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Abstract

Reducing power consumption is an important issue for integrated circuits in portable devices
relying on batteries and systems without external power supply. Scaling of the supply voltage
Vpp in integrated circuits is a powerful tool for reducing the power consumption, due to the
quadratic dependence on Vpp. MOSFETS, however, exhibit a fundamental limitation for
the drain current increase per applied gate voltage difference. The tunnel field-effect tran-
sistor (TFET) provides the ability for beating this limitation, thus offering a performance
advantage over MOSFETs for ultra-low Vpp.

In this work, TFETSs are fabricated with respect to design rules deduced from basic physical
relations for the tunneling probability. The aim is to increase the tunneling probability in
order to obtain higher drive currents in the devices. A tri-gated nanowire design in combina-
tion with a high-x/metal gate stacks is employed in order to increase the electrostatic gate
control. Devices are fabricated on tensile-strained Si on insulator (SSOI) as well as com-
pressively strained SiGe on SOI substrates. Fabricated devices reveal enhanced current for
smaller band gap and effective carrier mass in those materials. In order to further increase
Ion and prevent [ppp degradation occurring in small band gap TFET homostructures, a
NW based heterostructure design with enlarged tunnel junction area is conceived and fab-
ricated. Device characterization of this structure reveals superior performance and large
Ion/Iorr ratio. TCAD simulations demonstrate how the structure could be adapted to
utilize line tunneling in an inverted source region for further current improvement.

SSOI NW TFET characteristics are investigated and compared to MOSFETSs fabricated
with analog processing. Temperature dependence of TFET characteristics is analyzed and
hot carrier effects in the tunnel junction are revealed by charge pumping measurements.
Furthermore, the feasibility of TFETs for logic application is studied by fabrication of in-
verter structures. A comparison of TFET and MOSFET inverters reveals degradation of the
voltage transfer characteristics caused by the ambipolarity of TFETs. An emulated TFET
structure based on the fabricated SiGe/Si heterostructure with reduced ambipolarity proves
to prevent output degradation of the TFET inverter and demonstrates sufficiently high noise
margins down to ultra-low supply voltages.

Low frequency noise measurements are performed on SSOI NW TFETs and MOSFETSs re-
vealing a dominant noise contribution by the tunnel junction in TFETSs. The confined tunnel

junction area provides a higher probability for RT'S noise generation.






Kurzfassung

Die Reduzierung des Energieverbrauchs ist ein wichtiges Thema fiir integrierte Schaltungen
in mobilen Gerédten und Systemen ohne externe Stromversorgung. Durch die quadratische
Abhéngigkeit der Leistungsaufnahme von Vpp, bietet die Skalierung der Versorgungsspan-
nung eine effektive Moglichkeit zur Reduzierung des Energieverbrauchs. MOSFETSs be-
sitzen eine physikalische Begrenzung fiir die mégliche Erhéhung des Drainstroms bezogen
auf eine angelegt Gatespannungsdifferenz, die wiederum ein Skalierung von Vpp begrenzt.
Der Tunnel-Feldeffekttransistor (TFET) besitzt diese Begrenzung nicht und bietet daher
Vorteile gegeniiber dem MOSFET bei sehr kleinen Versorgungsspannungen.

In dieser Arbeit werden TFETSs hergestellt und optimiert nach Designkonzepten basierend
auf physikalischen Modellen fiir das Band-zu-Band-Tunneln. Ziel ist es, die Tunnelwahrschein-
lichkeit zu erhéhen, um hoéhere Stréme in den Bauelementen zu erméglichen. Die TFETSs
basieren auf Nanodrihten, die an drei Seiten von einem High-x/Metall-Gate umgeben sind.
Diese Struktur erhoht die elektrostatische Gatekontrolle. Die Bauelemente werden auf
verspanntem Silizium auf Isolator (SSOI) und Silizium-Germanium auf SOI Substraten
prozessiert. Die Bauelemente zeigen eine Zunahme des Tunnelstroms mit abnehmender
Bandliicke und effektiver Masse der Ladungstriager. Um den An-Strom weiter zu erh6hen und
eine Vergroflerung des Aus-Stromes, wie sie bei Homostruktur TFETSs mit kleiner Bandliicke
auftritt, zu verhindern, wird ein Heterostruktur TFET basierend auf dem Nanodrahtdesign
entwickelt und hergestellt. Dieser Heterostruktur TFET zeigt weiter verbesserte An-Strome
bei reduzierten Stromen im Aus-Zustand.

Die Eigenschaften der SSOI Nanodraht TFETs werden mit dquivalent prozessierten MOS-
FETs verglichen. Die Temperaturabhangigkeit der TFETSs wird charakterisiert und eine Ver-
schlechterung des Gatedielektrikums durch hochenergetische Ladungstréger im Tunnelkon-
takt wird mittels der ” Charge Pumping”-Methode nachgewiesen. Des Weiteren werden die
Eigenschaften von TFETs in Bezug auf Logikschaltungen anhand von Invertern analysiert.
Der Vergleich von TFET und MOSFET Invertern zeigt, dass sich die ambipolaren Eigen-
schaften der TFETSs negativ auf die Spannungstransfercharakteristik des Inverters auswirken.
Ein emulierter TFET Inverter basierend auf der hergestellten SiGe/Si Heterostruktur mit
reduzierter Ambipolaritit verhindert dies und zeigt gutes Schaltverhalten bei sehr kleinen

Spannungen.



Die Charakterisierung des Niederfrequenzrauschens in TFET und MOSFET zeigt, dass der
Tunnelkontakt im TFET das Rauschen dominiert. Der 6rtlich eingeschrénkte Tunnelkontakt

tragt zu einer héheren Wahrscheinlichkeit fiir das Auftreten von RT'S-Rauschen bei.
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1 Introduction

In 2013, 4. 5 billion people worldwide are in possession of a mobile subscription, which means
that 63% of the world population uses mobile communication [110]. In the most recent quar-
ter, the number of subscriptions increased by over 100 million. Nowadays, more than half of
the sold mobile phones are smartphones, that have caused the mobile data traffic to increase
by about 80% in the past year. Current predictions assume an increase of mobile data traf-
fic by a factor of 10 until 2019. The evolution of smartphones and the need for increasing
computational speed in the palm of our hand, however, causes a trade-off with battery life
time, which is down to one or two days for a current smartphone under typical usage. Thus,
power consumption of mobile devices becomes a growing issue.

Power consumption is also an issue for new electronic systems, such as sensors with applica-
tion in industry, medicine and every day products, running without external power supply.
For those devices, that rely for example on photo voltaic, thermoelectric generators or ex-
ternal radio frequencies (RFID) as power supply, low power consumption of the integrated
circuits is essential.

Today, semiconductor based processors are utilized in almost every portable electronic device.
These processors rely on metal-oxide-semiconductor field-effect transistors (MOSFETS) as
switches for performing logic operations. MOSFETSs allow for switching current by applying
a voltage to a control gate. In contrast to an ideal switch, which should have zero current in
the off-state and switch to the on-state instantaneously, a finite current flows in the off-state
of a MOSFET and a certain voltage difference, the supply voltage Vpp, has to be applied
to the gate to switch the device from the off- to the on-state. The gate voltage difference
to increase the current in a transistor is described by the parameter S. The broadening
of the Fermi distribution function sets a physical lower limit for S in a MOSFET. Thus,
scaling Vpp is limited under consideration of sufficient current difference between on-state
and off-state.

The current flowing through a transistor dissipates energy by heating the device. Even
though the current and thus the dissipated heat in a single transistor are small, the dense
packing of billions of transistors in modern CPUs causes a considerable energy dissipation,
which discharges the battery in mobile devices. The power consumed in integrated circuits
for switching transistors scales quadratic with the power supply (P ~ V[% p)s which makes

scaling of Vpp a powerful tool for reducing power consumption.
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In order to switch a transistors with smaller Vpp novel concepts relying on different charge
transport mechanisms, that allow for values of S beating the MOSFET limitation, are
needed. One example of such a new concept is the impact ionization transistor, which
enables very steep values of S [31]. It has been shown though that this concept has essen-
tial drawbacks concerning switching speed since the finite time for the carrier multiplication
process limits the minimum switching time of the device [93]. Another concept that was pro-
posed as a steep switching device relies on a superlattice heterostructure to filter the Fermi
distribution function and thus enables small values of S, which was proposed and investi-
gated by simulations in [29]. However, device fabrication and integration of this structure
proves to be rather challenging due to high requirements in terms of process variation.

One of the most promising concepts for a steep switching device is the tunnel field-effect
transistor (TFET), that relies on quantum mechanical band-to-band tunneling (BTBT) as
transport mechanism. The phenomenon of BTBT was already observed and described by
Esaki in 1958 in narrow germanium p-n diodes [21] while the concept of a BTBT transistor
device was first proposed an experimentally demonstrated in the late 1980s [5][99]. Since that
time various TFET designs have been proposed and fabricated [91][41]. However, a BTBT
transistor experimentally demonstrating subthreshold swings S smaller than the 60 mV /dec
limitation of MOSFETSs was realized first in 2004 [3]. Even though subthreshold swings
below 60 mV/dec have been demonstrated up to now in TFETs with various concepts and
materials, the average switching slopes are still well above 60mV/dec and drive currents
are typically below the limits of the international technology roadmap for semiconductors
(ITRS), setting the aims for developments in future CMOS technology. Theoretical predic-
tions, however, show that TFETs offer superior performance and consume less power at Vpp
below 0.3V, compared to MOSFETs [4].

Furthermore, the TFET concept offers the advantage of easy integration in current CMOS
technology, since basically TFETs can be fabricated with a MOSFET process just by using
opposite doping species in source and drain, in contrast to doping source and drain with the
same doping type like in a MOSFET. However, the optimization of TFET structures follows
different rules due to the deviating physical transport mechanism in the devices. Increasing
the on-current in a TFET is especially important since the on-current defines the switching
speed of the transistor. Due to the BTB tunneling probability, that is always smaller than
one, on-current in a TFET is smaller compared to a MOSFET, where the probability of

transmitting carriers from the source to the drain is equal to one in the on-state.

Within the framework of this thesis, different TFET structures based on silicon and silicon-
germanium nanowire structures are realized experimentally. The focus of the TFET device
design is to increase the tunneling probability. Different fabricated TFET structures are
analyzed in detail and concepts for optimization are deduced from measurement results as

well as TCAD simulations.



The content of this thesis is subdivided in eight chapters. Subsequent to this introductory
chapter, chapter 2 presents the theoretical background and the underlying physical relations,
which are used to develop the design and process for the TFETSs and to interpret the mea-
surement results. Chapter 3 exhibits experimental results on nanowire TFET and MOSFET
structures fabricated on strained silicon on insulator substrates. The current-voltage charac-
teristics of MOSFETs and TFETs are compared and various peculiarities of the TFET are
explained. Chapter 4 presents results on nanowire TFETSs fabricated on silicon-germanium
substrates. The process implications of this material system are studied and performance
improvement by different germanium concentrations is investigated. Chapter 5 introduces a
heterostructure based TFET concept, that enhances BTBT by an enlarged tunnel junction
area and in situ doping of the source. TCAD simulations are performed to further study
the device characteristics and differences of the homo- and heterostructure TFET concept.
Chapter 6 exhibits experimental results on inverters as simple logic elements build from
TFETSs presented in chapter 3. Furthermore, the implications of TFET device improvement
on the inverter performance are demonstrated based on the heterostructure TFETSs from
chapter 6. Chapter 7 presents a comparative analysis of low frequency noise in MOSFETs
and TFETs fabricated within the framework of this thesis. Chapter 8 concludes the findings
and gives an outlook on possibilities for continuing the research on TFETSs based on this

work.






2 Theoretical Background

In this chapter the theoretical background and basic physical relations correlated with the
later on presented experimental work are established. The metal-oxide-semiconductor field-
effect transistor (MOSFET) and tunnel field-effect transistor (TFET) are introduced and
their subthreshold characteristics are derived. Since this work focuses on TFETS, several
additional effects influencing the TFET device performance are explained. The possibilities
to increase the TFET performance by various design aspects are discussed subsequently.
Finally a measurement technique for gate interface characterization is introduced, that is
used to analyze the fabricated TFETSs.

2.1 Power Consumption in Integrated Circuits

The power which is dissipated by integrated circuits can be divided into two contributions.
The first is the dynamic power consumption Pgynamic, which is correlated with the charging

and discharging of load capacitances Cj,,q when the transistors switch their state:

denamic = Cload . VI%D . f7 (21)

where f is the switching frequency. Pyynamic has a quadratic dependence on the supply volt-
age Vpp of the integrated circuit. The second contribution is the static power consumption

of the transistors in the off-state:
Pstatic = lorr - Vob , (2.2)

depending on Vpp and the leakage current of the transistor in the off-state Ippp.
An important figure of merit is the inverse subthreshold swing or subthreshold slope S that
relates Ippp to Vpp [41}:

lorr = Ion - 107‘/DTD . (2.3)

This equation shows that a decrease of Vpp at constant Ioy and S results in a rapid in-
crease of Ippp. This relation is illustrated in the schematic Ip-Vi characteristics in Fig.2.1.
Switching devices with a steeper average subthreshold swing are needed in order to maintain

low off-state leakage for scaled down Vpp and thus reduced power consumption.
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Figure 2.1: Schematic Ip-Vi characteristics of a MOSFET limited to S > 60mV /dec and a TFET
with S < 60mV/dec. Smaller average S is needed for supply voltage Vpp scaling
without increasing Ippp.

2.2 MOSFET

A metal-oxide-semiconductor field-effect transistor (MOSFET) is a three terminal device
based on a MOS capacitor. A schematic illustration of a n-channel MOSFET structure is
shown in Fig.2.2. The gate electrode is electrically isolated from the semiconductor channel
by a gate dielectric. In case of the n-channel MOSFET, the source and drain regions are
n*-doped. Fig.2.2 also shows the conduction and valence band edge energies in the semicon-
ductor channel from source to drain. The principle of current switching in a MOSFET is the
injection of carriers from a thermally broadened Fermi distribution function in the source
over the potential barrier of the conduction band in the channel region. By applying a pos-
itive gate voltage Vi the bands in the channel region move down and electrons transport
from source to drain is enabled. The increase of drain current Ip with applied Viz depends

on the broadening of the Fermi distribution function.

2.2.1 Subthreshold Characteristics

The Landauer formalism can be used as a simple 1D model to calculate the current flow in
a MOSFET [15]:

1o =% [ AET(E) (1(B) - fulB) = 5 [dEGE) - fulE) . (20
—0 <I>(}

where e, h, fs and f; are, respectively the elementary charge, the Planck constant and the

Fermi distribution functions in the source and drain. @? is the potential barrier height for
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the electrons, which is given by the conduction band edge energy in the channel. T'(E)
denotes the transmission probability, which is T(E) = 1 for E > @?p and T(E) = 0 else.

In the subthreshold regime f; and f; can be approximated by the Boltzmann distribution,
since <I>(} is much larger than the chemical potentials ps and pg in source and drain, re-
spectively. Since us > pg4, due to the applied Vpg, fq4 < fs in this regime and f; can be

neglected. Based on these assumptions (2.4) becomes:

o0
2e E— ps 2e ‘I’?«—Ms
Ip=— | dE — = —kpT - . 2.
D h/ eXp( kBT) 5, ko eXP( KpT (2.5)
(1)0
f

<I>()l is a function of the gate voltage Vi [49]:

C
900 — ¢ (—> ov, 2.6
Coz + Cgept + Cit “ (2.6)

where Cyep, Ci and Cy, are the depletion, interface and gate oxide capacitance, respectively.
The inverse subthreshold slope S can be calculated from the Ip-Vi characteristics using (2.5)
and (2.6):

-1 99
- [BIOgID] = In(10) aiféifi
Vg 3<I>f Ve Ip

= 1n(10)kBTT (1 + W) @)

Hence S in a MOSFET has a lower limit depending on the broadening of the Fermi distri-
bution function with temperature. At 300K and in the case of Coz > Cyep + Ct this lower
limit is

S = ln(lO)kB?T A~ 60mV/dec. (2.8)

2.3 Tunnel Field-Effect Transistor

A tunnel-FET (TFET) is a gated p-i-n structure, which is operated in reverse bias. This
means in contrast to the MOSFET source and drain are doped with opposite dopant species.
A schematic of a TFET structure is shown in Fig.2.3. The transport mechanism in a TFET
relies on band-to-band tunneling (BTBT) instead of thermal emission over a potential barrier
as in a MOSFET. The band edge energies of valence and conduction band in a p-channel
TFET structure are shown schematically in Fig.2.3. In p-channel configuration the source
is n*-doped and a negative voltage Vps is applied to the p-doped drain. By applying a
negative voltage to the gate the bands in the channel region are moved up and an energy
overlap A® of source conduction and channel valence band edge is created. The energy
interval A® allows for BTBT from the source into the channel. Here the confined tunneling

window acts like a band-pass filter for electrons from the source cutting off the high and
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Source Channel Drain

Figure 2.2: Schematic illustration of a n-channel MOSFET structure, the valence and conduction
band edge energies along transport direction for two different gate voltages and the
corresponding Ip-V characteristics.

low energy tail of the Fermi distribution function. Thus, the carrier transport in the TFET

becomes independent from the broadening of the Fermi function.

2.3.1 Band-to-Band Tunneling

In quantum mechanics particles, such as electrons, can be represented by wave functions. In
contrast to the classical picture these wave functions do not terminate on a finite potential
barrier, but penetrate into it. Thus, there is a certain probability that an electron can
tunnel through a potential barrier of finite width. In the Wentzel-Kramers-Brillouin (WKB)
approximation a potential U(x), that does not change rapidly with z, is approximated with
infinitesimal wide rectangular potentials. The WKB tunneling probability Ty xp is given
by [98]
T2
Twkp = exp (—2/ |k(z)|d1’) , (2.9)
1

where k(x) is the wave vector of the carrier and xo the starting and end point of the
tunneling path, respectively. The tunneling barrier for a BTBT process can be approximated

as a triangular barrier, which is illustrated in Fig.2.4. The wave vector for an electron with
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log I,

Source Channel Drain

Figure 2.3: Schematic illustration of a p-channel TFET structure, the valence and conduction band
edge energies along transport direction for two different gate voltages and the corre-
sponding Ip-V characteristics.

the energy E in the conduction band can be written as:

k(x) = \/22; (E—Ec) = \/%(—egx) , (2.10)

where the energy difference of the electron to the conduction band (E — E¢) was substituted
in the second step by the corresponding electric field £ in the junction. Plugging (2.10) into
(2.9) and using z1 = 0 and zp = E,/e€ yields:

3hef (2.11)

) ( 4mEg/2>
Twkp=exp| ———r——5—| -
The spatial width of the tunnel junction is determined by the sum of the screening length
in the source Agop and the channel Aq, [46][88]. Agop is small for a steep doping profile in
the source, whereas )., decreases for high electrostatic channel control by the gate. The
electric field in the junction can hence be expressed as e€ = (Ey + A®)/(Agop + Acn) and

(2.11) becomes:

(2.12)

4(Adop + A ) V2 B2
TWKB:exp(—(dp+ n)V2m* By .

30 (AD + E,)

This result shows that a large tunneling probability is observed for a small effective mass,

small Ej, a steep source doping profile and a good electrostatic channel control.
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Figure 2.4: Approximation of the BTBT barrier as a triangular potential.

2.3.2 Subthreshold Characteristics

In order to calculate the subthreshold characteristics of a TFET the Landauer formalism from
equation (2.4) can be used with T'(E) given by Ty i p from equation (2.12). Carrier injection
from the drain side can be neglected (fq = 0) and the energy interval where tunneling occurs
is given by the energy overlap A® = E¢y — Ege of channel valence and source conduction
band for the p-channel TFET. Assuming the band edge energies can be approximated as
shown in Fig.2.4, Ty i p is independent of E for the energy interval A®. Hence, Ip can be

expressed as:
AP

2e 2e
Ip =Twkp - "’ / dE fs(E) = TWKB;F(A(I))» (2.13)
0

where F(A®) is the integral over the Fermi function. Assuming that the channel potential
varies one to one with the applied gate potential OV /OA® = 1/e, the derivative of Ip

becomes:
OF(A®)

0AD

Alp dIp  2¢% [0Twkn
Ve Cone  h

= = IAD F(A®)+ Twikn

(2.14)

A high tunneling probability is necessary to achieve reasonable on-current and performance
in a TFET. If a tunneling probability close to unity is achieved, Ty xp varies only slightly
with A® and the first term in equation (2.14) can be neglected. Combining (2.13) and (2.14)
S can be calculated by:

_ [ologIp] ™t aIp 117" oIp 1

-1

-1
2¢? OF(AD) 1
=In(10 T 2.15
n(10) | 5 -TwKkB =5 x5 TWKBZ,;“’F(A@)] (2.15)
In(10) F(A®)
T T o 9FQA) -

OAD

10
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For small A® a Taylor expansion of the integral function F(A®) to the first order yields:

_ In(10)

S AD. (2.16)

This relation reveals that S for a TFET has no first order temperature dependence, in
contrast to the MOSFET. However, S in a TFET depends linearly on A® and thus S

increases for increasing Vi, whereas S in a MOSFET is independent of V.

2.3.3 Ambipolarity

Due to the symmetric p-i-n structure of a TFET, BTBT can occur at the n-i as well as at the
p-1 junction when the bands in the channel region are shifted up and down, respectively. The
applied gate voltage V& causes a shift in the channel band energy edges by ®¢. Fig.2.5 shows
an illustration of the valence and conduction band edges in a TFET. The drain voltage Vpg
is applied to the n-doped region, which corresponds to a n-channel TFET configuration. In
TFET operation the p-i-n diode is reverse biased and hence Vpg is positive in the n-channel

configuration, shifting down the drain bands by the energy ®p.

log |,

p-branch n-branch

AV

Source Channel Drain Vv

Figure 2.5: Illustration of the valence and conduction band edge energies in a p-i-n TFET structure
(left) and the corresponding Ip-Vi characteristics with symmetric p- and n-branch
(right).

Fig.2.5 shows a schematic Ip-Vi characteristics of a TFET. The on-set of the p- and
n-branch are separated by a gate voltage diffenrence AV, that corresponds to a shift of the
channel bands by ®¢,, + Pcp:

eAVg = ®cp + Pcp = Ecc — Esv + Epc — ®p — Ecy

(2.17)
=FE,—®p—(Esv — Epc) -

FEcc, Ecv, Esy and Epc are the band edge energies as given in Fig.2.5 and Foc — Foy
can also be expressed as the band gap E,;. Esy — Epc is positive in case of degenerately

11



2 Theoretical Background

doped source and drain regions, when the Fermi energy Er lies within the band. This
demonstrates that the separation of p- and n-branch in the Ip-Vg characteristics depends
on E, and decreases with applied Vpg and high source and drain doping level. Hence, for
too small Ey or too high Vpg p- and n-branch can intersect and degrade the off-state.

The separation of p- and n-branch given by equation (2.17), however, is the ideal case when
BTBT is the only transport mechanism occurring in the TFET. The following sections

introduce additional effects causing a further closing of the gap between p- and n-branch.

2.3.4 Trap Assisted Tunneling

In addition to the BTBT process that sets in when the applied Vi is large enough to create
an energy overlap of source and channel bands trap assisted tunneling (TAT) processes have
to be taken into account in experimental TFET structures. TAT describes the process when
carriers from the source tunnel into trap states within the channel band gap and reach the
channel bands by thermal excitation from the trap states [73]. Trap states in the tunnel
junction are introduced by oxide interface traps, defects due to ion implanted junctions or
simply by the presence of dopant atoms. TAT sets in at smaller values of Vi, before an energy
window for BTBT from source to channel band edges is opened. Hence the separation of p-
and n-branch, which was calculated before, is reduced.

Since the transfer of the carriers from the trap states into the channel relies on thermal
excitation it depends on the broadening of the Fermi distribution function. Thus, current
generated by TAT has the same limitation of S to 60mV/dec as a MOSFET. Due to the
temperature dependence the thermal excitation and thus TAT can be suppressed at low

temperatures.

2.3.5 Phonon-Absorption Assisted Tunneling

The scattering of electrons with phonons influences TFET performance. For BTBT in
indirect semiconductors, such as silicon with a I'-A band gap, phonon interaction with
tunneling charge carriers is needed for momentum conservation. Due to electron-phonon
scattering the energy of electrons in the source can be increased above the valence band
edge as shown schematically in Fig.2.6. If the electron energy exceeds the conduction band
energy in the channel BTBT is enabled, even though there is no energy overlap of source
valence and channel conduction band. The maximum energy an electron can gain in Si is
given by the transversal-optical phonon with 63 meV at corresponding wave vector [7]. Also
transversal-acoustic phonons with 18.6meV contribute to the phonon-absorption assisted
tunneling [90].

Due to the onset of BTBT at smaller Vi, caused by electron-phonon scattering, S of the
TFET is degraded and the n- and p-branch in the Ip-Vi; characteristics move closer together
[55][53][63]. The phonon assisted tunneling also introduces a temperature dependence of S

for small Vi since the phonon occupation is larger at higher 7.
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Figure 2.6: Illustration phonon assisted BTBT in a n-channel TFET.

2.3.6 Shockley-Read-Hall Recombination

The Shockley-Read-Hall (SRH) recombination mechanism describes the recombination of
conduction band electrons and valence band holes with the assistance of trap states within
the band gap [87]. These trap states are for example introduced by dopant atoms. The
recombination process is non-radiative and the electron energy is transfered to lattice vibra-
tions. The SRH recombination is much more likely compared to direct recombination due to
the smaller energy difference. The recombination rate Rgry for a single-level trap is given

by [20]:

np —n;
Rsni = i 7 9.18
S ) + 7 (0t 1) (2.18)
with
B Ep— Ep B Ep — By
nyp = n; exp ( T ) , P1 = n; exp ( T ) , (2.19)

where 7, and 7, are the carrier lifetimes of electrons and holes, respectively. E7 is the energy
level of the trap state and Er is the Fermi energy. The number of intrinsic carriers in a

semiconductor is given by:

E : E
n; = \/ NoNy exp (—2 g ) = AT exp (— g ) , (2.20)

kBT 2]€BT

where N¢ and Ny are the densities of states in conduction and valence band, respectively. A
is a constant depending on the density of states, effective masses of electrons and holes and
the number of equivalent conduction bands [98]. Equation (2.20) shows that the intrinsic

carrier concentration increases with decreasing band gap E, [34].

Although the channel region of a TFET is called intrinsic, the substrates used to fabricate
the devices have a slight background dopant concentration in the order of 106 cm=3 allow-
ing for SRH generation-recombination in the channel region. This process is illustrated in
Fig.2.7. The p-i-n diode in a TFET is reversed biased in standard operation, and electrons

and holes flow from the channel region to the n-doped and p-doped region, respectively. n
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Channel
Source

Q —>

E

Figure 2.7: Illustration of the SRH generation-recombination process at trap states within the band
gap. Under reverse bias conditions holes flow to the p-doped source and electrons to
the n-doped drain.

and p decrease in the channel region below the intrinsic carrier number n; and Rgrpy in equa-
tion (2.20) becomes negative. This means the SRH generation exceeds the recombination.
The SRH generation contributes to the off-state current in a TFET and is largest under
flat band voltage conditions. An accumulation of either electrons or holes in the channel by

applied Vi above or below Vrp decreases the generation current.

2.3.7 Drain Induced Barrier Thinning

In contrast to the MOSFET that shows a linear onset in Ip-Vpg characteristics, most
experimental demonstrated TFETSs exhibit a superlinear onset [88][83]. This characteristic is
undesired since the current saturation is degraded. The reason for the superlinear behavior
can be explained by Fig.2.8. When a gate voltage Vg large enough to enable BTBT is
applied under zero Vpg electrons can tunnel into the channel and form an inversion charge
Qinv that screens the gate potential. Due to the screening of the gate potential the bands in
the channel region can not be shifted further by larger applied V. By applying a positive
Vps the inversion charge and hence the screening of Vi in the channel is reduced. Thus,
the bands in the channel move down and the tunnel distance at the source-channel junction
decreases with increasing Vpg. This effect is called drain induced barrier thinning (DIBT).
The DIBT can be avoided by going to the quantum capacitance limit, where the oxide
capacitance C,, is large compared to the quantum capacitance Cy [47]. In this case the
channel potential changes one-to-one with the applied V. However, since C, is proportional
to the density of states (DOS) this limit can only be effectively reached in one-dimensional
structures. For Si devices this limit is only reached for nanowire devices with diameters
below 5nm.

Also the source doping concentration influences the DIBT. A degenerately doped source

provides a small Ay, reducing the tunneling distance and increasing the tunneling proba-
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2.4 TFET Design Considerations

bility. Under these conditions the tunneling distance varies only slightly with a change of the
channel band position and thus also DIBT is reduced [68][30]. However, there is a trade-off
since for a highly degenerated source the Fermi function lies well within the band and the
energetic window allowing for tunneling cuts out the Boltzmann part of the distribution
function [49]. This limits S to 60mV /dec as in the case of a MOSFET.

A E

l eV

Source Channel Drain

Figure 2.8: Schematic illustration of the drain induced barrier thinning (DIBT) at constant V¢ and
increaing Vpg.

2.4 TFET Design Considerations

Based on the theoretical considerations about the working principle of TFETSs presented in
the previous sections, design concepts and rules for the fabrication of such devices can be
deduced. The design concepts, which are utilized in the devices presented in this work are

described in the following sections.

2.4.1 Multi-Gate Structures

As previously discussed a good electrostatic gate control, which is represented by a small
screening length A, is crucial in TFETSs in order to achieve a high tunneling probability
and thus high on-current. A\., can be calculated for a fully depleted SOI MOSFET with a

single planar gate from Poisson’s equation [13]:

A = 1| titon (2.21)
501'

where €4, €04, tsi and t,,; are, respectively, the dielectric constants and layer thicknesses
of the silicon and gate oxide layer. A., can further be reduced by going from a planar
device concept to multi-gate configurations [22]. Different types of multi-gate structures
with double-, tri-, Q-, II- and gate-all-around (GAA) - configuration are depicted in Fig.2.9.
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Analytical calculations [13] and numerical simulations [59] reveal that A, in double-, tri-
and GAA-configuration for a square channel cross-section is given by (2.21) multiplied by a
factor \/1/727 \/m and \/m, respectively.

Fig.2.10 exhibits calculated values of A, for different gate configurations as a function of the
Si thickness for a square cross-section and a gate dielectric of 3 nm HfOy. The GAA structure
provides the best possible gate control. However, the processing complexity for these type
of gates is much larger compared to a tri-gated structure, due the need for freestanding
nanowires. In this work tri- and 2-gated nanowires are utilized for TFET application, since
they provide a good compromise between process complexity and improved gate control.
Fig.2.10 reveals that the improvement of A\, for a tri-gate compared to a planar single gate

is quite large, while the additional improvement due to a GAA structure is rather small.

Single Double Tri Pi Omega GAA

Figure 2.9: Schematic of various gate configuration types.

8+ u
Single
7F |——Double
I Tri
6 | [——GAA

Aen (nm)
E

n n 1 n n n n
0 5 10 15 20 25 30
Si thickness tg; (nm)

Figure 2.10: Calculated values of A\, for different gate configurations as a function of the Si thick-
ness tg;.
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2.4.2 High-~ Gate Dielectrics

A large oxide capacitance C,, is crucial in field-effect controlled devices to gain a good
electrostatic control of the channel potential by the applied gate voltage, as shown in equation

(2.6). Larger C,, can be realized by decreasing the gate oxide thickness t,, according to:

Coz = sosomi ; (2.22)
tOII?
where A is the area of the capacitor, g and €,, are the vacuum permittivity and the relative
permittivity of the oxide, respectively. However, if ¢,; is in the range of 1 nm the leakage
current from the channel to the gate through the gate dielectric becomes too large to achieve
acceptable device performance.
Originally, SiOy was used as a gate dielectric, since it has a large band gap, large band
offsets to Si and can be fabricated simply by thermal oxidation of Si structures. One way
of increasing C,, further is utilizing dielectric materials that offer higher values of ¢,,, that
is also sometimes denoted with « in this context. These so called high-x dielectrics offer €,
values that can be many times higher than ¢,, = 3.9 for SiOy. Hence, t,; can be increased
for high-x materials compared to SiOy and the leakage currents decrease. Especially rare
earth based oxides like HfOy exhibit sufficiently high £,, and are well suited for CMOS
integration [109][33]. HfO2 was introduced in the 45 nm node in 2007 [70].
In this work AlyOs with ., = 9 and HfOs with e,, =~ 18, both grown by atomic layer
deposition (ALD), are employed in order to increase C,, and decrease A, (see eq.(2.21)) in
TFETs.

2.4.3 Density of Interface and Oxide States

Charged interface states between semiconductor channel and gate dielectric can screen the
gate electrical potential and deteriorate the control of the channel potential by the applied
gate voltage. Charged interface trap states are for example introduced by surface contamina-
tion prior to the gate stack deposition or unsaturated chemical bonds of the semiconductor
or high-x dielectric, which are always present in fabricated devices. Thus, characterization
and improvement of the density of interface states Dj; is important in the TFET optimiza-
tion process.

One possibility to investigate D;; is measuring the charge-pumping (CP) current I, [32]. CP
measurements can be performed on bulk MOSFETSs where source and drain are shortcut and
I, is measured between source/drain and the bulk substrate. However, the CP technique
can also be applied to gated p-i-n structures [19] which makes it applicable for TFETs.
The CP measurement setup for a TFET on SOI device is shown in Fig.2.11. The signal from
a pulse generator is applied to the gate, while a small reverse bias is applied to the drain
contact and the source is at ground potential. The charge pumping current I, is measured

at the drain contact.
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Figure 2.11: Schematic of the setup for charge pumping measurements on a TFET.

top

Figure 2.12: Schematic of the base-level charge pumping technique and the corresponding CP-
current I, as a function of the base voltage Viqse-
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The working principle of the CP measurement is illustrated in Fig.2.12. Voltage pulses with
constant amplitude Vg, and frequency f are applied to the gate contact. I, is measured
at the drain while the base voltage Vjuse of the pulses is swept from Vigse < Vi — Vamp to
Vbase > Vin. The maximum I, is generated when for the applied voltage pulse Vyqse is below
Vip and Viop above V. In this case the channel is pumped from accumulation to inversion
and the traps in the interface and oxide are filled in inversion with electrons. When the
channel is pumped back into accumulation, within a time that is small compared to the
trap lifetime, holes that are injected as majority carriers from the drain, recombine with the
trapped electrons, thus causing a recombination current.

For very thin oxide layers a gate leakage current can add to I, and also a band-to-band
tunnel current can occur due to the highly doped source and drain in a TFET. These current
contributions can be determined by measuring I, at low frequency (f ~ 1kHz), since they
are not frequency dependent compared to the CP recombination current.
The measured I, is given by

I, = N/Afe, (2.23)

where A is the gate area and Ny the number of interface and oxide traps per area. In high-x
gate stacks both, interface and oxide traps, contribute to Ir, [100]. The density of interface
and oxide states Dy follows from normalizing Ny to the energy interval. A profile of the traps
as a function of the distance from the interface can be measured by changing the discharge

time, due to the spatial life time dependence of the traps.
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3 Strained SOl Nanowire TFET

This chapter presents results on nanowire (NW) tunneling field effect transistors (TFETSs)
with high-x/metal gate fabricated on strained silicon on insulator (SSOI) substrate. As
discussed in the theory section 2.3.1 the on-current in a TFET benefits especially from a small
band gap E, and a small screening length of the electrical potential A. The design of the NW
TFET presented here was conceived in order to improve exactly these two important device
parameters. The biaxially tensile SSOI substrate offers reduced Ej,, while the HfO5/TiN
gate stack in combination with the NW array design guarantees good electrostatic gate
control, and hence small X. In the first part of this chapter the fabrication of NW array
TFETSs on SSOI is described. In the second part the resulting strain in the processed NWs is
discussed. Part three compares the current-voltage (I-V) characteristics of the NW TFETSs
to reference NW MOSFETSs highlighting fundamental differences between both device types.
Part four analyzes the influence of the nanowire cross-section on the device performance. Part
five presents a temperature dependent I-V analysis of the devices including comparisons to

analytical models and device simulation.

3.1 Device Fabrication

SSOI Substrate

Strained silicon (sSi) on insulator substrates with a sSi thickness of 15nm were used to
fabricate the NW array TFETs. The biaxial tensile strain in the sSi layer is € = 0. 8 % which
correspondes to a stress of o = 1.3GPa [27]. To fabricate the sSOI wafers a silicon layer
is grown pseudomorphically on relaxed Si;_,Ge, with a Ge content of z = 20 % [36][37].
Subsequently the sSi layer is transferred by wafer bonding technique onto a wafer with
145 nm thick SiOg on Si [9][27]. The sSi layer of the resulting SSOI wafer has a (001) surface

and a background p-doping level of 1 x 10'% cm™3.

Process Steps

Fig.3.1 shows schematic images of the sample at important process steps during the fabri-
cation. The process was carried out on 19.5 x 19.5mm? pieces cut from a 300 mm wafer.
Because of the nanowire array design very high resolution and alignment accuracy for the
lithographic steps during the process are needed. Patterning of the NWs as well as the

alignment of the gate and implantation windows require electron-beam lithography. In the
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Figure 3.1: Schematic illustration of a TFET device at differnt steps during the processing.

following the process for the SSOI NW array p-TFET fabrication will be described in step
by step:

1. A precleaning of the sample pieces was performed to remove the resist protecting
the samples during sawing of the wafer into pieces. To remove the resist acetone and
propanol were used in combination with an ultrasonic bath. Subsequently the samples
were cleaned in Piranha etch with HaSO4 : HoO9 (4 : 1).

2. Optical lithography using UV6.06 resist was used to transfer the electron-beam
marker pattern with 15 x 15 um? squares on the sample. Subsequently the mark-
ers were etched by reactive ion etching (RIE) in a three step process etching the top
sSi layer with SFg/O2, the buried oxide with CHF3 and the Si substrate with SFg/Ar
plasma. The UV6.06 resist mask was removed using acetone and propanol. The re-

sulting marker depth is about 700 nm.
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. The sample was coated with electron-beam sensitive PMMA resist 949.04/200K and
the pattern for the nanowire array and mesa structure was written by electron-
beam lithography. After development of the resist the pattern was transferred into
the strained Si layer by RIE using a SF¢/O2 plasma at low temperature. The remain-
ing PMMA resist was removed in an O plasma process. The resulting NW array

connecting two larger areas of sSi was shown schematically in Fig.3.1(2).

. Subsequent to a standard RCA cleaning the gate stack was deposited. The high-x
dielectric HfO, is deposited by atomic layer deposition (ALD) and the gate metal TiN
by atomic vapor deposition (AVD).

. The sample was coated with negative electron-beam resist hydrogen silsesquioxane
(HSQ XR-1541) and the gate pattern and gate pads were written by e-beam lithog-
raphy. After development of the HSQ resist the TiN layer was patterned by RIE using
SFg/Ar plasma. The HfOy was structured by wet chemical etching with HF acid. The
resulting NW array with patterned gate stack was shown in Fig.3.1(3).

. Two e-beam lithographies were needed as masks for the ion implantations. In both
cases a 650nm thick layer of PMMA 669.07/600K was used as ion implantation
mask. First the source side of the TFET was covered and the implantation of BFy+
ions into the drain was performed. Only half of the gate was covered with resist in
order to allow for a self aligned implantation process. In the second step the drain side
of the TFET was covered and As™ ions were implanted into the source region. This
process is illustrated in Fig.3.1(4) and (5). Activation of the dopants was carried out

by a rapid thermal spike annealing at 1000 °C in nitrogen atmosphere.

. The sample was coated with negative tone photoresist nLOF2020 and contact windows
at source, drain and gate were opened using optical lithography. After HF dipping
to remove the native oxide, 150 nm Al was deposited for contact metalization by
electron-beam evaporation. The redundant Al was removed by a lift-off process in

acetone.

. A forming gas annealing at 400°C in 90% N3 and 10% Hs for 10 minutes was
performed in order to improve the high-x interface quality as well as contact quality
of the Al pads on the doped Si layer.

The processed p-TFETs can also be measured as n-TFET just by redefining source and

drain contacts. Ion implantation energy and dose have been chosen carefully according to

TRIM simulations, based on the amorphization limit in Si at a vacancy concentration of

8.95 x 102! em ™2 [69]. The implantation peak of the ion distribution was chosen to be close

to the top of the sSi layer in order keep a thick enough crystalline seed layer to allow for

solid phase epitaxial regrowth (SPER) during rapid thermal annealing (RTA) as shown in
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[10]. Both dopant types were implanted to a fluence of 1.5 x 10"%cm™2.

The NW array of each device consists of 1000 NWs in parallel with a pitch of 200 nm.
Four different lengths of NWs with 500, 800, 1200 and 2400 nm and corresponding gate
lengths of 100, 400, 800 and 2000 nm have been fabricated. Two batches of these TFETSs
with NW cross-sections of 10 x 50nm? and 10 x 10nm? have been processed, respectively.
Fig.3.2 (a) shows a scanning electron microscope (SEM) image of a NW array with 10 nm
wide and 2.5 pm long NWs. A section of a NW array with 500 nm long wires and a 100 nm
gate length TiN gate is shown in Fig.3.2(b). Fig.3.3(a) and (b) exhibit cross sectional
transmission electron microscope (TEM) images of single NWs with 50 nm and 10 nm width,
respectively, underneath the HfO2/TiN gate.

In the batch with the 10nm wide NWs, MOSFETs have been processed on the same chip
together with the TFETSs. For processing additional MOSFETSs only the implantation mask
in step 6 of the process description was changed. In case of the BFy implantation the whole
n-MOSFET was covered by resist while boron was implanted in source and drain of the

p-MOSFET and vice versa in case of the As implantation.

Figure 3.2: (a) Scanning electron microscope (SEM) image of a nanowire array with 2.4 ym long
and 10nm wide NWs; (b) SEM image of 500nm long NWs with a 100nm long TiN
gate.

Figure 3.3: Cross-sectional transmission electron microscope (TEM) images of single NWs with (a)
10 x 50nm? and (b) 10 x 10nm? in a SSOI NW array TFET with high-x/metal gate.
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3.2 Uniaxial NW Strain

The 15 nm thick sSi layer of the (001) SSOI substrate has a biaxial tensile strain of e = 0.8 %.
The channel of the fabricated NWs is oriented in [110] direction. Several publications show
that due to the patterning of nanowires on biaxially tensile strained silicon the strain accross
the NW relaxes while the strain along the NW is maintained. This effect is demonstrated
theoretically by 2D finite element simulations in [23] and experimentally by X-ray diffraction
in [6]. Raman measurements performed on nanowires, fabricated by a process similar to the
one used in this work, confirm that uniaxial strain along ion implanted nanowires recovers

after spike annealing of the partially amorphized sSi layer [69].

0.15 : ; 10° ' ' ' '
oo - SiNW ---- SINW
¥ — 5Si NW 104 ] ——5Si NW 1
£ 010 V=3V..-45V ] ,\10‘5: Vpe=-0.05, 0.2V
= F L
% Step: 0.5V 5106
=005 3.k '
: ro10
10° | o
0.00 === : T ] S .1(.)
-3 2 -1 0 4 3 2 1 0 1
VDS(V) VG(V)

Figure 3.4: (a) Output and (b) transfer characteristics of strained Si NWs with HfO, /poly-Si gate
stack fabricated by Sandow [83].

Nanowire array TFET's using SiOs as a gate dielectric and poly-Si as gate are demonstrated
in [89]. Fig.3.4 exhibits output and transfer characteristics of these devices. The comparison
of TFETS fabricated on SOI and sSOI substrate reveals an increase in on-current by a factor
of six for the strained Si. The transfer characteristics in Fig.3.4 also show a slight increase
in the off-current (Ippp) of the TFET with sSi NWs. From this change in Ippp the actual
reduction of E, for strained Si NWs compared to unstrained NWs was estimated. Ippp in a
TFET is dominated by a Shockley-Read-Hall (SRH) generation-recombination current in the
reverse-biased p-i-n diode causing the small hump in between the two branches of the transfer
characteristics. The SRH current is proportional to the intrinsic carrier concentration n; =
exp(—Ey/2kgT), where kp is the Boltzmann constant and T' the temperature. The band

gap difference AE,; between Si and sSi can be extracted from the Iprr values of both devices

by:
Torrssi ( AE, )
————— =exp . 3.1

Iorr(si 2kgT (3-1)

With Iorr values shown in Fig.3.4 at Vps = —0.05V the strain induced decrease of E,; was
calculated to approximately AE, = 30meV.
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Figure 3.5: (a) Relaxation of strain across sSi Nanowires patterned from biaxial tensile strained Si
layers as a function of NW width. (b) Strain in patterned NWs after implantation with
different As fluence and spike annealing as a function of NW width measured by Raman
spectroscopy. [69]

Deformation potential theory calculations in [62] provide values for the reduction of band
gap energy in Si for strain € of AE; = —17.01eV xe¢ for biaxial and AE; = —6.19eV x¢ for
uniaxial [110] tensile strain, respectively. In [69] NWs of different widths are patterned on
SSOI substrate with a sSi thickness of 25 nm. Fig.3.5(a) shows the strain relaxation across
a sSi NW in dependence of the NW width for different layer thicknesses. Fig.3.5(b) exhibits
the sum of the lateral strain components measured by Raman spectroscopy for as-patterned
NWs and NWs with different As™ implantation fluence after spike annealing. According
to these results one can assume that the strain across the sSi NWs with a cross-section of
20 x 20 nm? in [89] is almost completely relaxed. This implies that the remaining strain in the
NW is uniaxial in the [110] direction and € can be estimated from Fig.3.5(b) to approximately
0.5 %. Based on these results the band gap reduction due to the uniaxial strain in the NW of
[89] becomes AE; = —17.01 x 0.5 % = —31 meV. This value is in good agreement with AE,
deduced from measured Ippp values in Fig.3.4 (b). In order to increase the performance
of SSOI NW TFETs further in this work a high-x/metal gate stack is introduced in the

fabrication process, enhancing electrostatic gate control.

3.3 Current-Voltage Characteristics of NW TFET and MOSFET

TFETSs are a promising candidate for replacing MOSFETSs especially in low power applica-
tion. However, the possibility for steep switching slopes and small off-currents are only some
of the points where TFETSs differ from MOSFETs. Also other differences in the current-
voltage (I-V') characteristics of TFETs and MOSFETS can have crucial implications on the
behavior of integrated circuits for digital logic or analog applications. Thus, the I-V charac-

teristics of a TFET need to be studied in depth to enable suitable circuit design. Deviations
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in the I-V characteristics from a MOSFET may result in challenges but also in opportunities
for new applications. In this section I-V characteristics of NW array TFETs and MOSFETs
are presented and compared. The MOSFET and TFET devices are fabricated with the
same process described in section 3.1 on the same chip. The only difference of MOSFET
and TFET is the doping of source and drain regions. Whereas source and drain of the TFET
are doped with the opposite doping type, in the MOSFET, both are doped with either As
or B to form a n-MOSFET and p-MOSFET, respectively.

The I-V characteristics of the SSOI NW TFETs and MOSFETs were measured using a
Keithley SCS4200 semiconductor analyzer. Due to the symmetric design of the devices the
TFET can be operated in n-channel as well as in p-channel mode. In the p-channel config-
uration the n-doped region acts as the source, whereas in the n-channel TFET the p-doped
region becomes the source. The p-i-n junction in the TFET is reverse biased. For this reason
the applied drain voltage Vpg is negative in case of the p-channel device and positive in case
of the n-channel device. The source is in both cases put to ground potential. The applied
gate voltage Vg, which opens the energy window for BTBT at the source-channel junction is
negative in case of the p-channel and positive in case of the n-channel TFET. Vi is measured
with respect to the grounded source contact. For the MOSFET applied Vpg and Vi are

positive for the n-channel and negative for the p-channel device.
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Figure 3.6: Ip-Vg characteristics of SSOI NW array (a) MOSFET and (b) TFET with 10 x 10 nm?
NW cross-section and 400 nm gate length in linear and logarithmic scale of the Ip.

In the following, I-V characteristics of NW array MOSFETs and TFETSs with 10 x 10 nm?
NW cross-section and 400 nm gate length are compared. The drain current Ip is normalized
to the circumference of the NW which is covered by the gate. The comparison is limited
to p-channel TFET and MOSFET devices, since the performance of p-channel Si TFETSs
exceeds that of n-channel devices due to better tunnel junction quality at the As doped
junction, which will be further discussed in section 3.4.2. The drain current Ip is measured

for both devices in dependence of Vi at various fixed values for Vpg and in dependence of
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Figure 3.7: Inverse subthreshold slope S in dependence of Ip for SSOI NW array MOSFET and
TFET with 400 nm gate length.

Vps at different values for Viz. The former is also referred to as transfer characteristics while

the latter is called output characteristics.

Fig.3.6 exhibits a comparison of transfer characteristics of p-MOSFET and p-TFET, both
shown in logarithmic and linear y-axis scale. The characteristics of MOSFET and TFET
reveal fundamental differences. The NW p-MOSFET switches over more than seven orders
of magnitude of Ip with almost constant slope. This is shown more clearly in the graph of the
inverse subthreshold slope S in dependence of Ip in Fig.3.7. S is close to the ideal 60 mV /dec
with an average of 64 mV /dec between Ip = 1072 uA/pm and Ip = 1075 pA/um. The shift
of the transfer curves with increasing Vpg is very small proving a negligible drain induced
barrier lowering (DIBL) effect. The close to ideal S and small DIBL indicates excellent
gate control. The logarithmic TFET transfer characteristics in Fig.3.6 (b) exhibits a rather
round shape compared to the MOSFET characteristics. S increases with Ip as shown in
Fig.3.7 in contrast to the MOSFET, where S is constant over several orders of magnitude.
The minimum slope in the TFET is 105mV /dec. This behavior of transfer characteristics
is conform with the theoretical expectation. The inverse subthreshold slope of a MOSFET
is given by [49] (p.347):

dlog(Ip) ) U kT ( Ca+ Oit)
S=(—* =""Ini0(1+=-—"T2), 3.2
< aVG q . Cox ( )

where C,, is the oxide capacitance, Cy the depletion capacitance and Cj the interface
capacitance. Hence, S is independent of Viz and constant in the subthreshold region. The
ideal value for S = (kpT'/q) In10 ~ 60 mV /dec at 300 K can only be reached, if Cy, is much
larger than Cy+Cy. Small Cy requires a low channel doping and Cy; depends on the interface
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state density between channel and gate dielectric. The observed close to ideal value for S
proves that this condition for the capacitances is fulfilled.
For a TFET the subthreshold slope is calculated as [48]:

In(10)

S~ = SAD, (3.3)

if the tunneling probability Ty x p is close to unity, which means that the change of Ty p
with Vg is small. The dependence on the energetic overlap of source conduction and channel
valence band A®, causes S to increase with the applied Vi, since the overlap A® increases
with rising gate potential. This dependence of S on Vi has crucial implications on TFET
performance, since the average subthreshold slope over the whole current range from Ippp
to Ion needs to be below 60 mV /dec to actually reduce the supply voltage compared to the
MOSFET.

The off-currents (Ippr) in MOSFET and TFET both are below 1072 uA/um at Vpg =
—0.1V. IprF increases in both devices with increasing Vpg. This effect is known as gate
induced drain leakage (GIDL) in a MOSFET and is caused by BTBT at the channel drain
junction due to the strong band bending at large gate-to-drain voltage difference. It is
pronounced for devices with high-x gate dielectrics and good electrostatic channel control
due to the large potential variation of the channel bands with respect to the bands in the
drain. The strong band bending decreases the BTBT distance at the channel-drain junction.
In a TFET the increase of Ippp with increasing Vpg is also caused by BTBT at the channel
drain junction. The n-channel TFET is switched on due to the symmetric TFET design.
The ambipolar behavior of a TFET degrades Iprr and is especially problematic in digital
logic circuits, since the OFF-state of the device is not well defined (see chapter 6).

Fig.3.8 shows the transconductance g, of the NW MOSFET and TFET derived from the
transfer characteristics. Also g, exhibits a distinct difference for both devices. Whereas g,
of the MOSFET has a peak at Vg between —1V and —1.5V depending on Vpg, g, of the
TFET increases over the whole range of V.

Fig.3.6 and Fig.3.8 reveal that Ipy and g, of the p-MOSFET are about three orders of
magnitude higher compared to the p-TFET at the same bias conditions. This means that
the resistance of the TFET is also three orders of magnitude higher. Since the NW p-TFET
and p-MOSFET are fabricated with the same process on one chip, only with opposite doping
types for the source, the channel resistance R, is comparable for both devices. From n- and
p-MOSFETSs with four different gate length the source-drain resistance Rg/p was extracted.
Rg/p is 82092 and 10499 for n- and p-MOSFETS, respectively [84]. Due to the n-doped
source and p-doped drain of the p-TFET, Rg/p of this device should be in between these
values. Since Rep and Rg/p are in the same range for MOSFET and TFET the additional
large series resistance of the TFET can be attributed to the resistance of the tunneling
barrier Rrp. Channel resistance in a MOSFET is caused by the limited carrier mobility.

Due to the much smaller current in the TFET channel mobility does not influence the
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Figure 3.8: Transconductance g,, of the SSOI NW array MOSFET and TFET with 400 nm gate
length.

TFET performance for the measured devices. However, one should note that Rpp depends
on Ty i p with exponential dependence on the tunnel junction parameter Eg, m* and A. In
the case of improved tunnel junction parameter, when Tyykp in eq. (2.12) becomes close to
unity, the tunneling resistance can become comparable to Ry and Rg/p. At this point the

TFET current can be limited by channel mobility as in a MOSFET.
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Figure 3.9: Ip-Vpg characteristics of SSOI NW array (a) MOSFET and (b) TFET with 10 x 10 nm?
NW cross-section and 400 nm gate length.

Output characteristics of p-MOSFET and p-TFET are shown in Fig.3.9. Besides the
difference in Ipy, also the shapes of the output curves differ. The onset of the MOSFET
is linear and Ip saturates for increasing Vpg. The good current saturation of the devices
once more proves small DIBL. The output characteristics of the TFET reveal a distinct
S-shape, which is caused by drain induced barrier thinning (DIBT) [49]. The super-linear
on-set, although it is often observed in TFET output characteristics, it is not an intrinsic
TFET feature. Linear output characteristic of TFETs can be restored by adjusting the
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Figure 3.10: Gate voltage dependence of the on-current /oy showing a linear dependence for the
MOSFET (a) and en exponential dependence for the TFET (b).

Fermi distribution function in source and drain by a proper choice of doping levels [68][30].
Linear output characteristics are important in terms of digital logic application, since S-
shaped Ip-Vpg characteristics would deteriorate the device performance. An additional
striking difference of MOSFET and TFET output characteristics is the Vz dependence of
Ion shown in Fig.3.10 at Vpg = —2V and —1.5V for MOSFET and TFET, respectively.
Values are extracted from the output characteristics in Fig.3.9. In case of the MOSFET
Ion increases linearly with Vi, indicating current limitation by velocity saturation due to
large source-drain electric field [98]. For a MOSFET with lower source-drain electric field
current is limited by the mobility. In the case of a constant mobility Ion then increases with
VGZ. Thus, the Viz dependence of Ipy is always expected between these two extreme cases
of constant mobility and velocity saturation. Ipy in the TFET, in comparison, exhibits an
exponential dependence of Vz. This is in agreement with the theoretical expectation, since
current in the TFET is limited by BTBT probability. oy is proportional to Ty i g, which

depends exponentially on Vg.

3.4 TFET Performance

The performance of TFET devices is influenced by several different factors. From eq.(2.12) it
is known that the material parameters £, and m* and the parameter A, which is defined by
the device structure and junction quality, are the most important ones. In the following the
influences of device dimensions and junction quality on these parameters will be discussed

and an additional effect caused by high electric fields in the junction is described.
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Figure 3.11: (a) Transfer characteristics of SSOI TFETs with 100nm gate length and NW cross-
sections of 50 x 10nm? and 10 x 10nm?, respectively. (b) Inverse subthreshold slope
S in dependence of Ip.

3.4.1 NW Cross-section and Gate Length

NW TFETs on SSOI have been fabricated with different NW cross-sections and gate lengths
as described in section 3.1. A decrease in NW width results in an enhanced electrostatic
gate control and thus a decreased A, parameter in equation (2.12), which increases Ipn of
the TFET. However there are additional effects that need to be taken into account, which
will be discussed in this section.

Fig.3.11 (a) shows the comparison of transfer characteristics of SSOI NW TFETs with 100 nm
gate length and NWs with 10 nm and 50 nm width, respectively. The transfer characteristics
reveal higher on-current as well as steeper S for NWs with 50 x 10 nm? cross-section com-
pared to 10 x 10nm? NWs. Fig.3.11 (b) shows a comparison of S in dependence of Ip for
these two devices. The minimum slope of the TFET with 50 nm NW width is 76 mV /dec
and 120mV/dec for the 10nm NWs. S degrades more rapid with increasing Ip for the
thinner NWs than for the wider NWs. This result is unexpected since a better electrostatic
gate control and hence higher performance are expected for a TFET with narrower NWs at
constant gate dielectric thickness. However, this result can be explained by the two contri-
butions to the screening length A, which is given by A = Acy + Adop. Acp is influenced by the
electrostatic channel control, whereas \j,, depends on the steepness of the source doping
profile.

In case of the narrower NWs on the one hand A., is decreased, but on the other hand
Adop increases. The tunnel junction formation by ion implantation and spike annealing for
activation is affected by the width of the NW. Dopant diffusion in Si NWs can be much
higher compared to bulk Si [52]. The diffusion coefficient D of boron in vapor liquid solid
(VLS) grown Si NWs for example was reported to be as high as D = 4.22 x 1071¢ cm?/s [11]
compared to a bulk diffusivity of ~ 10718 cm?/s at 500°C [67]. The increased diffusivity is

presumably caused by a larger dopant diffusion along the NW surface, due to impurities at
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the interface to the gate dielectric [52]. The smaller NW has a larger surface to volume ratio,
which could further enhance dopant diffusion compared to the wider NW. Increased dopant
diffusion causes a broadening of the doping profiles in the junctions leading to degradation
of Agop and thus smaller Ipy and larger S. Iopp in the 10nm NW TFET benefits from
the increased boron diffusion at the drain junction. BTBT at the channel-drain junction is
suppressed leading to reduced ambipolarity and smaller Iprp compared to the 50 nm NW.
Another aspect why the TFET with wider NWs outperforms the one with thinner NWs
could be the reduction of E, by the tensile strained substrate. As shown in section 3.2 the
strain across a patterned NW relaxes and uniaxial strained NWs are obtained. The degree of
relaxation, however, depends also on the NW cross-section. According to Fig.3.5 the strain
across thin but wide NWs does not fully relax. Hence, a larger remaining strain component
across the 50 nm NW would result in a smaller band gap compared to the 10nm NW. Also a
smaller crystalline seed layer in the narrower NWs after ion implantation may prevent SPER,

during dopant activation and result in higher trap density in the tunnel junction.

Fig.3.12 shows the dependence of Ipy on the gate length [, of a TFET with 50nm NW
width for different Vpg. In comparison to a MOSFET, where Ipy increases with decreasing
gate length, Ipn in the TFET is constant for gate length between 100 nm and 2 um. As
discussed above Ipy in a MOSFET is determined by the channel resistance, which decreases
for shorter channel length I.,. As long as the source-drain resistance is small compared to
Ren Ion is proportional to 1/l.,. In the TFET, however, the dominant resistance is given
by the tunnel junction. BTBT is confined to a small region of only a few nanometer around
the source-channel tunnel junction at the edge of the gate. Hence the current in the TFET
is independent of the gate length.The assumption of a dominant tunnel junction resistance
is valid for the measured devices as shown in the comparison of MOSFET and TFET in
section 3.3. However, for further improved tunnel junctions with lower resistance channel

length and mobility could influence Ipy in a TFET and introduce a gate length dependence
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Figure 3.12: Drain current Ip of SSOI NW array TFET with 50nm NW width in dependence of
the gate length.
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3.4.2 Doping Profiles

As discussed in the previous section A4,, has an important influence on the TFET per-
formance. This can also be seen when p- and n-channel characteristics of the TFETSs are
compared. The transfer characteristics of a p- and n-channel NW array TFET with 100 nm
gate length and a NW cross section of 50 x 10nm? are shown in Fig.3.13 for various Vpg.
A minimum S of the p-channel device with 76 mV /dec and an average slope of 97 mV /dec
over four orders of magnitude of Ip at Vpg = —0.3V were achieved. The Ion/IorF ra-
tio reaches 108 at these bias conditions. The n-channel TFET in comparison reveals a
minimum S of 240mV/dec. Also Ipy is about one order of magnitude smaller for the
n-TFET compared for AV = 1.5V from the minimum of the I-V curve. The inferior
n-channel performance can be attributed to a broader doping profile in the corresponding
tunnel junction. The dopant diffusivity D in dependence of the temperature 7' is calculated
by D = Dg-exp (—E4/kpT) with the activation energy E4. At 1000°C the diffusivity of As
and B in bulk Si is 1.46 x 107'%cm?/s and 1.39 x 10~ 4cm? /s, respectively [92]. Due to the
one order of magnitude smaller diffusivity of As compared to B, the nT-channel junction,
which acts as the tunnel junction in a p-TFET, has a steeper doping profile compared to the
pt-channel junction in a n-TFET. The thermal treatment for dopant activation is crucial
with regard to the dopant profile in the junction. The 1000 °C spike annealing, which was
chosen for activation, is supposed to result in a high dopant activation and limit dopant
diffusion by short process time. However, the time to ramp up to the 1000°C and down
again in the rapid thermal processing (RTP) system leads to a broadening of the dopant
distribution at the junction. This effect is pronounced in NWs due to even larger diffusion

coeflicients compared to bulk Si as discussed in the previous section.
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Figure 3.13: Transfer characteristics of p-channel (left) and n-channel (right) SSOI NW array TFET
with 100 nm gate length.
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Dopant activation by flash lamp annealing (FLA) and excimer laser annealing (ELA) are

possible ways of decreasing dopant diffusion. ELA in combination with a low temperature
regrowth anneal at 650 °C in a RTP-system in [95] increased Ipn by one order of magnitude
and lowered S compared to reference devices activated by spike annealing.
The GIDL like increase of Ippp in the transfer characteristics of the TFET is caused by
BTBT tunneling at the channel-drain junction. This effect is demonstrated in Fig.3.14. Ip
is measured as a function of Vpg at Vig = 0V for p- and n-channel configuration. An energy
overlap of drain valence and channel conduction band in the p-TFET and drain conduction
and channel valence band in the n-TFET occurs at sufficient high voltage difference between
drain and channel. This condition is illustrated in the band structure plot in the insets
of Fig.3.14. Under these conditions the ambipolar nature of the TFET becomes visible
since electrons tunnel into the conduction band of the p-TFET whereas holes tunnel into
the valence band of the n-TFET. Ip in the n-TFET configuration is about one order of
magnitude higher than Ip in the p-TFET configuration. This again demonstrates the higher
junction quality of the As doped n™-junction compared to the B doped p™-junction.

| (WA/um)

Figure 3.14: Measured drain current I as a function of applied drain voltage Vpg for Vg =0V in
p-channel (left) and n-channel (right) configuration.

A comparison of the p-channel TFET presented here to SSOI NW TFETs with similar
processing but SiO dielectric and poly-Si gate in [89] reveals an increase in Ipn of two
orders of magnitude for the same bias conditions. For Vpg = —0.5V and AV = —1.5V
from the minimum of the transfer curve the p-TFET with high-x dielectric and metal gate
reaches Ip = 0.02 pA/pum. The increased gate control by the high-x dielectric also improves
the Ion/Iorr ratio by the steeper S and smaller Iopp. The performance of the p-channel
TFET is similar to that of in-situ doped Si NW TFETSs reported in [75].
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3.4.3 Hot Carrier Effects in Tunnel Junctions

High-«x gate dielectrics enable good electrostatic gate control and enhance TFET perfor-
mance as shown in the previous section. However, the increased electric fields in the devices
can also cause additional effects deteriorating performance and reliability. Fig.3.15 (a) shows
the output characteristics of a p-channel SSOI NW TFET with 100 nm gate length. Ion
reaches 2.3 uA/pm at Vpg = —2.4V and Vi = —4.5V. The output characteristics exhibit
a negative differential conductance (NDC) for | Viz |> 3.5V. The origin of this NDC can be
explained by a hot carrier effect. In a MOSFET hot carriers are created at the channel-drain
junction due to the large electric field [14], whereas in a TFET hot carriers are created at the

source-channel junction [72]. The inset in Fig.3.15 (a) demonstrates how the Ip-Vpg curve

is degraded when measured consecutively at Vg = —4.5V.
Simulations of the valence and conduction band energies in a TFET biased at Vg = —3.5V
and Vpg = —2V are shown in Fig.3.15 (b). The gate dielectric used in the simulation con-

stists of 2nm SiO9 and 3nm HfOs as in the measured TFET device. The tunnel junction
between the nT-source and the intrinsic channel is strongly reverse biased causing a large
electric field at this junction. Fig.3.15 (c) exhibits the simulated electric field E as a function
of the distance from source-channel interface in the devices with a 2nm SiO2/3nm HfO,
dielectric layer as well as with a 5nm SiO9 gate dielectric at Vpg = —2V and Vg = —-3.5V
and —4.5V, respectively. F in a device with the high-x HfOy exceeds the electric field in a
device with SiOg even for 1V less gate voltage.

The large electric field in the tunnel junction creates hot carriers which are capable of enter-
ing the oxide and introducing traps. These oxide traps screen the gate electric field, lowering
A® from equation 2.12 in the channel region. The reduction of gate control hence leads to

a decrease in tunneling probability and decreased Ip.

In order to prove the trap generation at the oxide interface, charge pumping measurements
(as explained in 2.4.3) have been performed at the TFETSs before and after I-V characteriza-
tion of the devices. Fig.3.16 shows the charge pumping current /., measured in dependence
of the base voltage Vjqse of the applied gate voltage pulses. I, is measured before and after
measuring the Ip-Vpg characteristics. The number of oxide interface traps NV;; per area can

be calculated from I, by
I,

‘T At

where A is the area of the gate channel interface, f the frequency of the voltage pulses

N;

(3.4)

and ¢ the elementary charge. The gate-channel interface area for the tri-gated NW with a
cross-section of 50 x 10nm? and 100 nm gate length is 7 x 1078 cm?. I, was measured with
f = 1MHz. Nj; extracted from the measurement in Fig.3.16 is 8.7 x 10" cm~2 before and
3.14 x 10" cm~2 after measuring Ip-Vpg characteristics up to Vg = —4.5 V. This confirms

interface trap generation at the gate oxide leading to the NDC in the output characteristics.
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Figure 3.15:
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(a) Output characteristics of p-channel NW TFET with 100 nm gate length and 50 nm

NW width. Negative differential conductance occurs for | Vi |> 3.5V. Inset shows
the deterioration of repeatedly measured Ip-Vpg curves; (b) Simulated band energies
of valence and conduction band under bias condition Vg = —3.5V and Vpg = —2V;
(c) Electric field as a function of the distance from the source-channel junction.

One should note that the applied voltages for Vi and Vpg in this case are too high for
actual TFET application, since TFETSs are supposed to work as energy efficient switches

at low voltages. However, for decreased equivalent oxide thickness (EOT) and smaller NW

cross section this effect could become significant also at smaller bias voltage. Moreover hot

electrons in the tunnel junction could lead to heating effects in the devices influencing device

performance.
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Figure 3.16: Charge pumping current /., measured as a function of Vjus. before and after I-V/
characteristics of the TFET device were measured up to Vg = —4.5V.
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3.5 Low Temperature |-V Characteristics

Temperature dependent measurements of the fabricated devices allow for a more detailed
analysis of the transport mechanism in TFETs. Therefore the I-V characteristics of the
SSOI NW TFET were measured temperature dependent at a probe station cooled with
liquid nitrogen. Fig.3.17 (a) shows transfer characteristics of a p-TFET with 100nm gate
length and 50 nm NW width measured at Vpg = —0.3V in a temperature range from 100 K
to 350 K. Ip decreases with decreasing temperature. At Vg = —1V Ip decreases by only
a factor of 4, while Ip reduction at Vg = —0.4V is about three orders of magnitude. The
flattening of transfer characteristics in the off-region at lower temperature is caused by the
limitation of the measurement setup. Hence, Ippr can only be reliably measured for the two
highest temperatures. In Fig.3.17 (b) the minimum S of the transfer curves in Fig.3.17 (a) is
extracted. As a comparison the theoretical expected dependence of S on T for a MOSFET
with the same initial S at 350 K is shown. As already seen in equation (3.2) S of the MOS-
FET has a first order linear dependence on T'. Even if the electrostatic gate control is not
ideal and hence the condition C,, > Cy+ Cj; is not valid, S goes to zero for 0 K. At 0K the
Fermi distribution function becomes step function and thermal emission over the potential

channel barrier starts instantaneously when a certain Vi is reached.

For a TFET no first order temperature dependence for S is expected as shown in equa-
tion (3.3). In the BTBT transport process the high- and low-energy tail of the Fermi-Dirac
distribution are cut off, which makes the BTBT independent of the broadening of the dis-
tribution. The thickness of the tunneling barrier depends on the shift of the bands in the
channel region and hence on the applied Viz but not on 7. The dependence of S on T for
the TFET in Fig.3.17 (b) exhibits a much smaller temperature dependence compared to the
MOSFET, however, it is not constant. Temperature dependence in the TFET arises for
example due to the change of band gap energy E, with T. Ip depends exponentially on E,
as shown in equation (2.12). Furthermore BTBT is a phonon assisted process in indirect
semiconductors such as Si. Temperature dependence of phonons could also influence the
transfer characteristics. An important aspect for the temperature dependence is given by
trap assisted tunneling (TAT) processes, which freeze out at low temperatures. TAT can add
a large contribution to Ip and degrade S especially at low Vg, when the energetic overlap of
source conduction and channel valence band is not sufficient to allow for direct BTBT. The

freeze out of TAT can explain the large T" dependence of Ip at small V.

Fig.3.18 exhibits the drain current Ip as a function of T for Vi = —1V. At sufficiently
high Vg BTBT dominates Ip and TAT can be neglected. In this case the main temperature
dependence in the TFET is given by the change of E, with T' as long as a temperature

dependence for the phonon assisted BTBT process can be neglected.
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Figure 3.17: (a) Transfer characteristics of SSOI NW array TFET with gate length 100nm and
NW width 50 nm measured temperatures from 100 K to 350K; (b) Measured inverse
subthreshold swing S of a TFET as a function of 7. For comparison the theoretical
values for S of a MOSFET with the same initial slope as the TFET at 350K is shown
as a red line.

The temperature dependence of E, is given by:

aT?
T+’

Ey(T) = E4T =0K) — (3.5)
with the constants o and 5. The parameters o and 3 are taken for Si and E; at 0K
is corrected for uniaxial strained Si according to [62] and the discussion in section 3.2 by
AE,; = —30meV. The corresponding temperature dependence of Ey is plotted in Fig.3.18 (b).
Combining eq. (3.5) and the WKB approximation for I from equation (2.12) we obtain:

oT? 3/2
Ao (Eg(T =0K) - T+H>

, 3.6
3h A® + Ey(T = 0K) — 22 (3.6)

Ip =c-exp

where ¢ is a constant, which is independent of T. The parameter A\ can be roughly calculated

by

€S0,
€sitsi (tsz‘OQ +tmro 4)
A= LV (3.7)
5102

assuming that A for a 50 x 10 nm? NW is closer to the planar case. €g;, €5i0, and €0,
are the dielectric constants of Si, SiO2 and HfO,, respectively. tg;, tsio, and tyso, are
the thicknesses of the Si substrate, the SiOs interfacial layer and the HfOs, respectively.
The reduced tunnel mass m* is assumed to be m* = 0.087 as for indirect BTBT in [110]

direction for Si [42]. A® denotes the energy window between source conduction band and
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Figure 3.18: (a) Measured drain current Ip at Vg = —1V and Vpg = —0.3V as a function of

temperature as red squares. Analytical temperature dependence according to equation
(3.6) with a fitted constant ¢ is shown as black solid line; (b) Band gap of strained Si
as a function of temperature.

channel valence band and can be estimated from band structure simulations to A® = 0.1eV
for V¢ = —1V. The solid black line in Fig.3.18 (a) is calculated using (3.6) and fitting the
constant ¢ to the measured values of Ip. The analytical expression is in good agreement
with the measured values, indicating that the temperature dependence is in fact dominated

by the temperature dependence of E,.

Trap Assisted Tunneling

The change of S with T" observed in 3.17 can be attributed to additional conduction mech-
anisms, such as thermally-assisted tunneling through trap states. TAT in a TFET can be
modeled as a Poole-Frenkel (PF) mechanism [73]. The PF mechanism was originally used to
model the field-enhanced thermal excitation of carriers in oxide traps [98]. This mechanism
can be adapted for carriers in a TFET tunneling into trap states within the band gap from
the source and reaching the channel by thermal excitation. Fig.3.19 illustrates this process
in a p-channel TFET. The trap state is modeled as a potential well in the valence band.

According to [98] the temperature dependence of a PF emission current is given by:
Ip o Vg - exp (L(Qa\/V - ¢B)) , (3.8)
kT
where ¢p is the barrier height and a = \/q/4meozd. Plotting In (Ip/V) as a function of

1/kpT a straight line can be fitted to the data points. The barrier height can be extracted

from the slope m of the straight line according to

op = 2a\/Vg —m(Vg) . (3.9)

40
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Fig.3.20 shows a plot for ¢p extraction at Vg = —0.44 V. At this gate voltage Ip changes
three orders of magnitude in the measured temperature range. In order to calculate ¢p the
thickness d, which corresponds to the equivalent oxide thickness (EOT), was estimated to
2.8 nm from TEM images in Fig.3.3. A barrier height of ¢p = 0.55eV was extracted, which
corresponds to about E,/2 of the sSi TFET. This proves that TAT through mid-gap trap
states dominates the current transport at small Vi3, causing a large temperature dependence
in this region. The thermal emission in the TAT process limits S to the same constrictions
as the MOSFET. Hence, TAT degrades S in the TFET and introduces a temperature de-
pendence of S as shown in Fig.3.17 (b). As TAT processes freeze out at low temperature S
of the TFET becomes constant at around 7" = 100 K.

Poole-Frenkel mechanism in p-TFET

conduction band

tunneling into
trap state iqud)s Fermi energy

thermal emission
Source into channel

valence band Channel

Figure 3.19: Schematic illustration of the Poole-Frenkel mechanism adapted for a trap assisted
tunneling process with thermal excitation from a trap state in a p-TFET. The trap
state is modeled as a potential well in the valence band.
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Figure 3.20: Extraction of the barrier height ¢p for thermal excitation from trap states in a trap
assisted tunneling (TAT) process according to the Poole-Frenkel (PF) mechanism.
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3.6 Conclusion

The comparison of NW array TFETs and MOSFETs fabricated on SSOI substrate in this
chapter revealed distinct differences in the device characteristics. Compared to the constant
close to ideal inverse subthreshold slope of the MOSFET devices S in the TFET degrades
with increasing Viz. The output characteristics show S-shaped on-set and an exponential
increase of Ipy with V. The decrease of E; due to the uniaxial tensile strain in the NWs
could have been estimated from SOI and SSOI NW TFETs in [23] and deformation poten-
tial calculations in [62] in good agreement to about 30 meV. Compared to SSOI NW TFETs
using SiOg/poly-Si gates in [23] the devices in this work with HfO9/TiN gate stack exhibit
two orders of magnitude higher on-current and significantly decreased S down to 76 mV /dec.
Even though small NW cross-section proved good electrostatic gate control as confirmed by
MOSFET devices, the formation of steep junctions by ion-implantation and spike annealing
is more challenging and TFET performance can be degraded. In addition different diffusion
constants for p- and n-dopants cause different performance for p- and n-channel TFETs.
Furthermore, degradation of TFET performance by a hot carrier effect occurring due to
high electric fields in the tunnel junction has been demonstrated.

Temperature dependent measurements of the TFET transfer characteristics showed that
TAT through mid-gap trap states dominates Ip at small Viz. This leads to a degradation
and temperature dependence of S. At higher Vi BTBT dominates and the temperature
dependence of E; is responsible for the change in Ip.

From these results it can be concluded that the reduction of E; by using strained Si sub-
strates in combination with good electrostatic gate control of a high-x/metal gate in tri-gate
configuration improves TFET performance. However the BTBT current is still orders of
magnitude smaller than thermal emission current in a MOSFET with analog device process-
ing. Further reduction of E,; seems to be the most promising way to further increase Ipy in
a TFET. The reduction of traps in the tunnel junction is crucial for achieving steep inverse
subthreshold slopes.

The exponential dependence of Ipn on Vg in combination with very low Ipppr could make
TFETs interesting for low power sensing application. In this field of application high Ipy is
less important since switching times in the range of kHz might be sufficient. Beyond that the
higher temperature stability of the TFET compared to a MOSFET could make the devices

suitable for high temperature application.
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As shown in the previous chapter small band gap materials are indeed advantageous to in-
crease the TFET performance. In this chapter similar nanowire array TFETs based on the
group IV compound semiconductor silicon-germanium (SiGe) are presented. SiGe allows
to further decrease the band gap at the tunnel junction. The utilization of compressively
strained SiGe layers due to pseudomorphic growth on Si reduces the band gap even fur-
ther. Besides the reduced band gap standard CMOS compatible processes can be used to
fabricate SiGe TFETs. The processing of SiGe NW TFETs as well as the I — V character-
ization at room temperature and low temperature are presented. Furthermore the cleaning
and passivation of SiGe layers prior to high-x deposition as one of the major challenges is

discussed.

4.1 Strained SiGe on SOl Substrate

The substrate, which was used for the fabrication of the SiGe NW TFETS, consists of a
15 nm thick Si;_,Ge, layer grown by reduced pressure chemical vapor deposition (RP-CVD)
pseudomorphically on a SOI wafer [36]. The Si(001) layer of the SOI wafer has a thickness
of 15nm. The SiGe layer is capped with 5nm Si to prevent oxidation of the Ge. The layer
stack is illustrated in Fig.4.2 (a). Two different wafer types with Ge contents of z = 35%
and z = 50 % have been used. The lattice constant of Sij_,Ge, for different Ge contents =

can be calculated with high accuracy of 1074 nm by the approximation [80]:
asi;_,Ge, = 0. 5431 4 0.01992z + 0. 000273322 (nm) . (4.1)

For Ge mole fractions up to 80 % unstrained SiGe aloys are Si-like with an indirect I'-A band
gap [24]. The unstrained SiGe band gap decreases for increasing Ge mole fraction and can
be calculated by:

E;=1.12-0.41z 4 0. 00822 (eV) (4.2)

for 300K, which results in E; = 0.98eV and E; = 0.92¢eV for = 35% and = = 50 %,
respectively.

Due to the pseudomorphic growth on SOI the in-plane lattice constant of the SiGe adapts to
the smaller lattice constant of the Si layer. Hence, biaxial compressive strain is introduced
in the SiGe layer. The compressive strain has values of ¢ = —0.98% and ¢ = —1.41% for

z = 35% and x = 50 %, respectively. The tetragonal lattice distortion of the SiGe causes an
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4 SiGe Homostructure NW TFET

increase of the out-of-plane lattice constant. The corresponding out-of-plane stress compo-
nent is 0,, = —1.18 GPa and 0, = —1.64 GPa for z = 35% and z = 50 %, respectively.

The change of the effective electron mass m(®) with Ge mole fraction in the A-band is negli-
gible. Also the strain induced by pseudomorphic growth does not affect m(®). The effective
hole mass myo of the highest valence band at the I'-point decreases by a factor of 4 from
0% to 50 % Ge in the strained SiGe layer [24]. Fig.4.1 shows valence and conduction band
energies at various symmetry points for SiGe pseudomorphically grown on Si as calculated
in [24]. The biaxial compressive strain decreases E, at 50 % Ge from E; = 0.92¢eV to about
0.67¢eV. Hence, the biaxial compressive strain of SiGe grown on (001)Si is beneficial for the
TFET operation due to reduction of the I'-A band gap and the effective hole mass, as shown

in equation (2.12).

Si, Ge, -
201 on<001>Si ™ |
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Figure 4.1: Valence and conduction band energies of Si;_,Ge, pseudomorphic on Si as a function
of Ge mole fraction z. Adapted from [24].

4.2 SiGe on SOl NW TFET Fabrication

Fig.4.2 (b) shows a schematic of a single SiGe on SOI NW with tri-gate configuration. The
SiGe on SOI NW TFET consists of an array of 1200 NWs. The process flow is based on the
process for the SSOI NW TFET introduced in section 3.1. The important changes to the

process are listed in the following:

e The dry etching of the NWs and mesa structure is changed to a Cly/Ar plasma, in
order to achieve steeper side wall profile of the NWs for the increased etching depth
of 35nm. The NW width after etching is about 40nm. Fig.4.3 (a) shows a top view
SEM image of a SiGe NW array with 2.4 ym long NWs. The sharp bright edges of the
NWs indicate steep flanks of the NWs. This is also confirmed by the tilted angle SEM
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4.2 SiGe on SOI NW TFET Fabrication

image in Fig.4.3 (b). The side wall of the NW etched into the Si/Sig5Geg5/Si stack is
smooth and shows no sign of underetchning of the SiGe.

Since the side walls of the NWs exhibit the exposed SiGe layer standard RCA cleaning
cannot be applied as cleaning method prior to the gate stack deposition. The etching
rates of the different cleaning solutions containing H2Ogz is too high and results in a
complete dissolution of the SiGe layer of the NWs. Instead of RCA cleaning a process
of HF etch back of the native oxide and ozone oxidation for passivation in a ” Semitool
Raider” automated wafer cleaning tool was used. A detailed description of this process

will be given in the following section.

The gate stack consists of the gate dielectric AloO3 and gate metal TiN deposited by
ALD and AVD, respectively.

Dopant activation was carried out at only 650 °C for 1 minute in order to prevent Ge

diffusion.

(a)

5nm
15 nm

15 nm
145 nm

Figure 4.2: (a) Illustration of the Si;_,Ge, on SOI layer stack with corresponding layer thicknesses;

(b) Schematic of a single SiGe on SOI NW with tri-gate in a n-channel TFET.

Figure 4.3: (a) Top view SEM image of a SiGe on SOI NW array with 2.4 pgm long and 40 nm wide
NWs; (b) Tilted angle SEM image of a NW array etched into a Si/Sig.5Geq.5/Si stack
with Cla/Ar dry etching.
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4.3 High-x/Metal Gate Stack on SiGe

The cleaning process of the sample surface prior to the gate stack deposition is important
in order to reduce the number of interface traps and to achieve a good electrostatic gate
control in the device. Hence, an efficient process to remove particles and metallic contam-
ination from the sample surface is needed that consumes as little material as possible. In
case of high-x deposition also the surface termination plays an important role in terms of
interface layer quality. The Radio Corporation of America (RCA) cleaning process [43],
which is used as a standard wet-cleaning for Si, is not suitable for SiGe alloys due to a high
material consumption in the hydrogen peroxide based cleaning solutions [56]. The etching
rate of Si;_,Ge, increases with higher Ge content x.

A cleaning process based on an oxide removal using diluted HF (dHF) and a subsequent
oxide formation by water with a few parts per million of ozone presented in [2] shows good
results and reduces metallic contamination to a surface density of less than 10'° atoms per
cm~2 independent of the Ge content. The thickness of the resulting oxide layer increases
in this connection with the Ge content. XPS spectra confirm that the oxide layer consists
mainly of SiOy and only to about 1% of GeOy and GeO, [1].

Based on these results the SiGe NWs in this work were cleaned by a process using dHF in
combination with diluted HCI (dHCl) and a subsequent O3 oxidation in water to form a
thin SiOg layer. The cleaning was performed in a Semitool Raider automated wafer cleaning
tool. The resulting oxide layer provides a passivation of the SiGe for the AloO3 gate dielec-
tric deposited by ALD.

Figure 4.4: Cross-sectional TEM of a singel SiGe on SOI NW with Al;O3/TiN gate stack.
A cross-sectional TEM image of a single Sig5Gegs on SOI NW is shown in Fig.4.4. The

bottom Si layer has a width of 40nm, which corresponds to the NW width as patterned.
The Sig.5Geo.5 on top of the Si has a cross section of 15 x 15nm?. Hence, the loss of SiGe due
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to the dHF /O3 cleaning is about 12nm from each side. According to [104] the loss of SiGe
could be further reduced by decreasing the ozone concentration. The 5nm thick Si cap layer
is consumed by the different cleaning steps throughout the fabrication process. Compared
to the RCA cleaned SSOI NWs with HfOq gate dielectric in chapter 3 the thickness of the

interfacial layer is decreased from about 2nm to 1 nm.

4.4 Density of Interface States

Charge pumping measurements as described in section 2.4.3 have been performed on the
SiGe on SOI NW array TFETSs in order to characterize the high-x interface layer quality.
Fig.4.5 (a) shows a typical measurement of the charge pumping current (I,) as a function
of the base voltage Vi of the applied gate voltage pulses. I, was measured with a pulse
amplitude Vymp = 1V at a frequency of f = 1 MHz. A measurement at 1kHz pulse frequency
is subtracted in order to exclude gate leakage contributions to I.,. Fig.4.5(b) shows the
maximum I, normalized to f, the elementary charge ¢ and the total gate width W of the
device as a function of the gate length L,. Using the gate area A =W - L, in combination

with equation (3.4) yields
1o

afw
and N can be extracted from the slope of a linear fit in Fig.4.5 (b). The measurement was
performed on two devices of each gate length for the Sip5Gegs on SOI and the SSOI NW
array TFETs from chapter 3. The RCA cleaned SSOI NWs reveal a Nj; of 5.6 x 10 cm ™2
while the N;; of the SiGe on SOI NWs with dHF /O3 cleaning reaches 2.5 x 10'2cm—2. The

density of interface states D; can be calculated from N by considering the total sweep

= Lg- Ny, (4.3)

of the surface potential A¢s which can be approximated by the amplitude of the applied
voltage pulse Vg [32].

MOS capacitors on slightly p-doped bulk Si 2 x 2 cm? pieces have been processed using the
same dHF /O3 cleaning used for the SiGe NW devices in order to measure D;; on Si. The
gate stack on the Si test samples consists of 3.5nm of ALD deposited HfOy and TiN gate
metal. The measured normalized capacitance of these samples as a function of the applied
voltage is shown in Fig.4.6. The maximum measured normalized capacitance corresponds
to a capacitance equivalent thickness (CET) of 2.3nm, which corresponds to an EOT=
1.9nm when the quantum capacitance contribution of the inversion layer in Si is taken
into account [96][79]. An SiOj interfacial layer thickness of 1.1nm for a HfOs thickness of
3.5nm and €70, ~ 18 was calculated. A Dj; of 3.5 x 101 em—2eV—! was extracted from
the measurements.

According to the TEM image in Fig.4.4 the area of the SiGe surface is 45 % of the total
surface of the NW structure. Assuming that the D;; of the Si surface part of the NW is
comparable to that of the MOS capacitors, the SiGe Dy is 5.1 x 10'2ecm™2. This value
is about one order of magnitude higher than D;; for the SSOI NW TFETs. However, this
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Figure 4.5: (a) Example of a charge pumping measurement in dependence of base voltage Vigse
with Vomp = 1V at a SiGe on SOI NW array TFET with 2 um gate length; (b) Charge
pumping current I, normalized to elextron charge ¢, pulse frequency f and gate width
W as a function of gate length. The measurement was performed on SiGe on SOI and
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SSOI NW TFETs. N;; was extracted from the slope of a line fit.

D;; is at the lower end of values reported for high-x materials grown directly on SiGe.
Dj; values for AlO3 [35], HfOy [108] or HfAIO [39] are typically in the order of 10'2 to

1
2000

10 cm~2eV~L. In SiGe the formation of GeO, at the interface degrades D;; compared to

Si. Recently Han et al. [35] achieved D;; = 3 x 10! cm™2eV~! for Al;O3 on Sig75Geq.25 by
a suppression of GeQ,, formation due to electron cyclotron resonance (ECR) plasma post-
nitridation. However, this process results in an increase of EOT. High D;; levels in SiGe
devices degrade the electrostatic gate control due to the screening of the gate electric field.

Since TFETSs exhibit high sensitivity in terms of gate control, D;; level can play an important

role.
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dHF /O3 cleaning and HfO,/TiN gate stack.
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4.5 1-V Characterization

In this section transfer and output characteristics of the Si;_,Ge, on SOI NW array TFETSs
with x = 35 % and 50 % will be presented. The results are limited to n-channel TFET char-
acteristics, since for the SiGe devices the n-channel outperforms the p-channel. The reason
for this is the steepness of the doping profile at the junction, as discussed in section 3.4.2
for the SSOI NW TFET. In the SiGe device, however, the diffusion of the n-type dopant As
is up to 7 times faster compared to that in Si [18][60]. The diffusion coefficient of B on the
other hand decreases with increaing Ge content and is futher decreased for compressively
strained SiGe [12].

The n-channel transfer characteristics of a Sigg5Geg.35 and Sig5Gegs NW TFET are shown
in Fig.4.7 (a). The device with higher Ge content reveals significantly higher Ip. The min-
imum subthreshold slope for both devices is about 200 mV /dec. Output characteristics in
Fig.4.7 (b) reveal S-shaped onset and super linear increase of Ipy with Vi as it was observed
for the SSOI NW TFET. Ipy of the Sig5Geg.s device is about three times higher compared
to the Sip.e5Gep.35 device. This can be attributed to the smaller E, of the SiGe alloy with
higher Ge content leading to increased BTBT current. The negative differential conduc-
tance (NDC), which is visible in the output characteristics, can be attributed to a gate oxide
degradation by hot carrier effects in the tunnel junction as explained in section 3.4.3.
Besides the positive effect on Ip for higher Ge content, transfer characteristics in Fig.4.7 (a)
also reveal increased Ippr by one order of magnitude for 50 % Ge. Ippp in a TFET is
either dominated by a Shockley-Read-Hall (SRH) generation-recombination current or by
tunneling processes at the channel-drain junction as a result of the ambipolar device char-
acteristics. As explained in section 2.3.3 the separation in applied gate potential between
the on-set of n- and p-branch decreases with increasing Vpg. Trap assisted tunneling further
decreases the separation of the branches. For small Vpg, when the separation of n- and
p-branch is large enough, SRH generation current can dominate Iprpr and is visible as a
hump in between the two branches. SRH current increases in TFETs with smaller E, due
to the exponential dependence of the intrinsic carrier number on the band gap.

Since no SRH hump is visible in the transfer characteristics in Fig.4.7 (a) it can be assumed
that channel-drain tunneling limits Iopp under the applied bias conditions. Fig.4.8 shows
simulated valence and conduction band energies for 35 % and 50 % Ge. The bias conditions
in the simulation are Vo = 0V and Vpg = 0.5 V. The smaller E, for the higher Ge content
causes a smaller tunneling distance at the channel drain junction. The inset in Fig.4.8 shows
the decrease of tunneling distance as a function of the applied Vpg for both Ge contents.
This illustrates how a smaller I, leads to increased Iprr in the case of dominating channel-

drain tunneling in the off-state.

Comparing Ip of the SiGe on SOI with the SSOI NW TFET at AV = 1.5V from the

minimum of the transfer curve (to account for the shift in threshold voltage) and Vpg = 0.5V
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Figure 4.7: (a) Transfer and (b) output characteristics of a n-channel homostructure Si;_,Ge, on
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Simulated valence and conduction band energies at the channel drain junction for a

Siy_,Ge, TFET with x = 35% and 50 % Ge content. The TFET is in the off-state
with Vo =0V and Vpg = 0.5V. The inset shows the decrease of tunneling distance for
increasing Vpg for the different Ge contents.
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a current increase from 0.02 pA/um to 0.2 pA/pm is observed. The current increase can be
attributed to the decrease in Ej; from stained Si to the strained Sip5Gegs NWs. The EOT
of the SiGe devices with 4nm AlyO3 gate dielectric with a &, = 9 and 1 nm interfacial SiOq
layer as shown in the TEM image in Fig.4.4 is approximately 2.7nm. This value is close
to the 2.8nm EOT extracted for the HfO, gate dielectric with 2nm interfacial layer of the
SSOI devices. However, the electrostatic gate control in the SiGe devices is degraded by
the one order of magnitude higher D;; level as shown in section 4.4, since interface charges
screen the gate electric field. This effect causes a degradation of S in the SiGe TFET. In
addition TAT has an important influence on the devices as will be discussed in the following

section.

4.6 Temperature Dependent Measurements

4.6.1 Trap Assisted Tunneling

Transfer characteristics of the Sip5Gegs NW TFETSs have been measured at different tem-
peratures. The measurement results at 7' = 85, 200 and 300 K are shown in Fig.4.9. The
transfer characteristics exhibit a strong temperature dependence. At Vg = 1.3V the mag-
nitude of Ip changes by 6 orders of magnitude between 85 K and 300 K. The minimum S
decreases from 222mV/dec at 300K to 65 mV/dec at 85 K. As discussed in chapter 3 this
strong temperature dependence of Ip and S at small Viz can be attributed to TAT processes
dominating the current transport.

Apart from SiGe/high-+ induced Dj; traps are also introduced at the source-channel and
channel-drain junctions by ion implantation. The ion implantation energy is chosen low
enough to locate the peak of implanted ions close to the top of the SiGe wire in order to
allow for solid phase epitaxial regrowth (SPER) during activation. Dopant activation at
only 650° C for 1 min was chosen to prevent Ge diffusion into the bottom Si layer, which
would decrease Ge concentration in the SiGe NW. The low temperature activation, however,
may result in a larger number of remaining defects at the source-channel and channel-drain
junction, thus giving rise to TAT. TAT degrades S and increases also the channel-drain tun-
neling current, which in turn increases Iorr. Due to the small £, of the SiGe and the strong
TAT contribution Ippp is increased by more than three orders of magnitude for Sig5Geg s
compared to the SSOI TFETs.

4.6.2 Band Gap Extraction from SRH Current

An estimation of the band gap E, in the SiGe NW TFETs can be obtained from the the
SRH generation-recombination current, that occurs in the off-state of the device. When the
transfer curve is measured at small Vpg the separation of n- and p-branch of the TFET
is large enough in order to observe the characteristic peak of the SRH generation in the

center of the transfer characteristics. Measurements of the transfer characteristics of a SiGe
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Figure 4.9: Transfer characteristics of a Sig5Geg.s on SOl NW TFET measured at temperatures
85, 200 and 300 K.

NW TFET with 2 gm channel length at Vpg = 50mV at temperatures between 170 K and
330K are shown in Fig.4.10. The SRH hump is clearly visible except for the measurement
at T = 170 K, where the current drops below the measurement resolution of the setup.

The dependence of the SRH current on the number of intrinsic carriers in a semiconductor
is given in equation (2.20). By plotting the maximum Ip of the SRH hump as a function
of T'in an Arrhenius plot, E4 in the channel region of the device can be extracted from the

slope of a line fit according to:

1

In(Ip/T*%) = ~ ST E,.

(4.4)

The temperature dependence of E, is neglected in this estimation of the band gap. In order
to get a reliable estimation of Ej close to room temperature an Arrhenius plot of peak SRH
currents in the temperature range from 250 K to 330 K is presented in Fig.4.11. E; = 0.62eV
was extracted from the slope of the linear fit. This value is smaller compared to E; = 0. 67 eV
calculated in [24] for biaxially compressive strained Sig5Gegs. For the patterned NWs
actually an increase of this value would be expected due to the strain relaxation across the
NWs discussed in section 3.2. However, the TiN gate metal deposited by AVD is known to
introduce compressive strain in Si layers [78]. Additional compressive strain caused by the

gate stack could explain the decreased value for E,.
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Figure 4.10: Transfer characteristics of a Sig5Gegs NW array TFET with 2 um gate length mea-
sured at Vps = 50 mV in a temperature range from 170 to 330 K. The SRH generation

current dominates Ip in between the n- and p-branch of the TFET.
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Figure 4.11: Arrhenius plot of the peak SRH current extracted from Fig.4.10 in a temperature range

from 250 to 330 K.
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4.7 Conclusion

The SiGe on SOI NW TFETsS presented in this chapter prove the hypothesis, that materials
with further reduced band gap enable higher tunneling currents. In comparison to the
NW devices presented in chapter 3, Ip was increased by one order of magnitude. In the
comparison of 35 and 50 % Ge content it has been shown that not only Ipy but also Ippp
increases in the homostructure SiGe TFET with smaller band gap material. Temperature
dependent measurements of the transfer characteristics revealed a large contribution by TAT
to Ip, which can be attributed to trap states in the tunnel junction caused by ion implatation
and the lower thermal budget required by SiGe.

D;; values for the SiGe layer are found to be one order of magnitude higher compared to
the SSOI NW TFETs. However, compared to literature values rather low D;; for the high-x
on SiGe gate stack was achieved. Due to a decreased interfacial layer the EOT for the SiGe
devices with AlyOs is even slightly better than for the HfOy dielectric in the SSOI devices.
The gate control in the SiGe devices, however, is degraded by the larger D;;. Degraded gate
control in combination with the large contribution by TAT causes higher S values in the
SiGe devices compared to the sSi NWs.

In conclusion, it has been shown that strained SiGe NWs with a band gap of 0.62¢eV,
estimated from the SRH generation, can increase the current in TFETSs about one order
of magnitude compared to sSi, even though the gate control is inferior. Hence, a further
current increase can be expected for a comparable gate control. While higher D;; and traps
caused by ion implantation are technology issues, which could be solved by more mature
processes, the increase of Iprp in small band gap homostructure TFETSs is a fundamental
problem. A solution to this problem by a different device concept will be discussed in the

following chapter.
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In this Chapter a different TFET concept is presented, which is supposed to overcome some
of the limitations of the homostructure SiGe NW TFET presented in the previous section.
The concept of a heterostructure tunnel junction at the interface of two semiconductors
with different band gaps and band alignment offers the opportunity to employ band gap
engineering for receiving high on-currents while maintaining low off-current and suppressing
ambipolar behavior. The heterostructure presented combines a SiGe/Si heterojunction with
an increased tunnel junction area due to step like structure with an overlap of gate and
source regions in a NW design.

Subsequently to a general comparison of the homo- and heterostructure TFET concept, I-V
characteristics of the fabricated heterostructure device are presented and compared to the
homostructure SiGe TFET from chapter 4. The BTBT current dependence on the junction
area as well as suppression of ambipolarity are discussed. In the last section of this chapter
device simulations are presented in order to gain further inside about the influence of line

tunneling in the overlapping source-gate region on device performance.

5.1 Heterostructure TFET Concept

In a heterostructure TFET different semiconductors are utilized in the source, channel and
drain region. This allows for band gap engineering exploiting different band gap energies
and energy offsets of valence and conduction band edges. As an example Fig.5.1 (a) shows a
schematic illustration of the material composition that was used in the homojunction SiGe
NW TFET in the previous chapter on the left and the material composition of the SiGe/Si
heterojunction TFET which will be discussed in this chapter on the right.

The heterostructure with SiGe source and Si channel and drain is a distinct n-channel TFET,
which can be understood from the simulated valence and conduction band edge energies of a
homo- and heterostructure in Fig.5.1 (b). Two bias conditions in the on-state of the TFET
with Vi = 2V on the left and the off-state with Vig = 0V on the right are shown. In both
cases the drain is biased at 0.5V. An effective band gap E,.r; for the tunneling process
can be defined, which in case of the n-channel TFET denotes the energy difference between
source valence band and channel conduction band at the tunnel junction. The band gap dif-
ference from Siy 5Geg 5 to Siis given mainly by a valence band off-set of about 0.4 eV. Hence,
Eg.f¢ is basically the same for the homo- and heterostructure as shown in Fig.5.1 (b). This

in turn results on one hand in a constant tunnel distance for homo- and heterojunction. On
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Figure 5.1: (a) Schematic illustration of source, channel and drain material configuration in SiGe
homostructure and SiGe/Si heterostructure n-channel TFET. (b) Simulated valence and
conduction band edge energies in a n-channel Sip 5 Geg 5 homostructure and Sig 5Geg 5/Si
heterostructure TFET in the ON-state (left) and OF F-state (right).

the other hand the band gap in channel and drain is larger in the heterojunction reducing
SRH generation in the channel region and channel-drain tunneling in the off-state. Thus, the
heterostructure TFET concept should maintain the Ipy of a Sig5Gegs TFET and reduce
Iorr to values which can be obtained in Si TFETs. This in turn increases the Ion/Iorr
ratio, which is crucial for low stand-by power application.

It has to be noted that also the effective masses, which influence the tunneling probability
(equation (2.12)), are different in SiGe and Si. However, in a n-channel TFET hole masses
in the source valence band and electron masses in the channel conduction band have to be
taken in to account. The hole mass is the same since both structures possess a Sig5Geg s
source and the electron mass m(®) is independent from the Ge content as shown in [24].
Hence, the reduced tunnel mass m* is constant for homo- and heterostructure.

The heterostructure concept has been already studied in different theoretical and experi-
mental publications. Simulations of SiGe source and strained Si channel TFETSs shown in
[77] show promising results. In [40] highly scaled gate all around (GAA) NW TFETSs using
Ge source and Si channel/drain are proposed and exhibit good performance in simulations.
An experimental demonstration of a planar n-TFET with poly-Ge source is presented in
[44]. Since the growth of lateral heterostructures is rather difficult experimental realizations
with a step like structure based on epitaxially grown layers are a promising alternative [112].

Besides vertical structures fabricated in top-down approach, also bottom-up technique like
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vapor-liquid-solid (VLS) growth is used to fabricate axial Ge-Si hetero nanowires used as
n-channel TFET [58].

Heterojunction TFETSs based on III-V semiconductors are demonstrated in [71]. One of the
best performing n-channel TFETS is presented in [16] with a vertical III-V structure based
on InGaAs. Using band engineering in III-V heterostructure made from InAs and GaSb
even a staggered or broken gap band alignment can be achieved, which further reduces the
tunneling distance and thus increases the on-current [61][54].

‘While heterostructures using SiGe or Ge as source and Si as channel are feasible for n-TFET's
only, heterostructures employing InGaAs as source and Si as channel provide a possible con-
cept for p-channel TFETs [103]. Such a device is realized in [76] in a vertical NW design.
An integration scheme for complementary heterostructure TFETs based on vertical Si NWs
with Ge and InAs top source contact for n- and p-channel TFETSs, respectively, is demon-
strated in [86].

In this work a new step like device structure with NW design is introduced, which allows
for the combination of a SiGe/Si heterostructure tunnel junction and an increase of tunnel

junction area in a NW design.

5.2 Substrate and Device Structure

The SiGe/Si heterostructure NW array TFET was fabricated using an Sip5Gegs on SOI
substrate. The 12.4nm thick Sip5Geg s is pseudomorphically grown on a 21 nm thick SOI
layer and hence biaxially compressive strained. The SiGe layer is capped with 9.4nm Si.
The layer stack is shown schematically in Fig.5.2 (a). The Sig5Geg s layer is in situ p-doped
with a boron dopant concentration of 2 - 1020 cm 3.

Fig.5.2 (b) shows a schematic representation of a single NW in the heterostructure NW array.
The NW exhibits a step, where the Si cap and the p*-doped SiGe layer are removed and
only the bottom Si layer remains. The pT-doped SiGe layer acts as the source in the device,
while the bottom Si layer serves as channel and drain region. A tri-gate, which covers the
step and overlaps also with the SiGe source, covers the NW. The bottom Si layer sticking
out of the gate is n-doped by ion implantation and acts as drain contact.

Tunneling from the p*-SiGe to the intrinsic bottom Si occurs in the region marked with a
red line in Fig.5.2 (b). The vertical tunnel direction is indicated with black arrows. BTBT
processes form a highly doped source to an intrinsic layer with a tunnel direction perpendic-
ular to the gate electric field are referred to as point tunneling as introduces in [107]. Due to
the overlap of gate and source additional BTBT can occur in the source region, when a thin
layer of the highly doped SiGe is inverted by the gate potential. The tunneling direction
is along the electric field lines of the gate and the tunneling mechanism is referred to as
line tunneling [107]. The on-set of the line tunneling mechanism is more abrupt than point

tunneling offering steep subthreshold swings and high currents [102]. The occurrence of line
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Figure 5.2: (a) Ilustration of the in situ boron doped p*Sig5Geg s on SOI layer stack with corre-

sponding layer thicknesses. The SiGe layer is biaxially compressive strained due to the
pseudomorphic growth on the SOI; (b) Schematic of a single NW of the heterostructure
n-channel TFET. The tri-gate covers the the step in the nanowire. The vertical tunnel
direction from the p*Sig 5Geg 5 in to the bottom Si layer is indicated with black arrows.
The tunnel junction is marked with a red line.

tunneling strongly depends on the source doping level and gate control. It is superimposed

to the point tunneling current. Further analysis of point and line tunneling contribution in

the fabricated devices will be given in section 5.5.

Compared to the homostructure SiGe NW devices presented in chapter 4 the following

features of the heterostructure design are supposed to increase TFET performance:
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e The Sip;Gep5/Si heterojunction offers an effective band gap at the tunneling junc-

tion that matches the SiGe homostructure NWs keeping BTBT distance small, whereas

the channel and drain band gap are larger to achieve low Iprp.

The electrostatic gate control for the Si channel is improved compared to the SiGe
channel in the homostructure due the smaller D;; values that can be achieved for high-x

gate dielectric on Si as shown in chapter 4.

3 in combination

The in situ doped source features a high doping level of 2-10%° cm™
with a steep doping profile decreasing the Az, parameter. Defect formation in the
tunnel junction by ion implantation, which leads to dominant TAT, is prevented and

the thermal budget can be kept small since no source dopant activation is needed.

The tunnel junction area is increased and scales with the gate-source overlap. In
addition, the overlap of gate and source offers the possibility for line tunneling in the

highly doped source adding to the current.



5.3 Device Fabrication

5.3 Device Fabrication

The fabrication process of the SiGe/Si heterostructure NW array TFET is based on the
process used for devices of chapter 3 and 4. The process steps which are changed with

respect to the process of the homostructure SiGe TFET are listed in the following:

e In between the marker fabrication and the patterning of the NW array an additional
e-beam lithography is introduced to pattern the step for the drain region. E-beam
lithography with PMMA 669.07/600K resist was used to open a window in the drain
part of the NWs (which are patterned afterwards) and the drain contact pad. The
Si cap and the Sig5Gep s layer are subsequently etched in this region by Cly/Ar dry
etching. The etching was stopped at the bottom Si layer.

e After the patterning of the NW array and prior to the gate stack deposition the samples
were cleaned by a dHF /O3 process in the ”Semitool Raider” cleaning tool as done for
the SiGe homostructure NWs. However, the time for the ozone process was reduced

to 1 min in order to reduce the SiGe consumption due to the cleaning.

e The gate stack for the devices consists of 3.5nm HfOy and 40nm TiN gate metal
deposited by ALD and AVD, respectively.

e Since the source is already in situ doped no ion implantation for source doping is
required. Only the e-beam lithography followed by As ion implantation to form the
drain side is performed as in the homostructure TFET. RTA for dopant activation was
omitted, since annealing tests at 550° C for 30s already degraded device performance

without showing positive effects on source-drain resistance.

The NWs in the array have a width of 40 nm. Four different NW lengths with correspond-
ing gate lengths of 100, 400, 800 and 2000 nm have been patterned. The NW length is always

]
Le— source-gate overlap

TiN gate

e SiGe/Si step

Figure 5.3: Top view SEM image of the heterostructure NW array (a) before and (b) after gate
stack deposition and patterning.
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400 nm in addition to the gate length. The overlap of source and gate for the different NW
lengths is 75, 300, 600 and 1800 nm, respectively.

Fig.5.3 (a) shows a SEM top view image of the heterostructure NW array with the step in
the NW where the p*-doped SiGe layer ends. The patterned 2 um gate shown in Fig.5.3 (b)
covers the step in order to provide large enough separation between the p™-doped SiGe

source and the implanted n-doped Si drain.

5.4 Device Characterization

In this section I-V characteristics of the SiGe/Si heterostructure NW TFETs are presented
and compared to the SiGe homostructure NW TFETs shown in the previous chapter. Since
the dimensions of the NWs concerning width and length are comparable for both devices Ip
is normalized to the current flow through a single NW instead of the total NW width.

5.4.1 Transfer and Output Characteristics

Fig.5.4 shows the n-channel transfer characteristics of the heterostructure and the homostruc-
ture NW TFETs both with 2 um gate length. The heterostructure exhibits a minimum S
of 90mV/dec at Vps = 0.1V and Ion/lorr = 103, while the minimum S of the ho-
mostructure is 220mV/dec and Ion/Iorr = 104. Especially Iorr is decreased in the
heterostructure TFET. The heterojunction design with Si channel and drain decreases SRH
generation-recombination and BTBT at the channel-drain junction compared to the ho-
mostructure. Thus lower Ippr and large Ion/Iorr ratio could be achieved. These results
demonstrate that the in situ doped heterostructure TFET clearly outperforms the ion im-
planted homostructure. However, both devices suffer from a substantial shift in threshold
voltage towards positive gate voltage, requiring gate voltages Vi of up to 3V to switch on
the devices.

Fig.5.5 exhibits output characteristics of the heterostructure TFET for Vi from 1V up to
3V in steps of 0.1 V. The Ip-Vpg curves also show an exponential increase in Ipy with Vg
and S-shape. However, compared to output characteristics of the homojunction TFET at
Ve = 2.5 and 3V also shown in Fig.5.5 the S-shape is far less pronounced and saturation
of Ip is reached at much smaller Vpg well below 1V. The reduction of S-shape in the het-
erostructure indicates a reduced DIBT presumably due to the high source doping level.
The fast saturation of Ipg in the output characteristics is a sign of a small Agp, which can
be attributed to the steep doping profile of the in situ doped SiGe source. The current
per NW in the heterostructure exceeds that of the homostructure, which is not only related
to the higher junction quality, but also to the difference in device geometry, effective oxide

thickness and the increased tunnel junction area in the heterostructure.
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Figure 5.4: Transfer characteristics of a n-channel Sig5Geg 5/Si heterostructure NW TFET with
2 pm gate length (blue). In comparison transfer characteristics of the homostructure
Sig.5Geg.s NW TFET from chapter 4 are shown in gray. Currents are normalized per
NW in the array for both devices.
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Figure 5.5: Output characteristics of a n-channel Sip5Geq5/Si heterostructure NW TFET with
2 pm gate length (blue). In comparison output characteristics of the homostructure
Sig.5Gegs NW TFET from chapter 4 are shown in gray. Currents are normalized per
NW in the array for both devices.
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5.4.2 Increased Tunnel-Junction Area

In contrast to the SSOI and SiGe homostructure NW TFETSs presented in chapter 3 and 4,
the tunnel junction area in the SiGe/Si heterostructure TFET scales with the gate length
due to the variation of the source-gate overlap. As shown in section 3.4.1 for the SSOI NW
TFET, Ion does not depend on the gate length since the tunnel junction is localized in a
small area around the source-channel junction at the gate edge and the junction resistance
is much larger than the channel resistance. In the heterostructure, in contrast, BTBT from
source to drain is enabled along the line between SiGe source and bottom Si channel marked
with the red line in Fig.5.2(b). The total tunnel line length is calculated as twice the
overlap of gate and source plus the width of the nanowire. The junction scaling for point
and potential line tunneling is in this connection equivalent.

Ip is plotted in Fig.5.6 as a function of the tunnel line length. The current values were
averaged over 10 devices of each gate length. The expected trend of increasing Ip with
larger tunnel line length is apparently correct for lengths between 190nm and 1240 nm,
which corresponds to a gate-source overlap of 75nm and 600nm, respectively. For gate-

source overlap of 1.8 um a saturation of Ip is observed.
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Figure 5.6: Drain current Ip as a function of tunnel line length as marked in Fig.5.2 (b) for four
different gate length.

The reason for the deviation from a strictly linear dependence of Ip on the tunnel line
length may be due to a drop of the applied drain potential along the source-channel junction.
Morita et al. have shown in [74] that an overlap of source and gate in a TFET can be
described with a distributed-element model for a parallel-plate capacitor. The utilized model
can be adapted for the SiGe/Si heterostructure NW TFET as illustrated in Fig.5.7. Each
infinitesimal section of the tunnel junction is modeled as a parallel circuit consisting of a
capacitor Cr and a resistor with the conductance of the tunnel junction G7, while each

section of the channel region has the resistance Rc. It is shown in [74] that the current
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in this circuit saturates at a certain length of the gate-source overlap due to the drop of
Vps caused by the channel resistance. According to this model Ip approaches the value
of \/mVDS for large overlap and neglected distributed source resistance Rg. When
Rg is taken into account, Ip even decreases at sufficiently large gate-source overlap. Thus,
this model can explain, why the current does not scale strictly linear with the gate-source
overlap. The BTBT current from the junction part close to the step and especially from
the front edge has a larger contribution to the overall current. Nevertheless the increase of

tunneling area results in a substantial increase of Ip.

Distributed-element Circuit Model
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Figure 5.7: Distributed-element circuit model of a parallel-plate capacitor adapted for the drop of
applied Vpg along the source-channel junction according to [74].

5.4.3 Temperature Dependence

Fig.5.8 exhibits transfer characteristics of the SiGe/Si heterostructure NW TFET measured
at 85 and 300 K. The transfer characteristics exhibit much smaller temperature dependence
compared to the SiGe homostructure devices from chapter 4. The difference in Ip at the
minimum of the transfer curve at Vpg = 0.9V is only 2 orders of magnitude for the het-
erostructure compared to 6 orders of magnitude for the homostructure as shown in Fig.4.9.
At Vg = 2V the current difference is about a factor of 2 to 3, which can be explained by the
change of E, with temperature and the corresponding influence on BTBT as presented in
section 3.5. The small temperature dependence can be taken as an indication for a smaller
TAT contribution in the heterostructure device. The in situ doped SiGe source grown pseu-
domorphically on the Si channel apparently exhibits less trap states in the junction than the

ion implanted junction in the SiGe homostructure.
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Figure 5.8: Transfer characteristics of a n-channel Sip5Geg 5/Si heterostructure NW TFET with
2 um gate length measured at 85 and 300 K. Currents are normalized per NW.

5.4.4 Reduction of Ambipolarity

A reduction of the ambipolarity in the transfer characteristics of a TFET is required for
logic applications, since a distinct O F F-state of the device is needed. The heterostructure
device already shows an asymmetry between n- and p-branch due to the smaller E, ;s and
larger tunneling area at the in situ doped p™-SiGe/i-Si junction compared to the implanted
n-Si/i-Si junction at channel and drain. However, the relatively high dopant fluence, in order
to achieve a low resistance in the drain-side of the NW, also result in a quite good tunnel
junction for the p-branch at the channel-drain side. Thus current in the p-branch is only
one to two orders of magnitude smaller compared to the n-branch.

A reduction of the As fluence from 10'° to 10 cm™2 results in a significant current de-
crease of the p-branch by 4 orders of magnitude, as shown in the transfer characteristics
in Fig.5.9. The lower drain doping dose prevents tunneling at the channel-drain junction
almost completely. However, also the current in the n-branch is degraded due to increasing
series resistance of the NW in the drain region.

The change in dopant fluence also causes a significant threshold voltage shift of 0.5V. A
possible reason for the shift could be a work function shift of the TiN metal gate due to the
ion implantation. The gate is used as a mask to perform a self aligned ion implantation with
As to form the drain contact. A high drain doping may influence the metal work function of
the TiN causing a shift in the transfer characteristics. This demonstrates that a reduction of
drain doping is beneficial both, for reducing ambipolar behavior and shifting the threshold
voltage closer to zero. The formation of a silicide at the drain junction could prevent the
reduction of n-branch current due to increased drain resistance. The implications of the
ambipolar behavior on logic application will be further discussed on the example of TFET

inverters in chapter 6.
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Figure 5.9: Transfer characteristics of n-channel Sip5Geg5/Si heterostructure NW TFETs with
different As fluence for drain implantation. Currents are normalized per NW.

5.5 Device Simulation

5.5.1 TCAD Sentaurus

Two-dimensional technology computer aided design (TCAD) device simulations were per-
formed with Synopsys Sentaurus in order to analyze the BTBT mechanism in the SiGe/Si
heterostructure TFET device in more details. The Sentaurus device simulator calculates the
current flowing in the device based on a drift-diffusion model, while the tunneling process
in the TFET is modeled by a non-local band-to-band tunneling model with Fermi statistics
taken into account. In addition, SRH recombination and a dynamic non-local path model
for trap assisted tunneling were employed.

The strain of pseudormorphically grown SiGe on Si was calculated and the corresponding
effects on band gap and effective carrier masses were implemented by deformation potential

models. The SiGe material parameters used for the simulations are taken from [24] and [42].

5.5.2 Point and Line Tunneling

In section 5.2 it has already been discussed, that the heterostructure design with overlap-
ping source and channel region allows for point tunneling from source to channel as well as
line tunneling in the p*-doped SiGe source. In order to estimate the contribution of both
tunnel mechanisms to I'p Sentaurus TCAD simulations have been used. The simulated ver-
tical heterostructure with a double gate is shown in Fig.5.10. The two-dimensional vertical
TFET structure resembles key features of the fabricated SiGe/Si heterostructure devices

and is comparable to a cross-cut through the NW. The double gate in the simulated vertical

65



5 SiGe/Si Heterostructure NW TFET

structure covers the channel region as well as the p™-doped Sig 5Geg 5 source. In comparison
to the experimental structure there is no top gate in the simulated 2D structure, due to
the need for a source contact. However, the influence of the top-gate is anyway small due
to the additional Si cap layer in the fabricated structure. The thickness of the intrinsic Si
channel corresponds to the thickness of the bottom Si layer in the experimental structure.
The simulated structure has an additional n-doped Si layer at the bottom acting as drain
region of the device.

The Sip5Geqg s source layer of the simulated structure features uniaxial compressive strain
along the y-direction (in plane of projection in Fig.5.10), which corresponds to the [110]
channel direction of the experimental structure. The uniaxial strain stems from the initial
biaxial compressive strain of a pseudomorphically grown SiGe layer on Si and the strain
relaxation across patterned NWs discussed in section 3.2. Source doping and drain doping
levels are 2 x 102 cm™3 and 1 x 1020 cm—3, respectively. The doping levels fall off with a
Gaussian shaped profile to the channel doping level within 4 nm. The gate dielectric consists
of 1nm SiOs interfacial layer and 3nm HfOs with €570, = 18. The gate work function used

in the simulations is 4.5¢eV.

Drain

0 20 40
X (nm)

Figure 5.10: Simulated two-dimensional SiGe/Si heterostructure TFET resembling a cross-cut
through the NW of the experimental heterostructure NW TFET (see Fig.5.2 (b)).
Simulated band edge energies along the paths A-B and C-D are shown in Fig.5.11
demonstrating the mechanisms of point and line tunneling, respectively.

Fig.5.11 (a) and (b) exhibit the simulated band edge energies along the paths from point
A to B and C to D marked in the simulated structure in Fig.5.10. Fig.5.11 (a) illustrates
the point tunneling process from source to channel at Vg = 3V that occurs along the path
A-B. Fig.5.11 (b) shows the line tunneling process at Vg = 4.5V that occurs along the path
C-D. Here BTBT takes place in the pT-doped SiGe layer towards a thin inversion layer at

the interface to the gate dielectric.
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Figure 5.11: Simulated band edge energies of valence and conduction band along the paths (a) A-B
at Vg =3V and (b) C-D for Viz = 4.5V marked in Fig.5.10.
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Figure 5.12: Simulated transfer characteristics of the SiGe/Si heterostructure TFET illustrated in
Fig.5.10.

Fig.5.12 shows simulated transfer characteristics for three different source doping levels of
2x10%em™3, 1 x 102 ecm™3 and 5 x 101 ecm ™. The transfer characteristics for the high-
est source doping level, that corresponds to the value of the experimental heterostructure
TFET, exhibits a round shape that is equivalent with a continuously increasing subthresh-
old slope up to Viz = 3.5V. This behavior resembles the experimental measured transfer
characteristics. At Vi = 3.5V the Ip-Vi curve exhibits a kink followed by a larger increase
of Ip at Vg > 3.5V. This behavior could not be observed in the experimental structure,
since the break down voltage of the gate oxide was found to be below Vi = 3.5 V. The shape

of the simulated transfer characteristics can be explained by the spatial distribution of the

67



5 SiGe/Si Heterostructure NW TFET

a = 20 -3 - 20 -3
( )004 pSource - 2 X 10 m pSource - 2 X 10 cm
Q
~
3 Gate Electron BTB
2 Generation (cm 3s )
0.03
. 1e31
1e28
e,
= < VG =45V
3 °"18 1e24
NS
1e21
1e18
0.01
< 1el5
©
a8 0
o]
(; 0.61 0.:)2 .
X (um) Sio, HfO,
— 19 3 — 19 3
(b) pSource - 5 X 10 cm pSource - 5 X 10 m
g Electron BTB
3 Generation (cm 3s )
(%]
. 1e31
_—
1e28
_ VG =15V
é | Te2
2 1e21
(w]
= 1e18
1e15
f=
5 0
a

Figure 5.13: Simulated electron BTB generation in the right half of the simulated structure for (a)
Psource = 2 x 1020 em™3 and (b) 5 x 109 cm™3 at different values of V.

electrons generated by BTBT shown in Fig.5.13 (a). At Viz = 3V electrons are generated by
point tunneling in the channel region causing the first hump in the transfer characteristics.
The second hump for Viz > 3.5V is caused by line tunneling that occurs in the source region.
The electron generation by line tunneling exceeds the point tunneling generation at high Vg,

due to smaller tunneling distance and a larger tunnel junction area.

The gate voltage where line tunneling exceeds point tunneling can be shifted to smaller
values of Vi; by reducing the source doping level, since the inversion layer in the source is
established for smaller gate potential. This is demonstrated in Fig.5.12 for source doping
concentrations of 1 x 1020 cm ™2 and 5 x 101 cm 3. In addition, the point tunneling contribu-

tion decreases and S in this part of the transfer characteristics is degraded due to decreased
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band bending at the tunnel junction, which can be observed in the transfer characteristics
for Psource = 1 x 1020 cm™3.

For psource = 5 10 cm—3 no hump in the transfer characteristics and an improved minimum
value of S are observed, indicating that line tunneling dominates the transfer characteris-
tics. The spatial distribution of electrons generated by BTBT is shown in Fig.5.13 (b) at
Ve = 1.5V and 3V. Line tunneling already occurs in the lower corner of the source at
Ve = 1.5V and large electron BTB generation by line tunneling is observed for Vg = 3 V.
The line tunneling contribution causes an about two orders of magnitude larger current at
Ve = 3V for the smallest source doping concentration compared to the largest doping con-
centration. However, the decrease in source doping concentration also limits the maximum
line tunnel current due to smaller band bending and thus increased tunneling distance as can
be seen by comparing transfer characteristics of psource = 5 X 1019 cm—2 and 1 x 1020 cm—3
in Fig.5.12. The simulations state that the line tunneling mechanism could provide larger
currents and improved subthreshold swing in a similar heterostructure device with reduced

source doping level.

5.6 Conclusion

The SiGe/Si heterostructure TFET proved to be beneficial in terms of maintaining low I,
in combination with a small effective band gap at the tunneling junction. Thus, excellent
Ion/Io¢ ratio up to eight orders of magnitude could be achieved in the heterostructure
TFET. In comparison to the SiGe homostructure NW TFETSs, shown in chapter 4, also
the on-current per nanowire was increased due to the improved tunnel junction quality by
in situ source doping and increased tunnel junction area due to the gate source overlap.
The increased tunnel junction quality furthermore resulted in reduced TAT, superior output
characteristics with decreased S-shape and fast current saturation at small Vpg. The latter
two points are especially important in terms of utilizing the devices for logic application as
will be discussed in the following chapter.

Furthermore, it has been demonstrated that the TFET on-current can be scaled by an
enlarged tunnel junction area due to an expanded overlap of source and gate region. A drop
of the applied drain voltage along the channel, however, limits the ability to scale I, for
large overlap lengths.

TCAD device simulations revealed that line tunneling could be employed as a tunnel current
booster in the SiGe/Si heterostructure device with gate-source overlap. In order to achieve
maximum device performance the source doping concentration needs to be adapted to the

gate control and dimensions of the structure.
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6 Logic Application

TFETSs are supposed to be integrated in digital logic circuits for low power application.
In order to reach this aim, not only the transfer characteristics of single transistors have
to be studied, but also the characteristics of the basic components in integrated circuits
performing logic operations need to be investigated. In this chapter the operation of a TFET
inverter is compared to the same logic device built from complementary MOSFETs and the
impact of progress in TFET -V characteristics on inverter structures is demonstrated. The
implications concerning power dissipation and field of application for the TFET will be

discussed.

6.1 The Inverter

One essential logic operation in integrated circuits is turning a logic ”1” into a logic 70”.
This operation is performed by an inverter, which is also called "NOT”-gate in electronics.
The inverter consists of two complementary transistors and has one input and one output
terminal plus two contacts which are connected to the supply voltage Vpp and ground
potential, respectively. A logic 71”7 at the input gives a logic ”0” at the output and vice
versa.

Fig.6.1 (a) and (b) show a schematics of complementary MOSFETs and TFETSs connected
to a MOSFET and TFET inverter, respectively. The p-channel device of an inverter is
also referred to as the pull-up transistor, since it connects Vg, to Vpp, while the n-channel
device is denoted pull-down transistor, since it connects V¢ to the ground. For both kinds
of inverters the input voltage V;,, is applied to the connected gates, while the output voltage
Vour is measured at the connected drain pads. In the TFET inverter the supply voltage Vpp
is applied to the n-doped source region of the p-TFET and the p-doped source of the n-
channel TFET is connected to ground potential. In the MOSFET inverter Vpp is connected
to the source of the p-MOSFET and the source of the n-MOSFET is connected to ground.
Fig.6.2 exhibits a schematic graph of V,,; as a function of Vj,, which is called the voltage
transfer characteristics (VTC) of an inverter. The switching threshold voltage V) is defined
as Vin = Vour- Vi and Vig denote the input voltages where the voltage gain of the inverter
is g = dVout/dVip = —1. The corresponding output voltages are Vor, and Vpog. The noise
margins for the “low” and "high” state are defined as NMy = Vi and NMy = Vpp — Vi,
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Figure 6.1: Schematic representation of (a) MOSFET and (b) TFET inverter from complementary
NW transistors. The gate and drain pads are short-cut and used as input and output
terminal, respectively, for measuring the voltage transfer characteristics (VI'C). The
source contacts are connected to supply voltage Vpp and ground.

respectively [82]. The average voltage gain of the inverter can be defined as:

~_ Vou —Vor

= . 6.1
Vi — Vig (6.1)

YGav
For a simplified VT'C where Vpr, and Vg are close to zero and Vpp, respectively, the noise
margins are given by:

\%
NMyg =Vpp —Vig =Vpp — <VM—97M> (6.2)

and
Vop — Vi

NMp =V, =Vyu+ (6.3)

av
According to these equations it is obvious that Vs should be as close to Vpp/2 as possible

and g, should be large in order to achieve the maximum noise margins.

The total power consumption P of an inverter can be calculated as the sum of static power
Pyqr when the inverter is either permanent in the "high” (logic ”1”) or ”low” (logic ”0”)
state and the dynamic Power Pg,, when the inverter switches from one state to the other.

The static power consumption is given by
Pstat = Ippo-Vop, (6.4)
where Ipp is the short-circuit current through the transistors between Vpp and ground

in the static case. Ipp is determined by the off-current in the n- or p-channel transistor
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Voo Vi

Figure 6.2: Schematic voltage transfer characteristics of an inverter.

in the "high”- or "low”-state, respectively. The dynamic power depends on the charge that

needs to be transferred when the inverter is switched. The total capacitance is given by:
Cout - CDp + CDn + CVL 5 (65)

where Cp, and Cp,, are the drain capacitance of p- and n-channel transistor, respectively,
and Cp, is the load capacitance connected to the output terminal. Since the output of an
inverter in integrated circuits is usually connected to the input of further logic elements, Cp,
depends on the gate capacitance of the transistors in these logic circuits and the capacitance
of the interconnects. The total charge that is transferred during switching can be calculated

as @ = Cyyt - Vpp. The dynamic power can be expressed as:
Payn =Vop Q- f = Couw - Vip - f. (6.6)
where f is the frequency of the signal change. Hence, the total power is given by:
P =Cou Vip f+Ippo-Vop (6.7)

This equation states that the power consumption depends strongly on Vpp and that the

frequency has a strong influence whether static or dynamic power dominate P.

The MOSFET and TFET inverters, which are compared in this chapter, were realized
using the SSOI NW array devices presented in chapter 3. In the chip layout of these devices
two transistors were placed close to each other and thus could be utilized for building inverter
structures. In case of the TFET the transistors next to each other are identical, since
symmetric TFETs can work as p- or n-channel devices. In case of the MOSFET inverter

one n-channel device was placed next to a p-channel device. Fig.6.3 (a) exhibits a SEM top
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Figure 6.3: (a) Top view SEM image of two SSOI NW array TFETs connected by Pt contact lines
to an inverter structure. (b) SEM image of a Pt contact line with a cross-section of
1 x 1 um? at the edge of an Al contact pad.

view of two TFETSs connected to an inverter. The devices were connected using platinum
(Pt) deposition in a focused ion beam (FIB) tool. Fig.6.3 (b) shows a magnification of the
Pt connection line with a cross-section of 1 x 1 um? at the edge of an Al contact pad. The

Pt lines connect the gates of both transistors as well as the two drain pads.

6.2 Voltage Transfer Characteristics

6.2.1 MOSFET Inverter

The voltage transfer characteristics (VIT'C) of MOSFET and TFET inverters were recorded
by varying V;,, from 0V up to Vpp and measuring V,,;. This measurement was repeated for
different supply voltages Vpp. Fig.6.4 shows the Ip-Vi characteristics of n- and p-channel
NW array MOSFETSs with 10 x 10nm? NW cross-section and 2 um gate length. The devices
were connected and the inverter characteristics were measured according to the setup shown
in Fig.6.1(a). Fig.6.5(a) shows the VIC of the MOSFET inverter at Vpp = 1.5V and
2.0V. For a symmetric characteristic of both transistors it is expected that V,,; switches
from Vpp to 0V at V;;, = Vpp/2. In the measured VT C of the MOSFET inverter, however,
the switching occurs at V;, < Vpp/2. The transfer characteristics in Fig.6.4 suggest two

reasons for the shift of the switching:

e The threshold voltage V; of p- and n-MOSFET is asymmetric, which can be seen
in the transfer characteristics. Thus the center of the transfer characteristics is shifted
to negative V. This means that the p-MOSFET, which is switched on at Vj;, = 0V
switches off at a too small value of Vj;,, and the switching point in the VIT'C moves to
the left.
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Figure 6.4: Ip-V characteristics of p-channel and n-channel SSOI NW array MOSFETSs with 2 ym
gate length.
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Figure 6.5: (a) Voltage transfer characteristics (VIC) of SSOI NW MOSFET inverter; (b) Voltage
gain of the MOSFET inverter calculated from the derivative of VTC.

e The different mobilities of electrons and holes result in in a larger on-current in
the n-MOSFET compared to the p-MOSFET, as shown in the transfer characteristics.
The mobility of electrons in the channel is larger compared to the one of holes, causing
a difference in on-current. Due to the smaller current in the p-MOSFET the switching
point in the VT'C moves to the left.

Both effects shift the switching point in the VTC to smaller values of V;,,. For achieving a
switching at Vi, = Vpp/2 current levels as well as threshold voltages need to be matched at
the same time. The current level of n- and p-MOSFET can be matched relatively easy by
scaling the width of the devices to level out the difference in mobility. Hence, in standard
CMOS design the p-MOSFET has three times the width of a n-MOSFET. Adapting V;,
however, can be achieved by tuning the gate work function, which depends on the gate

metal. Realizing V;, = Vpp/2 is important in order to achieve high noise margins in the
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Figure 6.6: Ip-V; characteristics of p-channel and n-channel SSOI NW array TFETs with 2 um
gate length..

logic circuits as previously shown. However, for the analysis of basic differences of MOSFET
and TFET inverters the shift is of minor concern.

Fig.6.5 (b) exhibits the voltage gain of the MOSFET inverter as a function of V;,, which is
calculated as the absolute value of the derivative of the VI'C. A maximum voltage gain of
103 is observed at Vpp = 1.5V. This large gain value is possible due to the subthreshold
swing close to 60 mV /dec of the NW MOSFETs. At Vpp = 2.0V the voltage gain decreases
slightly. The VTC at this voltage shows a more pronounced decrease of V,,; prior to the
switching point, which can be explained by a degraded saturation of Ip at higher V.

6.2.2 TFET Inverter

The VTC of the TFET inverter was measured according to the setup shown in Fig.6.1 (b).
Fig.6.6 exhibits the Ip-Vi characteristics of n- and p-channel NW array TFETs with 10 x
10nm? NW cross-section and 2 um gate length. The on-current in the p-TFET is larger
compared to the n-TFET and S is smaller due to the steeper doping profile of the tunnel
junction as discussed in section 3.4.2. The minima of the transfer characteristics are almost
symmetric to Vg = 0V, with a small shift to the left. The VTC of the TFET inverter
fabricated from these devices are shown in Fig.6.7 (a) for Vpp = 1.5V to 3V. In contrast
to the MOSFET inverter the switching from Vpp to 0V occurs close to Vpp/2 for all VTC.
This is achieved since the larger on-current of the p-TFET and the shift of Ip-Vi curves
cancel each other out with respect to the shift of the VI'C.

It is noticeable that V,,; in the TFET VTC does not reach Vpp and zero for low and high
Vin, respectively. The MOSFET inverter VI'C (Fig.6.5 (a)) in contrast do not exhibit this
degradation of V,,;. The reason for this effect in the VITC can be found in the strong
ambipolarity of the Ip-Vi characteristics in Fig.6.6 and will be discussed in detail in the
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Figure 6.7: (a) Voltage transfer characteristics (VTC) of SSOI NW TFET inverter; (b) Voltage gain
of the TFET inverter calculated from the derivative of VTC.

following section by analyzing the inverter supply currents.

The voltage gain of the TFET inverter calculated from the VTC is shown in Fig.6.7 (b).
The maximum voltage gain increases from 9 at Vpp = 1.5V to 38 at Vpp = 3 V. Compared
to the MOSFET inverter the gain values are smaller due to the larger S of the NW array
TFETs. However, the gain of the TFET inverter at Vpp = 1.5V is still large enough to

achieve acceptable noise margins.

6.3 Inverter Supply Current

In order to analyze the origin of the differences in the VI'C of TFET and MOSFET inverter
and compare the power consumption, the load lines, which correspond to the output curves
of a single transistor, were measured for both transistors in the inverter. In order to analyze
the current flow through each transistor at different points in the VT'C, V;,, was varied from
0V to Vpp in steps of 0.5 V. The current at the source of n-channel and p-channel transistor
was measured as a function of V,,;, which was swept from 0V up to Vpp at each value of
Vin- Fig.6.8 exhibits the results of this measurement for the TFET inverter at Vpp = 2 V.
The point where the load curves of n- and p-channel device intersect for a certain value of
Vbp gives the corresponding value of V,,; in the VTC, since the current flow through both
transistors has to be equal in the static case. The intersections of the load lines of both
transistors are marked and numbered from one to five in Fig.6.8. These markers correspond
to the markers shown in the VTC at Vpp = 2V in Fig.6.7.

The load line plot in Fig.6.8 reveals that the p-TFET is in the on-state at V;, = 0V and
turns off for increasing Vj,, while the n-TFET switches on. However, the current of the
n-(p-)channel device in the off-state starts to increase when V,,; increases (decreases). This
is caused by the ambipolarity of the TFET transfer characteristics. The turn-on of the

ambipolar branch in the off-state leads to an increased current flow in the transistor that is
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supposed to be in the off-state and to the degradation of V,,; in the high and low state of
the inverter, as can be seen by comparing the markers in Fig.6.7 and Fig.6.8.

The current flow in the static "high” and ”low” states, which refer to the markers one and
five in Fig.6.8, is on the order of 1078 A. Due to the ambipolarity the current flow in the static
case is actually larger than the short circuit current at the switching point from marker two
to three in Fig.6.8. Assuming the ambipolar branch in n- and p-TFET would be successfully
suppressed, by an asymmetric design of both TFETSs, Ipp in the static case could be as
low as 10713 A.

supply current (A)
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solid lines: n-TFET L 3
10" F —V,=20V ;
Ey . 1 . 1 s 1 . 13
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Figure 6.8: Measured load lines of the n-TFET (solid lines) and p-TFET (dashed lines) in the TFET
inverter.
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Figure 6.9: Measured load lines of the n-MOSFET (solid lines) and p-MOSFET (dashed lines) in
the MOSFET inverter.
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From the supply current plot it is obvious that a small inverse subthreshold slope, which
means a rapid change of Ip with V;, is necessary to enable steep switching inverters. Ad-
ditionally, a good saturation of the output curves at small values of V,,; is crucial. This
could be an important advantage of TFETS, since short channel effects in MOSFETSs lead
to DIBL which deteriorates the saturation of Ip, whereas TFETSs are known to show less

short channel effects and hence better current saturation.

Fig.6.9 shows the load line measurement of the MOSFET inverter at Vpp = 2V. Again,
the intersections of p- and n-MOSFET Ip curves at corresponding V;,, are numbered and
the markers are also shown in the MOSFET inverter VTC in Fig.6.5 (a). Note that markers
4 and 5 are not shown in the VIT'C due to choice of scale. The shift in V; of p-MOSFET
and n-MOSFET reflects in an asymmetry in the load line curves that causes the shift of the
VTC. The transition from high to low state already occurs between V;;,, = 0V and 0.5V. The
current in the low state increases for increasing Vs (from marker 3 to 5), since the potential
difference from drain to channel increases and BTBT from channel to drain is enabled, also
known as GIDL.

Taking the shift of the VI'C into account, the current level for Ipp o in the MOSFET inverter
is in the range between marker three and four in Fig.6.9 on the order of 1078 A, which is
comparable to Ippo measured for the TFET. Hence, a TFET inverter with suppressed
ambipolarity and possible Ippg =~ 1073 A could offer a huge benefit in terms of static

power consumption.

6.4 Emulated Heterostructure TFET Inverter

As seen in the previous section, the reduction of the ambipolarity is crucial in order to achieve
a good TFET inverter performance. The SiGe/Si heterostructure NW TFETSs presented in
chapter 5 introduced a concept for reducing the ambipolarity in TFET devices and proved
reduction of the p-branch in n-channel TFETSs due to a larger band gap at the drain-channel
tunnel junction as well as improved device performance. In order to analyze how the im-
proved TFET characteristics of this device would effect the inverter performance, an inverter
is modeled using the measured transfer and output characteristics of the n-channel SiGe/Si
heterostructure TFET. The p-channel TFET is emulated by mirroring the n-channel transfer
and output characteristics. Fig.6.10 exhibits the measured n-channel transfer characteristics
and the emulated p-channel transfer characteristics. The threshold voltage of the transfer

characteristics was adjusted to optimize the inverter performance.
In order to extract an inverter VT'C from the measured n-TFET and emulated p-TFET,

the Ip-Vpg dependence of the n-channel device was measured for small steps of Vi, which

corresponds to Vj, of the inverter. Vpg, which corresponds to Vg, was swept continuously
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Figure 6.10: Measured transfer characteristics of an n-channel SiGe/Si nanowire array TFET and
emulated p-channel transfer characteristics.

and Vi was stepped up to the corresponding supply voltage Vpp. The steps of Vg were
5mV close to the inverter switching threshold and 40 mV else. The values for V,,; of the
VTC were extracted from the intersections of measured n-channel and emulated p-channel
output characteristics at corresponding Vj,,. Fig.6.11 shows the output curves for Vpp =1V
and 0.5V. The VTC extracted from these curves are shown in Fig.6.12 for Vpp =1V, 0.5V
and 0.2V. The VTC exhibit high voltage gain of 44 at Vpp = 1V and even at Vpp as low
as 0.2V still a gain of 8 is achieved.

Compared to the measured SSOI NW TFET inverter (Fig.6.7), the VT'C of the SiGe/Si het-
erostructure inverter show no degradation of Vg, at high and low Vj,, respectively. Fig.6.11
reveals that the load line curves of the devices in the off-state still increase with V,,;, how-
ever, the suppression of the p-branch in the measured n-TFET in combination with the
adjusted V; is sufficient to prevent a degradation of V.. The comparison of supply volt-
ages Vpp = 1V and 0.5V in Fig.6.11 also demonstrates that the degradation due to the
ambipolarity is less severe at decreased Vpp. Furthermore the static power consumption is
decreased due to the Vpp scaling by a factor of two and also by the reduction of Ipp o by a
factor of 500 from 10~3 A to 2 x 10711 A. This results in a reduction of Psgt by three orders
of magnitude according to eq.(6.4).

A drawback of reducing Vpp from 1V to 0.5V is of course the reduction of the maximum
on-current, that decreases by a factor of 300, resulting in a decrease of the maximum switch-
ing frequency fqee of the inverter. fi,q5 is given by the inverse of the overall propagation
delay t,, which can be calculated from the charging and discharging times of the RC-circuit
consisting of Cyy; and the resistance of the n- and p-channel transistor in the on-state R,, and

R, respectively [82]. Since the propagation delay in an RC-circuit is given by ¢, = In(2)RC,
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Figure 6.11: Load line plot with measured n-channel SiGe/Si heterostructure TFET and emulated
p-TFET for Vpp = 1V (left) and Vpp = 0.5V (right). V;, increases in direction of
the arrows from 0V to Vpp in steps of 40 mV.
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Figure 6.12: VTC extracted from measured n-channel SiGe/Si heterostructure and emulated p-
channel characteristics at various Vpp. The table shows the corresponding maximum
voltage gain extracted from the VTC.

81



6 Logic Application

t, of the inverter can be calculated as the average propagation delay of n- and p-channel
transistor, assuming that Cy,; is the same in both cases:

= ln(Z)CoutM . (6.8)
Thus, fmaee decreases by a factor of 150 when Vpp is reduced from 1V to 0.5V, while the
dynamic power consumption is decreased by a factor of 4 and the static power consumption
by three orders of magnitude.
The improved VTC of the SiGe/Si heterostructure inverter can be attributed to the improved
TFET device characteristcs. Especially the reduced S-shape in the output characteristics
and saturation at small Vpg (see Fig.5.5) enable sufficient gain at voltages down to Vpp =
0.2V. Also adjusting V; is important to optimize TFET inverter characteristics. Since
p- and n-branch in a TFET are separated by the potential difference depending on band
gap, doping level and drain bias as shown in section 2.3.3 for a symmetric homojunction
TFET, two different gate metals with adjusted work function for p- and n-channel device
are required. A corresponding p-channel heterostructure TFET that would be required to
build an heterostructure TFET inverter was already realized with a InGaAs based source
and Si channel in [76]. Also an integration scheme for n- and p-channel heterostructures has

recently been demonstrated [86].

6.5 Conclusion

In conclusion, inverters based on SSOI NW TFETs and MOSFETs have been demonstrated
and compared. The analysis of the inverter supply currents revealed that a strong ambipo-
lar behavior of TFETSs is disadvantageous for the inverter VI'C. The ambipolarity degrades
the output voltage and increases the static power consumption. Nevertheless, high voltage
gain of 44 was observed in the fabricated TFET inverter. The SSOI NW MOSFET inverter
with close to ideal subthreshold swing shows a voltage gain exceeding 100. The static power
consumption in the measured load line plots of the inverters is similar for MOSFETs and
TFETs. However, a TFET structure with suppressed ambipolarity could offer a five orders
of magnitude smaller Pgq.

The calculated VT'C of an inverter built from the SiGe/Si heterostructure TFET presented
in chapter 5 and a corresponding emulated p-TFET with equal performance, revealed large
improvement compared to the SSOI TFET inverter. The reduced ambipolarity in the het-
erostructure TFET prevents the degradation of V,,; and sufficiently large voltage gain was
obtained down to very low Vpp of 0.2V. The reason for the improvement can be found in
the superior TFET output characteristics with reduced S-shape and saturation at smaller
Vps. Current saturation could be an important advantage of TFETS, since short channel
effects in MOSFETS lead to DIBL which deteriorates the saturation of Ip, whereas TFETSs

are known to show less short channel effects and hence better current saturation.

82



6.5 Conclusion

A reduction of Vpp further reduces the influence of the ambipolar branch, and thus decreases
the static power consumption by several orders of magnitude. The corresponding drop in
on-current causes a drop in the maximum switching frequency. However, in many low power
applications such as sensing, finmq. is of minor importance, since frequencies in the kHz range
are sufficient. Especially in passive systems without external power supply and in systems
where Pgq: dominates the total power consumption TFET logic elements with very low Psyqr

could be beneficial.
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7 Low Frequency Noise

The analysis of electrical noise in electronic devices helps to understand the transport mech-
anism and to detect possibilities for improving the devices. Some noise sources can hereby
be reduced by device improvement such as generation-recombination noise by reducing the
number of traps. Other noise sources such as thermal noise are unavoidable since they are
based on fundamental physical laws [38]. Despite the fact that various TFET devices have
been studied experimentally, there are only very few publications reporting on low frequency
noise (LFN) measurements [106] [8] [105]. In this chapter LFN in TFET devices presented
in chapter 3 is measured and compared to LFN in MOSFET reference devices. The impli-
cations of the different transport mechanisms of thermal emission over a potential barrier in
a MOSFET and BTBT in a TFET on the LFN are studied. Furthermore the influence of
different device concepts and tunnel junction quality is discussed by comparing noise char-
acteristics of SSOI NW TFET devices with ion implanted tunnel junction in chapter 3 and
in-situ doped SiGe/Si heterostructure TFETSs from chapter 5.

7.1 Measurement Setup

A schematic of the measurement setup for LEN analysis is shown in Fig.7.1. A battery
in combination with an adjustable voltage divider is used as voltage source to apply gate
bias (Vi) and source-drain bias (Vpg). The battery enables stable voltage bias conditions
with minimal circuit fluctuations. The battery voltage supply for Vg is not shown in Fig.7.1
for simplicity. The capacitor connected to the battery and the voltage divider has a large
capacitance of 9400 uF, which provides stable DC bias conditions and is at the same time
transparent for AC signals due to a small AC resistance R = 1/(wC). Hence, for AC signals
such as electrical noise the load resistance Rj,.q and sample resistance Rg of the device
under test are connected in parallel to each other. The voltage noise spectral density Sy
is measured with a combination of preamplifier, amplifier and signal analyzer connected
to a computer. Preamplifier and amplifier have a gain of 128 and 100, respectively. The
noise contribution by the amplifiers is calibrated and subtracted from the measured Sy.
The voltage drop at the sample V; and the total voltage drop Vit at sample and Rjpeq
are measured before and after each noise measurement. During the noise measurement the

voltmeters are disconnected. The DC current through the sample is calculated by

_ Vtotal - Vs

I
Rload

(7.1)
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Figure 7.1: Schematic of the setup for low frequency measurements.

A larger load resistance enables the measurement of smaller currents. However, the intrinsic
capacitance of the preamplifier on the order of 100 pF and Rj,qq build up an RC circuit, which
acts as a low-pass filter reducing Sy spectra at higher frequency. Hence the load resistance

is chosen according to

Rload 1
—. 2
R, " 10 72
The cut-off frequency at 3dB damping can be calculated by
1
fC - m . (7.3)

For cut off frequencies in the order of the frequencies where the noise spectral density is

measured the spectra need to be corrected for the damping of the RC circuit.

7.2 LFN Measurements

In order to compare LFN in TFETs and MOSFETSs the p-channel SSOI NW array devices
with NW diameter of 10 x 10nm? and 400 nm gate length, which were already discussed in
section 3.3, were used. These devices have the advantage that the process for TFET and
MOSFET fabricated on the same chip, is exactly the same except from the implantation in
source and drain. This excludes process related differences in LFN measurements and limits
the comparison to the noise caused by the different transport mechanisms in the devices.
The LFN spectra were measured at 300 K in a frequency range of 1 Hz to 2kHz. The setup
illustrated in Fig.7.1 records the voltage noise spectral density Sy (f). The Current noise
spectral density S7(f) can be derived from Sy (f), when the current through the channel of
the device increases linearly with the applied drain voltage Vpg. For such ohmic behavior
Sr(f) and Sy (f) meet the relation [38]:

Sitf) _ Svif) 1)

12 V2
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S1(f) can be calculated according to

> Sy(f)
V2R

total

Si(f) =Sv(f)-

(7.5)

with the total resistance of Rgs and Rj,qq in parallel:

1 1 \!
Rtotal = <ﬁ + Rl d) . (76)

7.2.1 MOSFET

In a MOSFET ohmic behavior can be assumed for small Vpg and sufficiently large Vi, which
is apparent from Ip-Vpg characteristics in Fig.3.9 (a). Vpg = —0.1V was chosen to measure
noise spectra as a function of V. The normalized current spectral density of the NW array
MOSFET is shown in Fig.7.2 for Vg from —1.05V to —1.3 V. The spectra were measured
with Rjpeq = 10k, The thermal noise, given by

SV,thermal = 4kBTRtotal (77)

was subtracted from the spectra in order to investigate the excess noise contribution only.
The noise spectra show a 1/f behavior, which can be attributed either to channel mobility
fluctuations Ay or to carrier number fluctuations AN due to trapping at the oxide interface.
Fig.7.3 shows the dependence of the normalized noise spectral density for f = 10Hz on
Ip. Since fSy/ 112) is basically proportional to 1/Ip and shows no strong correlation with
(g9m/Ip)? Hooge mobility fluctuations can be assumed as origin of the MOSFET current
noise [26][81]. Furthermore, the 1/Ip dependence of normalized flicker noise proves that the
contribution of the contacts to the transistor noise is small [101]. In Fig.7.2 the noise level
in the MOSFET decreases for increasing Vi since the number of carriers in the channel rises
for increasing gate potential. The dependence of the normalized current noise on the number

of carriers N is expressed by the Hooge empirical relation [38]:

Si(f) _ lan
2 FN

(7.8)

where ay is a dimensionless Hooge parameter and f the frequency where the noise is mea-
sured. The dimensionless parameter az can be used to compare noise characteristics in
different materials and devices and has a value between 107% and 10~ in high quality epi-
taxial layers [101]. However, it is degraded in devices due to surface effects and interface
traps. In order to calculate ay of the fabricated MOSFETs, N can be extracted by

measuring the channel resistance [81]

Rep = L?/(quN) (7.9)
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Figure 7.2: Normalized current noise spectra of a SSOI NW array MOSFET with 400nm gate
length at Vpg = —0.1V for different gate voltages. The red line represents a 1/f noise
behavior.
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current Ip. The dashed black line resembles a 1/1p dependence.
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where ¢ is the electron charge, L the channel length and u the effective hole mobility. The
effective hole mobility of the MOSFET was calculated using the Ip-V characteristics at

Vps = —0.1V and
1 L 1 Ip

M= Cos W Vo —Vin) Vps’
where W is the gate width, C,, the oxide capacitance and Vy;, the threshold voltage of the
MOSFET. C,, was calculated for an equivalent oxide thickness (EOT) of 2.8 nm estimated
from the thicknesses of the interfacial layer and HfO5 in Fig.3.3. Ip was corrected for a
source drain resistance of 1049 Q extracted from additional MOSFET devices with different
gate length presented in [84]. The resulting hole mobility is j;, = 47 cm?/Vs. This value is

(7.10)

notable degraded compared to the universal hole mobility 1o = 170 cm?/Vs for (001) bulk
Si MOSFETSs at corresponding inversion carrier density. The reduction of mobility results
from increased scattering at the surface of the tri-gated NWs with very small cross-section of
10 x 10 nm?2. Reduced mobility in Si NW structures for decreasing diameter is also reported
in [17]. Furthermore it has been demonstrated that hole mobility in uniaxially strained
NWs along [110] direction is reduced compared to unstrained NWs [57]. Increased Coulomb
scattering due to the high-x gate dielectric [64] and the coupling of carriers to surface soft-
optical phonons [25] lead to further degradation of the mobility.

Using (7.9) and (7.8) oy can be calculated as:

SrfL?
oA = ————

= 7.11
quIpVp (7.11)

With St for f = 10Hz, Vpg = —0.1V and Vg = —1.15V the extracted Hooge parameter is
ap = 7.3 x 1073, This value for o is in the typical range for MOSFET devices employing
high-# gate dielectrics with values between 1073 and 2 x 1072 [101],][28],[94]. The processed
NW MOSFETs are used as reference devices for the LEN measurements on the TFETSs in
the following section. Both devices were processed on the same chip. Only the source doping
type was varied to fabricate the TFET devices. This enables a direct comparison of LFN in
MOSFET and TFET without distortion by process related effects.

7.2.2 TFET

Since the Ip-Vpg characteristics of the TFET shown in Fig.3.9 (b), exhibit a distinct S-
shape, ohmic behavior can not be assumed for the whole range of Vpg. In order to find bias
conditions meeting eq. (7.4) voltage noise spectral densities were measured at a constant
Ve = —1.8V and Vpg from —0.01V to —1V. Fig.7.4 shows St for f = 10 Hz plotted as
a function of Ip in a double logarithmic plot. The red line reflects 112) proportionality.
From the region fitting best to this relation Vpg = —0.1V was chosen to measure noise
spectra as a function of Vg. The normalized current noise spectra of the p-TFET at

Vps =—0.1Vand Vg = —1.6V to —2.1V are shown in Fig.7.5. The spectra were measured
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Figure 7.4: Dependence of current noise spectral density on drain current Ip as Vpg is changed for
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Figure 7.5: Normalized current noise spectra of a SSOI NW array TFET with 400 nm gate length at
Vbs = —0.1V for different gate voltages. The red line represents a 1/f noise behavior.
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with Rjpeq = 500k2. Due to the large load resistance the cut-off frequency of the spectra
is in the range of kHz and therefore the spectra were corrected for the damping at higher
frequencies. In addition, the thermal noise was subtracted. The TFET noise spectra show a
deviation from the clear 1/f behavior for the MOSFET. Also the gate voltage dependence
of the spectra differs from the MOSFET. The normalized current noise is at least one order
of magnitude larger compared to the MOSFET and is not decreasing with increasing V.
The channel quality and the quality of the gate dielectric interface can be assumed to be
equal for MOSFET and TFET because of the same processing. Based on this assumption
the noise contribution from the channel region should be the same in both devices. The
larger noise level of the TFET and the independence of the inversion carrier density indicate
the existence of an additional noise source in the TFET. This additional contribution is
presumably introduced by the spatially confined tunnel region at the source-channel junction,

which acts as the dominant resistance in the device as shown in section 3.3.

An additional Lorentzian shaped component appears on the TFET noise spectra when
Vi is changed from —1.8V to —1.9V. This change in spectral shape can be explained
by analyzing the time trace of the drain current using an oscilloscope. At gate voltages
| Vo |> 1.9V a random telegraph signal (RTS) noise is observed in the time domain record
of the drain current shown in Fig.7.6 (a) for Vg = —2V. Characteristic for the RTS noise is
the change of current between two or more discrete current levels at random times [111][45].
RTS noise in MOSFETS is caused by random trapping and de-trapping of carriers in slow
traps located within the oxide [51]. When a certain Vi is reached charge carriers can tunnel
into these slow oxide traps [85][66]. In a MOSFET Ip is than affected by fluctuations of
the channel mobility due to the slow oxide trap. In a TFET the BTBT probability can
be reduced when a trap is localized close to the tunnel junction and screens the electrical
potential. The exponential dependence of the tunnel probability on the gate potential causes
significant fluctuations of Ip [105].

The random switching between different discrete current levels results in a Lorentzian noise
component with a 1/f2 dependence in the spectrum [65]. The sum of Lorentzians with
homogeneously spread time constants results in a 1/f spectrum [97]. Hence, Lorentzian
1/f? noise spectra are observed for devices with small gate area where only a few slow oxide
traps occur. In a MOSFET this is usually the case for a gate area below 1um? [105]. Due
to the confined tunnel junction (< 10nm) in the TFET, the total effective gate area is
< 0.3 um? considering the total width of all NWs in the array. Hence, the number of slow
oxide traps in the device is supposed to be small. Fig.7.6 (b) exhibits a histogram of the drain
current variation from the average Ip for a time trace of one second. The histogram exhibits
two peaks, which correspond to two levels of the RTS caused by a single trap. A Gaussian
function is fitted to each peak in order to extract the current difference and occupation time
of each level. The current difference AI of the RTS levels is 0.9nA, which corresponds to
1.1 % of the total current. The current is 36 % of the time in the upper and 64 % of the time
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Figure 7.6: (a) Time domain record of the drain current variation from the average Ip at Vg = =2V

showing random telegraph signal noise; (b) Histogram of drain current variation for a
period of 1 second.

in the lower state of the RTS and the state changes 250 times in one second. According to
this the average lifetimes are 7, = 2.88ms and T4, = 5.12ms for the upper and lower
RTS state, respectively. The power spectral density of a two-level RTS signal is given by
[111]:

(TupTdown ) 1
(Tup + Tdown)® 1 + 47 f2/ f2

Si(f) = 4ATI? (7.12)

The corner roll-off frequency f, is given by f. = 7! +Td_01m = 542 Hz. Since the noise spectra

up
in Fig.7.5 are basically constant from Vg = —1.6V to —1.8 V| the spectrum of the RTS noise
at Vg = —2.0V can be extracted by subtracting an average of the constant spectra from
the spectrum with RTS. This RTS spectrum extracted from the measurements is compared
in Fig.7.7 to a two-level noise spectrum calculated by equation (7.12) for the previously
extracted lifetimes. The extracted spectrum is in good agreement with the calculated RTS
noise from the time trace for frequencies above 10 Hz and shows the expected 1/f2 behavior
of a Lorentzian noise contribution. This proves that the change in the TFET noise spectra
in Fig.7.5 is caused by the on-set of an additional RTS noise.

Due to the small cross section of the NWs and the exponential dependence of the BTBT
probability on the gate potential it seems likely that a slow trap in the oxide can degrade
Ip in a single NW by orders of magnitude and turn it basically off. The measured relative
change of I'p between the two RTS states, however, seems to be quite large with 1. 1%. Since
the NW array consits of 1000 NWs in parallel and the trap causing the RTS can only affect
a single wire, a maximum relative current change of 0.1% is expected. However, process
variations in width and doping profile of the 10 x 10nm? NWs cause large variation in the
performance of different NWs in the array. Hence, the current difference of the RTS levels
is an indication that variation in the current contribution of single wires to Ip is large. This
could also give a further explanation why the performance of the smaller NWs does not

exceed that of the wider NWs as shown in section 3.4.1.
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Figure 7.7: Current noise spectrum of the RT'S noise calculated by subtracting an average of spectra
without RTS noise from the spectrum at Vg = —2V (blue solid line). Calculated two
level RTS noise spectrum for lifetimes extracted from the measured RTS (red dashed
line) shows good agreement with measured RTS spectrum.

Noise at same current level

Fig.7.8 compares normalized current noise spectra of TFET and MOSFET for the same
current level. For both devices spectra at Ip = 3.1nA are shown. Under these current
conditions electrical noise in the MOSFET is about one order of magnitude higher compared
to the TFET. Since the current in the MOSFET is up to three orders of magnitude higher
in the on-state compared to the TFET the bias conditions for same Ip are quite different
in both devices. Vi in the MOSFET is at —0.7V still slightly below the threshold voltage
(see Fig.3.6 (a)). At the same current Vi in the TFET is at —1.6V and BTBT is switched
on. Noise characteristics cannot be measured in the off-state of the TFET devices since the
setup used for the measurements can only measure the excess noise for currents above 1 nA.
For smaller currents the spectra are dominated by the thermal noise of the load resistance.
However, at small current levels and for this reason presumably also in the off-state the noise
level in the TFET can be below the noise level in a MOSFET. This could be related to the
different mechanisms how the charge transport is suppressed in the off-state. In a MOSFET
the current is blocked by the finite potential barrier, while a reverse biased p-i-n junction
prevents the current flow in the TFET.

7.2.3 In-situ Doped Tunnel Junction

From the results of the previous sections it could be deduced that the tunnel junction adds
the major noise contribution in a TFET. In order to study the influence of different TFET
concepts on the noise level the SSOI TFET with ion implanted tunnel junction from chapter

3 is compared to the SiGe/Si heterostructure TFET with in-situ doped SiGe source from
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Figure 7.8: Normalized current noise spectra of MOSFET and TFET at the same current level of
I D = 3.1nA.

chapter 5. The compared devices both have a gate length of 400 nm, however, the tunnel
junction area in the heterostructure TFET is much larger due to the overlap of source and
drain (see Fig.5.2). Fig.7.9 shows the comparison of normalized current noise spectra from
the p-channel SSOI and n-channel SiGe/Si heterostructure TFET. The spectra are measured
at Vpg = —0.1V and 0.1V for the p-channel and n-channel device, respectively. Vi is var-
ied for both devices over a range of 0.6V starting at the same AV = 1.4V relative to the
minimum of the transfer characteristics, which is at Vg i, = —0.2V in case of the p-channel
SSOI TFET and Vg min = 0.7V in case of the n-channel SiGe/Si TFET. At the smallest
Vi both devices exhibit similar noise characteristics. However, the noise in the SSOI TFET
is constant with increasing Vi until the additional Lorentzian contribution caused by RTS
noise leads to an increase of the noise level, as previously shown. The current noise level in
the SiGe/Si heterostructure device on the other hand decreases by a factor of three over the
difference in Viz of 0.6 V. The decrease in noise level reminds of the SSOI MOSFET, which
however was more pronounced and at smaller noise levels. The direct comparison of these
devices is difficult though due to the differences in device structure as well as gate stack. The
decrease of noise in the heterostructure TFET could be related to a smaller contribution by
TAT in the in-situ doped tunnel junction, since it has been shown in [8] that the noise level
decreases at low temperature (77 K) when trap assisted tunneling is suppressed and current
is limited by BTBT.

Furthermore, the current noise spectra of the SiGe/Si heterostructure are close to 1/ f behav-
ior and show no indication of Lorentzian contributions by RTS noise. This could be related
to the enlarged tunnel junction region all along the overlap of source and gate. Compared
to the SSOI NW array TFETSs with confined tunnel junction at the source channel junction,

single oxide traps are less likely to suppress BTBT by orders of magnitude in this structure.
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Figure 7.9: Normalized current noise spectra of SSOI NW TFET with ion implanted tunnel junction
(blue) and SiGe/Si heterostructure NW TFET with in-situ doped SiGe source (red).

7.3 Literature Comparison

The results on the LEN noise in TFETSs of this chapter can be compared to the few published
LEFN measurements in literature. In contrast to results on n-type planar FD-SOI TFETs with
6 nm SiO; gate dielectric and ion implanted junctions [105], [106], which showed distinct 1/ f2
behavior, TFETSs in this work show close to 1/ f noise spectra and only additional Lorentzian
contributions by RTS noise. On-currents of the TFETSs in [105], [106] are very small and gate
voltages up to 6 V are applied. In these devices RTS noise was recorded, which presumably
dominates the spectra causing the 1/f2 behavior. More mature devices as the SSOI and
SiGe/Si heterostructure TFETSs presented in this work seem to exhibit close to 1/f noise
characteristics as it was also shown by measurements on vertical III-V TFET structures with
in situ doped junctions reported in [8]. The vertical InGaAs n-TFET structure with in-situ
doped junction showed normalized noise current levels of 1076 Hz ! at f = 10 Hz, which
matches the noise level of both TFET devices presented in this work. However, the drain
current level where the LEFN was measured (2 pA/um) for devices in [8] is three orders of

magnitude larger compared to LEFN measurements on the SSOI NW TFETs in this work.

7.4 Conclusion

In conclusion, it was observed that LEN in SSOI NW TFETSs exceeds the noise level of
MOSFETsS fabricated with the same process by at least one order of magnitude in the on-
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state. The absence of a gate voltage dependence on the noise level indicates that the tunnel
junction acts as the dominant noise source in the TFET, rather than the channel as in
MOSFETs. Due to the spatial confined tunnel junction TFETs are more likely to exhibit
RTS noise, comparable to MOSFETs with very small channel area. Hence, oxide traps close
to the tunnel junction as well as defects in the tunnel junction caused by ion implantation
play an important role for noise characteristics in a TFET with small tunnel junction. The
concept of an enlarged tunnel junction area due to the overlapping source and gate as in the
presented SiGe/Si heterostructure TFET may reduce the influence by traps on the BTBT.
Furthermore, TFET devices exhibit current noise spectra with close to 1/f dependence as
long as no dominant RTS is observed in the drain current. Literature comparison reveals
similar normalized current noise levels measured at 300 K for TFET devices with essential
differences in semiconductor material as well as in structure. Low temperature measurements

in [8], however, indicate that reduction of trap assisted tunneling can lower the noise level.
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Within the framework of this thesis possibilities of improving TFET performance have been
experimentally demonstrated based on design rules deduced from physical BTBT probability
relations. The aim was to increase the on-current and to reduce the subthreshold swing of
TFETs by realizing devices with decreased A, E;, and m*. Hence, the fabricated TFETSs
consisted of arrays of NWs to allow for tri-gate architecture to maximize electrostatic gate
control by minimizing A.,. Strained Si on insulator substrates have been employed to pro-
cess uniaxial tensile strained NWs with E; reduced by about 30meV. SSOI NW TFETs
in combination with high-x/metal gate stack proved to have 20 times improved current at
Vps = 0.5V and Vg = 1.5V and reduced S compared to similar TFET devices using
SiOy/poly-Si gate stack presented in [89)].

In comparison to NW MOSFET fabricated with the same process typical TFET character-
istics like the increase of subthreshold slope with Vz and small temperature dependence of S
have been demonstrated. By comparison to an analytical model it has been shown that the
temperature dependence of the band gap causes the dominating effect in the temperature
dependence of the on-current. Furthermore, charge pumping measurements revealed that
hot carrier effects in the large electric field of the tunnel junction can cause degradation of
the gate oxide resulting in a decrease of tunneling current.

Further reduction of £, and m* was achieved by the fabrication of NW TFETs based on
strained SiGe on SOI substrates. Enhanced on-current was demonstrated by increasing the
Ge content in the SiGe layer from 35% to 50%. For 50 % Ge content the BTBT current
could be increased by one order of magnitude compared to the SSOI NW TFETs. However,
also an off-current increase due to larger SRH generation and channel-drain tunneling was
observed. The analysis of the density of interface states by charge pumping experiments
revealed an one order of magnitude larger D;; level limiting the electrostatic gate control
an degrading S. A relatively large temperature dependence of the transfer characeristics
indicated that trap assisted tunneling is a dominant process in the SiGe NW TFET, leading
to further degradation of S and increased current in the off-state. The high impact of TAT is
correlated to the damage caused by ion implantation and the need for a low thermal budget
to prevent Ge diffusion in the device resulting in a higher trap density in the junction.

In order to prevent off-current degradation, occurring for TFETSs based on small band gap
materials, while maintaining the advantageous small band gap at the tunneling junction a
heterostructure TFET based on the NW array design has been conceived and fabricated. An

in-situ boron doped Sig 5Geg 5 source provided superior tunnel junction quality compared to
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the implanted SiGe homojunction NWs. The TAT contribution to Ip was small as proven by
temperature dependent measurements. A small Ippr was achieved by the larger band gap
of the Si channel and drain. The increased tunnel junction area due to overlapping source
and drain in combination with the high quality tunnel junction resulted in enhanced Ipn
per NW compared to the SiGe homostructure device. Thus, a high Ion/IorF ratio of up
to eight orders of magnitude was achieved in the heterostructure TFET. Furthermore, the
ambipolar branch could be reduced due to the asymmetric design of the heterostructure. A
suppression of the p-branch in the n-channel heterostructure TFET was successfully demon-
strated. However, for ion implanted drain contacts a trade-off between low ohmic resistance
and decreased channel-drain tunneling was observed.

The feasibility of TFETS for logic application has been studied by the fabrication of inverters
based on the SSOI NW TFETs. Voltage transfer characteristics with maximum gain of 40
at Vpp = 3V and sufficient gain down to 1.5V have been measured for the TFET inverters.
It has been observed that the ambipolar characteristics of the TFETs cause a degradation
of the inverter output voltage. The comparison to MOSFET inverters fabricated from SSOI
NW MOSFETSs revealed that an equivalent TFET inverter with suppressed ambipolarity
could offer an up to five orders of magnitude reduced current flow in the off-state of the in-
verter. Thus, the TFET could provide a substantial reduction of static power consumption.
An emulated TFET inverter build from the n-channel SiGe/Si heterostructure TFET and
a corresponding p-channel TFET under optimized threshold voltage conditions, revealed
sufficient voltage gain at ultra-low supply voltages down to Vpp = 0.2 V. This enhanced
performance is enabled by the improved output characteristics of the heterostructure TFET
with in-situ doped source, providing reduced S-shape and current saturation at small values
of Vpg. Additionally the degradation of Vj,; is prevented by the reduced ambipolarity of the
heterostructure. The demonstration of logic operation at very small values of Vpp proves the
feasibility of reduced dynamic power consumption with the application of TFET inverters.
A drawback of the very low supply voltage in the TFET inverter, however, is the limited
on-current that results in a limited maximum switching speed of the inverter.

Low frequency noise characterization of SSOI NW TFETSs in comparison to MOSFET de-
vices revealed that the dominant noise contribution is generated in the tunnel junction of
the TFET. The spatially confined tunnel junction of the TFET, which provides the main
resistance in the device, is more likely to exhibit RTS noise. Single traps screening the gate
potential can have large influence on Ip due to the exponential dependencies of BTBT on
the applied potential. An enlarged tunnel junction as in the SiGe/Si heterostructure could
provide an effective mean to reduce RT'S noise in the TFET.

Continuous progress was achieved for the TFETSs fabricated in this work. However, further
improvements of on-current as well as subthreshold swing are necessary to fulfill require-
ments for bringing TFETSs into application. Smaller band gap materials like strained SiGe

proved to be beneficial for increasing the BTBT current. Further improvement in the SiGe
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homostructure NW devices could for example be achieved by enhancing the tunnel junction
quality. Forming highly doped source regions with small trap densities, for example, was
achieved in Si TFET devices by silicidation and dopant segregation in [50]. This process
could be adapted for the SiGe NWs and offer improved performance in combination with the
smaller SiGe band gap. A silicided drain region in the SiGe/Si heterostructure could likewise
suppress the ambipolar branch, as was demonstrated by the reduced doping concentration,
while providing small series resistance, thus enabling high on-current. Further decrease of
the NW width and a reduction of the interfacial oxide layer would scale down A., with an
exponential effect on Ipy. The structure could also benefit from an Q-shaped gate or GAA
architecture to increase the gate control at the bottom Si layer.

In conclusion, TFET devices fabricated in this work proved to have high potential for reduc-
ing static as well as dynamic power consumption in integrated circuits. Especially in systems
which are in stand-by mode most of the time and where switching frequency of transistors is
moderate static power consumption is the most important issue. In this field of application
TFETSs could provide a substantial asset. Since static power consumption scales linearly
with Iopr, reduction by several orders of magnitude seems possible by utilizing TFETSs.
The exponential dependency of the BTBT current on gate control makes TFETSs also in-
teresting, for example for sensing application. The exponential dependencies of the BTBT
current on design and material parameters also leaves much room for further improvement of
Ion and further research could increase performance in order to make TFETSs also feasible

for applications with a higher demand on switching speed.
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