to simulate the band-to-band tunneling behavior more accurately, the
other mesh was generated by the GSS simulator itself, only being re-meshed

automatically according to potential and doping profile.

The non-local band-to-band tunneling algorithm works well with simple mesh
structure automatically generated by the simulator itself. Figure 3.4 depicts the two
mesh structures mentioned in the previous paragraph. In order to capture the band-to-
band tunneling effectively, mesh B was intentionally densified. It is much more
computationally expensive than that of the auto-generated Mesh A. The calculated I-
V characteristics are also shown in Fig. 3.4, which coincide with each other. It can be

seen that the non-local BTBT algorithm is not mesh dependent.

One of the most advantageous features of the non-local band-to-band

tunneling model is that the algorithm is oriented towards the search for possible
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tunneling paths. By extracting and plotting the tunneling paths in a simulation mesh,
information like tunneling direction and tunneling barrier width/distance can be easily
visualized. Providing such information is important for band-to-band tunneling
simulation. This feature makes it easier to visualize the band-to-band tunneling. It

could help in understanding the operation of tunneling FET devices.
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Figure 3.4. (a) A mesh for a p'-n 2D tunneling diode, generated by GSS simulator. (b) A manually
created mesh for the same diode which is denser than that in (a). (c) |-V characteristics obtained by
simulation the two diodes meshed in (a) and (b), using GSS non-local BTBT algorithm [3.13].
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The simulator is shown to be useful for tunneling FET device simulation
[2.13]. This algorithm is proven to be versatile in tunneling FET simulation. Based
on this algorithm, tunneling FET variation study was carried out, as will be discussed

in the following section.

3.2 Application of the Algorithm in Tunneling FET Variability
Study

Development of the novel non-local band-to-band tunneling algorithm makes

the simulation of tunneling field effect transistor more physical and accurate.

Process induced variation is a major limitation factor to miniaturized
MOSFETs [3.18]. It is widely believed that parameter variations would drastically
limit the prospect of future nanoscale MOSFETs. Emerging devices might also suffer
from device to device performance variation. Tunneling FET is considered a novel
device concept which might find its application in post-CMOS era. A variability
study of the tunneling FET is important in understanding its prospective adoption in

mass production.

Tunneling FET performance variation is studied through TCAD simulation.
Germanium is selected as the material used for the tunneling FET device, as band-to-
band tunneling current is expected to be higher in Ge based tunneling FETs than in Si

based tunneling FETs. Ge possesses a lower band gap, down to 0.661 eV, as
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compared to Si, whose band gap is 1.12 eV. Significant improvement is expected for

Ge tunneling FETs, as compared to Si tunneling FET devices.

3.2.1 Calibration of Tunneling Mass

In order to model band-to-band tunneling in Ge tunneling FET, the tunneling
mass in Ge (my) is the most important parameter to be determined. The tunneling
probability is directly affected by this parameter based on the WKB approximation

calculation, as shown in Equation 3.5.

There are two ways to obtain the tunneling mass to be used in the simulation.
It can be either done by fitting of experimental results or done through theoretical

derivation.

In this study, the method of experimental data fitting was adopted. The
theoretical derived values were used to check whether there is any discrepancy from
the fitted data. The accuracy of the tunneling algorithm can be further confirmed if
there is no significant discrepancy between the fitted tunneling mass and theoretically
derived data. To obtain more accurate fitting, simple tunneling diode structure was
chosen. The simple structure would help focus on the problem under investigation,
eliminating unexpected effects from structure complexity. Experimental data taken

from Esaki [3.19] was used for the data fitting.
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Figure 3.5 is taken from [3.19]. The current from the reverse biased Ge p-n
junction is the reverse tunneling current. This |-V curve is used to fit the Ge tunneling

mass with the non-local band-to-band tunneling algorithm.

A 1D Ge diode structure was constructed for the tunneling mass fitting.
Doping concentration was set to be the same as that reported in Esaki’s paper [3.19].
The mesh and doping information is as shown in Figure 3.6. The mesh is
intentionally densified near the junction position, in order to capture the band-to-band

tunneling effectively.
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Figure 3.5. Semi-log plots of current-voltage characteristics at 200, 300, and 350 K for a Ge p-n diode,
where Ny~2.4x10" cm™ and Np ~10" cm™ (taken from Fig. 1 of Ref. [3.19]).

67



P+

Figure 3.6. The 1D diode structure used for Ge tunneling mass fitting.

The doping profile is assumed to be abrupt. The diode area is set to be

0.1pmx100um. The following equation is used for the current fitting,

ICXp =Dx Isimulation J Equation 3.7
Since the dimension of the experimental diode is not given in the experimental

results, an area ratio parameter D is used to fit the current level, where D can be

calculated as follows,

D= Aexperimental / ASimuIation J Equation 3.8

The value of the tunneling mass directly affects the shape of the |-V curve.
Different values of effective tunneling mass m, were set in the simulator. Then the

simulator was re-configured and compiled. The 1D diode structure was simulated

68



with different tunneling mass values. |-V characteristics was captured and compared

with the experimental value, in order to find a reasonable fit.

It can be seen that reasonably good fitting in both linear and log scale can be
achieved with m, from 0.01mg to 0.03m, up to more than one order of magnitude of
current level, as seen in log-linear scale of the I-V curves (Fig. 3.7). The discrepancy
might be due to the fact that the experimental doping data was not accurately
determined, or the doping concentration and doping profile used in the simulation do

not match the experimental conditions.
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Figure 3.7. The fitting of simulated diode I-V curves (colored) with the experimental data (plotted as

black line) in log-linear (top) and linear-linear (bottom) scale. Simulation data with different tunneling
masses is shown on the same figure.
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Besides fitting of simulation results to experimental data, a literature search on
analytical modeling of band-to-band tunneling in Ge was done and compared with the
results of fitting, in order to verify that the fit is reasonably accurate and the tunneling

mass can be used in subsequent device simulations.

Some theoretical calculations were done by Butcher et al. [3.20]. By taking Ej
= 0.80 eV, for electrons tunnel into the (000) minimum, the following formula can be

used to calculate the tunneling mass.

. Equation 3.9

where mj,= 0.043 mg is the light-hole mass and m¢= 0.036 mg is the (000) conduction

band mass. my is the free electron mass. The resulting tunneling mass was calculated

to be m,=0.01959 mq for Ge.

For tunneling in the (100) direction to the (111) minima, taking Eq= 0.66 €V,

the tunneling mass can be calculated as

— = Equation 3.10

where m_= 1.6 mg and my= 0.082 mgp are the longitudinal and transverse masses of the
(111) minima. Based on this formula, the tunneling mass was calculated to be

0.03165 mo.
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Hall quoted a reduced tunneling mass of 0.02 mq for band-to-band tunneling in
Ge [3.21], while Ghynoweth et al. suggested a reduced tunneling mass of 0.05 my

[3.22].

Based on the above mentioned published theoretical and experimental data,
the simulation fitting is believed to be reasonable and a tunneling mass of my= 0.02

Mo is selected for the use in Ge tunneling FET simulation.

With a more physical and accurate simulation algorithm developed, the key
parameters related to band-to-band tunneling known, variability study of a Ge
tunneling FET device is studied through a simulation approach. It will be discussed

in the following section.

3.2.2 Variability Study of a Ge Tunneling FET

Process induced parameter variability is inherent in device fabrication due to
process non-uniformity, and there are a few key parameters which might affect
tunneling FET operation, including EOT, tunneling junction position, doping
variation, etc. EOT variation and source/drain (S/D) doping profile variation is
considered important in conventional CMOS devices. Tunneling FET shares a similar
MOS structure as conventional MOSFETs. Thus, variation in tunneling FET
performance due to variations in device parameters would be worthy of investigation.
Due to the fact that tunneling FET device operation relies on gate-controlled band-to-

band tunneling occurring at the source-to-channel junction, the source-to-channel
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junction position relative to the gate edge is considered as a key parameter as well. It

directly affects the gate control on the tunneling junction.

In order to measure a tunneling FET performance, a few key performance
parameters are extracted and compared. The on-state current, lon, threshold voltage,
Vin, Subthreshold Swing, S, are the important quantities directly reflecting device

performance.

lon is taken at the supply voltage, where the gate voltage Vy equals to the
supply voltage Vqq in a n-type tunneling FET. The off-state leakage current is taken at

V¢= 0V, with drain biased at the supply voltage.

Threshold voltage is probably one of the most important parameters for a solid
state switch, as it represents the boundary between the on and off states. In
conventional CMOSFET, there is a physical definition of threshold voltage. It is
typically defined as the gate voltage at the onset of strong inversion. However,
tunneling FET only started attracting research interests in recent years. Commonly
accepted definition for tunneling FET threshold voltage is not available. Boucart et al.
attempted to define tunneling FET threshold voltages according to the change of drain
currents with respect to both gate voltage and drain bias [3.10], [3.23]. Two threshold
voltages were defined according to the transition of drain current from quasi-
exponential to a linear dependence with respect to applied voltages. However, this
definition is complicated and the value is not easy to obtain. Constant current method
is a commonly used method in extracting threshold voltage in conventional
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CMOSFETs. The threshold voltage is taken to be the gate voltage at which the drain
current reaches a certain fixed level. This definition is simple and the threshold
voltage is easy to extract. For simplicity, constant current definition of threshold

voltage would be used for this study.

Recall that the subthreshold threshold swing (S) is defined as the gate-voltage
needed to induce a drain current change of one order of magnitude, in units of

mV/decade. S can be expressed using the following formula,

S= s Equation 3.11

which can be viewed as the reciprocal of the tangent on the log-linear l4-Vy curve.

For the definition of subthreshold swing, two different definitions had been
used in tunneling FET study, namely “point S and “average S” (Sae). Point S is
taken at a particular gate bias, which is to say at a point on the l4-Vy curve. It is
defined as the reciprocal value of the tangent line on the 14-Vy curve at a given V.
However, it has to be noted that such definition of point S does not reflect the on-off
transition of a device where the current level changes over a few orders of magnitude.
A more physical and reasonable definition of threshold voltage is the average S. In
such a definition, a few orders of current change from below the threshold current
level was considered. The average S was taken over this current/voltage range. This
average S reflects the device on/off transition more specifically. The two definitions

are depicted as shown in Figure 3.8.
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Figure 3.8. Graphical depiction of the two definition of sub-threshold swing, point S (calculated from
blue dashed line) and average S (calculated from red solid line). It can be seen that the blue dashed line
has a steeper slope, which yields a smaller S value, as compared with the average S value obtained
from the red solid line.

Judging from the published tunneling FET I4-Vy curves, including both
simulation and experimental data, tunneling FET point S value reduces with
increasing gate voltage. The smallest point S typically appears at very low drain
current. The published S values were typically the point S taken at a low gate bias.
Such S values cannot be used to judge the device performance, as it cannot be used to
calculate the relationship between on-off state current and gate voltage bias. Average
S, denoted by Saye, provides a more accurate relationship. In this study, the average S

value will be used.
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3.2.2.1 The base structure

The base structure used in the simulation is a single gate Ge tunneling FET.
Ge substrate with a body thickness (thody) 0f 25 nm is chosen as the base. Gate work
function is chosen to be 3.9 eV, such that a reasonable threshold voltage can be
obtained. Gate length of the base structure is set to 50 nm. The gate oxide thickness

is chosen to be 12 A, according to the ITRS (International Technology Roadmap for

Semiconductors) roadmap for the low standby power requirement in the near future.

0
[l I

| I

P+ Source i N+ Drain thody

Figure 3.9. The base structure used for the variability study.

Source/Drain doping is assumed to be abrupt or box-like, with a p* doping
concentration of 1x10** cm™ for the source, and n* doping concentration of 1x10"
cm™ for the drain. The substrate doping is p-type, with a doping concentration of
1x10"cm™. The Source/Junction channel to gate edge misalignment, Loy is set to be
zero for the base structure. The structure is depicted as shown in Figure 3.9. A

typical simulation mesh can be found in Figure 3.1.
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Figure 3.10. l4-Vy characteristics and the performance parameters extracted for the base structure.

All simulations were carried out at room temperature of 300 K, with a drain
bias of 0.8 V. The reference base Ge tunneling FET device is simulated by the non-
local band-to-band tunneling algorithm developed. Device performance parameters
were extracted. The |-V characteristics and the performance parameters under
investigation are as shown in Figure 3.10. Constant current method was used to
extract the threshold voltage. A current level of 1x10™* mA/um was chosen to be the
threshold current level, which is around 6 orders of magnitude higher than that of the
off-state current level. The off-state current is taken at Vq= 0.8 V and Vg=0 V. A
threshold voltage of about 0.2 V was extracted using this method. The on-state
current is extracted at the bias of Vg= V4= 0.8 V, an on-state current of 0.223 mA/pm
was obtained. From the |-V characteristics, we observe that the S value decreases
with increasing gate bias. The average S value was extracted by averaging over 3
orders of drain current change, between a current level range of 1x10”7 mA/um and

1x10™ mA/pm, taking note of the fact that the threshold voltage was extracted at drain
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Table 3.1. The effect of varying doping concentration in the source, drain, and channel region of a
tunneling FET on its performance.

category Vth V) Ion (mA/pm) Ioff (pA/pm) S, . (mV/decade)
Base structure 0.157 0.045 57.00 49.8
Source Doping 10% 10.156  |0.044 84.43 51.3
-10% 10.157  10.044 57.04 49.8
Drain Doping 10% [0.156  |0.044 76.57 50.9
-10% [0.156  |0.044 70.00 50.6
Channel Doping 10% [0.156  |0.044 72.78 50.8
-10% [0.156  |0.044 73.95 50.8

current of 1x10* mA/um. Although the average S value extracted from this device is
in sub-60 mV/decade range, the on-state current of this device is still much lower than
that of the ITRS roadmap requirement, which might be a big challenge in the

application of tunneling FET devices.

Some simulations regarding the doping concentration variation were done in a
preliminary study. The doping concentration can be controlled with a negligible
degree of variation, by adopting advanced implantation or epitaxy techniques. The
effect of up to 10% variation in the source and drain doping concentration were
considered. Doping concentration induced device performance variation is negligible.

The results are as shown in Table 3.1.

It is observed that very small device performance variation was caused by the
doping concentration variation. This is due to the fact that band-to-band tunneling
only occurs at significantly high electric field. The built-in source-to-channel and
drain-to-channel electric field caused by doping is orders of magnitude lower than

when band-to-band tunneling occurs. Band-to-band tunneling current is mainly
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limited by the tunneling barrier width, for a given material system. The tunneling
barrier width is related to the electric field at the junction. For a p'p junction with p*
doping of 1x10*° c¢cm™ and p doping of 1x10'® ¢cm™, varying the p~ doping
concentration by +10% only causes less than 1% of electric field variation (from
3.53x10° V/m to 3.52x10° V/m and 3.54x10° V/m ).  Thus, the effect of doping

concentration variation is negligible for a tunneling FET.

3.2.2.2 EOT variation

Gate dielectric thickness is one of the most important parameters for MOS
structures, as gate dielectric directly affects the potential coupling between the gate
and the channel. EOT of the base structure is set to be 12A, a +10% variation was
assumed in the study. Devices with equivalent oxide thickness of 90%, 95% and
105%, 110% of the initial value were simulated. Device performance parameters are
extracted and compared with the initial reference value, focusing on the change of

threshold voltage and on-state current, as well as the S value.

The main conduction mechanism of the tunneling FET device is band-to-
band tunneling. Current conduction starts when the conduction band of the channel is
pulled below the valence band of the source side. It is directly controlled by the
channel potential, with the source tied to ground potential. As in all MOS structures,
dielectric thickness of the device determines the amount of potential drop across the

dielectric layer, which in turn determines the potential of the channel given a
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particular gate bias. The potential drop on the dielectric layer can be derived by

Gauss’ law:
E = ——QChannel Equation 3.12
channel — c q .
channel
Eox on = Echannel Echannel J Equation 3.13

We can obtain the potential drop across the dielectric,

Vo =t Eox = —2-+(—Qupaner ) + Equation 3.14

where E is the electric field, € is the dielectric constant, Qchannel 1S the total channel
charge, tox is the dielectric thickness, and Vo is the potential drop across the gate
dielectric. For a MOS device with thicker gate dielectric, in order to achieve same
amount of potential change on the substrate, a larger gate bias is required, as the
potential drop across the gate dielectric is larger comparing to a device with thinner

gate dielectric.

This is also applicable on the threshold voltage derivation of a tunneling FET.

A higher threshold voltage is required for a device with larger dielectric thickness.

As it can be seen from Figure 3.11 that the threshold voltage is directly
affected by the EOT variation, around +8% of threshold voltage variation can be
induced by 10% of EOT change, and up to around £18 mV of threshold voltage

variation is observed.
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Figure 3.11. The effect of a change in EOT on the (top) the I-V characteristics, (middle) threshold
voltage, and (bottom) percentage of threshold voltage change in a Ge tunneling FET device.
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One of the most obvious effects of the threshold voltage variation can be seen
from the on-state current variation. Significant on-state current variation is caused by
the EOT variation. Due to the change of threshold voltage caused by the EOT
variation, the effective on-state gate overdrive is also changed. More than 20% of the
on-state current increase was observed if the EOT of the device is reduced by 10%.
Considering the fact that EOT of the base Ge tunneling FET structure is only 12 A, a
1.2 A EOT variation can cause more than 20% of drive current change. Such amount
of drive current variation is not desirable, and a very tight process control is required
to limit the EOT thickness variation. Sub-1 A EOT variation is needed to lower the
drive current variation for this base device structure, in order to keep the drive current
variation below 10%. This could impose a serious challenge in the process control of

tunneling FETs.

From Figure 3.12, we can see that the reduction of EOT thickness causes a
larger change in current as compared with the increase of EOT thickness. Reduction
of 10% of EOT thickness caused more than 25% of drive current increase while less
than 20% of drive current reduction was caused by 10% increase of the EOT
thickness. This means that effect of EOT variation could be even more severe for

devices with thinner EOT thickness.
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Figure 3.12. Effect of EOT variation on the on-state current of the Ge tunneling FET in absolute value
(top) and relative value (bottom).

Average S values were also extracted and plotted, as shown in Fig. 3.13. As
mentioned in previous sections, the average S of the Ge tunneling FET was extracted
by averaging the drain current over three orders of magnitude below the threshold
voltage. Sub-60 mV/decade of average S value was observed for the base structure as
well as the device with £10% of EOT variation. The observed average S values were

in the regime of 50 ~ 60 mV/decade. It is interesting to note that the average S values
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Figure 3.13. Effect of EOT variation on the average subthreshold of a Ge tunneling FET.

tend to saturate in negative EOT variation.  Recall that band-to-band tunneling

generation rate is modeled as follows,

* KT n.p,—n’

dos

2 (n,+n)(p, +p;)

gm
dGBTBT =

W.T,, *dE, Equation 3.15

The band-to-band tunneling current is solely determined by the tunneling rate
with a given device. All other parameters are fixed once the device material system is
fixed. Band-to-band tunneling rate is determined by the change of tunneling barrier
thickness, which is in turn controlled by gate voltage. Gate control of the tunneling
barrier thickness is obtained through the potential coupling across the gate dielectric.
By decreasing the EOT of the device, gate voltage is more directly coupled with the
channel potential. When EOT of a tunneling FET device decreases, band-to-band
tunneling rate approaches a fixed value, which is solely determined by the Fermi

distribution over both sides of the tunneling barrier. Drive current at each bias would
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also approach a particular value if there is no voltage drop across the dielectric layer.
In the extreme case where EOT is zero, a fixed |-V characteristic should be obtained,

thus the average S would be a fixed value.

This indicates that for a given tunneling FET device, the S value would also be
limited by the material system and operation conditions. Although tunneling FET has
the potential of achieving sub-60 mV/decade S values, the subthreshold swing cannot

decrease to below a fixed value either.

3.2.2.3 Junction position variation

In tunneling FET devices, band-to-band tunneling occurs at the source to
channel junction. Control of the tunneling current is obtained by gate voltage
modulation. The position of the tunneling junction relative to the gate edge is an
important parameter for tunneling FETs. The impact of the variation of the junction
position was studied and documented in this section. Abrupt source doping profile is
assumed, such that a clear source-to-channel junction position could be identified.
The junction to gate edge relative position is denoted by Loy, as indicated in Figure 3.9.
Moving the junction position further away from the gate edge is denoted by a negative
Lov, while moving the junction position towards under the gate is denoted by a

positive Lgy.
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Figure 3.14. The effect of junction position variation on the threshold voltage variation in absolute
value (top) and relative percentage (bottom).

Junction position variation up to £10% of the gate length was considered. By
setting the junction position from 5 nm away from the gate edge to 5 nm under the
gate, device |-V characteristics were simulated, and performance parameters were

extracted and compared.
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As one of the most important parameters for a solid state switch, threshold
voltage of devices with different Loy was extracted and plotted in Figure 3.14. From
Figure 3.14, it can be seen that the threshold voltage of the device increased
significantly if the junction position was moved away from the gate edge. More than
40 mV of threshold voltage increase was observed if the junction position was moved
5 nm away from the gate edge. This amount of threshold voltage change can be
attributed to the decreased electric field at the tunneling junction. By moving the
junction position further away from the gate edge, effectively an intrinsic region is
inserted between the junction and the gate edge, and a potential drop on this intrinsic
region is expected. As a result, the potential drop on the tunneling junction is
decreased. Larger gate bias is required in order to build up same amount of electric
field at the tunneling junction, allowing same amount of tunneling current. This

proposed model is shown in the Figure 3.15 (top).

In order to justify this model, electric field distribution along the gate direction
was extracted for two devices, at the same bias voltage near the threshold voltage.
The electric field of the base structure as well as the device with Loy = -5 nm was
extracted and plotted for comparison, as shown in Figure 3.15. For both devices, the
gate edge is located at 0.07 um. It can be observed that the peak electric field appears

near the gate edge for both devices. However, the peak electric field of the
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Figure 3.15. The device model in explaining the effect of moving the junction away from the gate edge
(top) and the electric field projection on the gate direction for two devices with Ly, = 0 (blue) and Lo, =
-5 nm (red) at a gate bias of 0.2 V (bottom).

base structure (blue) is significantly larger than when the source junction is moved
away from the gate edge (red). Peak electric field of 1.0216x10’ V/m is observed for
the base structure, while the peak electric field is found to be only 6.3818x10° V/m
for the device with Lo= -5 nm. A shoulder electric peak can also be observed for the
device with Loy = -5 nm, located between X = 0.065 um and the gate edge (0.07 pm).
This location corresponds to the intrinsic region between the source/channel junction
to the gate edge. Electric field with an average value around 1x10° V/m was observed
in this region. Horizontal electric field is partially contributed by the Drain to Source

bias, while the vertical component is mainly contributed by the gate. This shoulder
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electric field caused a small amount of potential drop, which in turn reduced the

effective potential drop on the tunneling junction.

The extracted electric field distribution fully supported the model formulated.
The intrinsic region inserted between the gate edge and source/channel junction
reduced the peak electric field and thus reduced the tunneling current, causing an

increase of the threshold voltage.

While the source/channel junction is shifted towards under the gate edge, a
smaller threshold voltage is observed. This is due to the increase of the horizontal
electric field along the channel induced by the reduction of the effective physical gate
length. Here, the effective physical gate length is defined as the distance between
source/channel junction and drain/channel junction. This threshold voltage variation

is expected to be more severe for devices with even shorter gate length.

Besides the effect on threshold voltage, junction position variation affects the

on-state current significantly as well.

The on-state current is as shown in Figure 3.16 for devices with different
source/channel to gate misalignment. Significant on-state current drop up to more
than 50% is observed for Loy = -5 nm, a current drop of around 15% is observed for a
2 nm misalignment. Effects of moving the junction position towards under the gate is
relatively less obvious, a maximum drive current increase of around 10% is observed

for Loy= 5 nm.
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Stringent implantation and annealing condition control is required to control
the junction position, since junction position misalignment in nm-scale would induce

a few tens percent of current variation.
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Figure 3.16. The extracted on-state current for devices with different source/channel junction to gate
edge misalignment (upper) and the relative percentage variation with respect to the base structure
whose L, is zero(lower).
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Figure 3.17. Effect of junction misalignment on the average S value.

Average S values were extracted and plotted in Figure 3.17. The S value
variation further emphasized the importance of controlling the junction position
variation. By moving the junction away from the gate edge, a portion of the gate
voltage was dropped across the intrinsic region. The gate control over the tunneling
junction became weaker, thus the average S value was reduced. When the junction
was moved towards under the gate, the lateral electric field caused by source-drain
bias became more prominent, and effectively the gate control was weakened, causing

the S value to increase.

The junction position variation simulation indicated that in order to fabricate

tunneling FETs with consistent device performance, stringent process condition

control and optimization is required.
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3.3 Summary

In this chapter, a non-local band-to-band tunneling simulation algorithm was
developed. Its application in tunneling FET simulation was discussed. Simulation
approach was taken to study the effect of process related variations on the device
performance of a single gate Ge tunneling FET. Effects of key process variation on
threshold voltage, on-state current as well as the average subthreshold swing are
studied. The simulation results indicate that tunneling FET device performance can
be greatly affected by process variations. Tight process control is therefore required
in order to fabricate tunneling FET device with consistent and tightly distributed
performance parameters. Sub-1 A EOT variation is required to limit the variation of
on-state current within 10%. Sub-nm scale junction to gate edge alignment control is
expected. These requirements might be potential drawbacks for the widespread

adoption of tunneling FET devices.
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Chapter 4
Conclusion and Future Trends of Tunneling FET

Research

MOSFET is approaching its fundamental limits. It is believed that new
device concepts/structures would emerge and find their application in post-CMOS
era. Tunneling Field Effect Transistor (tunneling FET, or TFET) has been under
active research in recent years. As one of the most promising device concepts for the

post-CMOS era, it would attract more research interest in the coming years.

W Y Choi et al. claimed that they had successfully demonstrated an n-
channel tunneling FET with 52 mV/decade subthreshold swing in 2007 [4.1]. This is
probably the first published experimental results for silicon TFETs with sub 60
mV/decade swing. Conventional SiO, dielectric with Si substrate was used. It is
believed that by adopting advanced fabrication technique and new material, device
performance could be further enhanced. In experimental efforts of this study,
experimental challenges in tunneling FET fabrication are first discussed. In order to
fabricate tunneling FET device with good device performance, integration of
advanced fabrication technology is required. Experimental efforts in fabrication of
tunneling FET device were carried out. Application of high-k gate dielectric enables
low gate leakage; HfO, grown through Atomic Layer Deposition (ALD) was used in
the fabrication process. Advanced doping technique is capable of forming abrupt

junction profile and enhance band-to-band tunneling rate; the technique of dopant
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segregation was studied and applied in the fabrication process, it is supposed to be
useful in forming abrupt doping profile. New materials with low band gap could
enhance band to band tunneling; low band gap material Ge/SiGe was applied in the
study. Integration of those techniques would help in realization of working tunneling
FET devices. Working tunneling FET devices were fabricated; device characteristics

were measured and discussed.

From simulation approach, comprehensive study has been carried out by
Toh et al.[4.2]-[4.4], Patel et al.[4.5] and more [4.6]-[4.7] in the past few years.
Some device design rules and characteristics were discussed. However, all the
simulation studies were carried out with commercially available device simulators,
whose accuracy in band-to-band tunneling simulation is questionable.  The
formulation of the band-to-band tunneling algorithm is not physical in most of the
simulators used. In this work, a novel non-local band-to-band tunneling algorithm is
developed and tested, based on a 2D open source general purpose semiconductor
simulator. This algorithm is found to be physical and robust in band-to-band

tunneling simulation.

Further on, simulation study of tunneling FET was carried out using the non-
local band to band tunneling algorithm developed. Process induced parameter
variation was studied. It is found that the doping concentration variation would only
induce negligible performance variation in tunneling FETs. Equivalent oxide
thickness (EOT) variation was found to affect tunneling FET performance
significantly. Comparing with the base structure, whose EOT is 12 A, a 10% EOT

variation could induce up to more than 20% variation of the on-state current. This
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result indicated that tight EOT control is required. It is also found that if the
tunneling junction is mis-aligned away from the gate; significant on-state current
reduction is expected. Stringent doping profile control is required in the fabrication

process.

Slightly after this study, some more experimental results were published. F.
Mayer et al. discussed the impact of SOI, Si;.«GexOl and GeOlI substrates on the
tunneling FET performance, and claimed a 42 mV/decade p-channel SOI tunneling
FET [4.9]. T. Krishnamohan et al. reported double-gated strained Ge heterostructure
tunneling FET with record high drive current and sub 60 mV/decade subthreshold
slope [4.10]. These experimental results indicated the potential of tunneling FET
devices in future applications. However, it is also true that the reported sub 60
mV/decade subthreshold swing is usually taken from a point of the l4-Vgs curve,
which means these values did not reflect the true device performance throughout the
on-off transition. What is more important is that the on-state current of the reported
devices is usually very low, typically in sub pA/um regime. The record high on-state
current reported by T. Krishnamohan et al. was taken at 3 V to 4 V supply/gate
voltage, which is not a true reflection of the device performance, as the supply
voltage is much higher than the reasonable supply voltage for modern integrated

circuits.

The reported experimental results indicated that further process development
and optimization is required in realizing tunneling FET devices with good
performance characteristics. Fabrication process of lateral tunneling FET is not self-

aligned, separate source/drain masking is required in the implantation process. It is
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expected that there would be some difficulties in lithography process for devices with
smaller gate length. There would be a need for the development of new tunneling
FET structures which provide better process control and easier integration with

conventional CMOSFET devices.

In conclusion, tunneling FET is a potential device concept for post-CMOS
era, due to its low leakage current and small subthreshold swing. However, very
stringent process requirement and variation control are required in order to fabricate
such devices successfully. Experimental exploration is still very challenging, as
advanced process technology and very tight process control are required. Structure
innovation, advanced material study could help in realizing tunneling FET devices.
Material systems like Ge/Si hetero junction or group III-V compound materials might

find their application in tunneling FET fabrication.
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